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The production of an efficient and low cost device has been the ultimate goal in the 

photovoltaic cell development. The fabrication and application of nanostructured 

materials in the field of energy conversion has been attracting a lot of attention. In this 

work, applications of surface plasmons (SPs) and photonic nanostructures to the field of 

energy conversion, specifically in the area of silicon solar cells and lanthanide energy 

upconversion (UC) luminescence applications were studied.  Enhanced power conversion 

efficiency in bulk (single crystalline) silicon solar cells was demonstrated using an 

optimized mixture of the silver and gold nanoparticles (NPs) on the front of the cell to 

tackle the negative effect in the Au NPs plasmonic application. Then, a comparison of 

identically shaped metallic (Al, Au and Ag) and nonmetallic (SiO2) NPs integrated to the 

back contact of amorphous thin film silicon solar cells were investigated to solve a 

controversy issue in literature.  The result indicates that parasitic absorption from metallic 

NPs might be a drawback to the SPs enhancement. A cost-effective fabrication of large 

area (5x5 cm2) honeycomb patterned transparent electrode for “folded” thin film solar 

cell application by combining the nanosphere lithography and electrodeposition were 

realized. Furthermore, the SPs enhanced tunable energy upconversion from 

NaYF4:Yb3+/Er3+ NPs in nanoslits were also demonstrated, our results shows that the 

relative red/green emission can be controlled by different plasmonic mode coupling.  
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Chapter 1: Introduction 

 

This chapter provides both an introduction to my research goals and a general basic 

background pertinent to the whole thesis. The general research objective was to explore 

the application of different types of nanostructured materials in the field of energy 

conversion. Especially, the work focused on the light trapping problem in solar cells and 

on the phenomenon of energy upconversion (UC), which can also be relevant in the field 

of photovoltaics.  First, a motivation is given to the context of silicon photovoltaics and 

their role in energy conversion. Then, the organization of this thesis is presented. Third, 

the different types of nanomaterial fabrication approaches explored in this thesis are 

provided: including colloidal nanoparticle (NP) synthesis, nanosphere lithography (NSL), 

electrodeposition of Zinc oxide (ZnO) and focused ion beam (FIB). Finally, this chapter 

ends with a brief summary of our contributions to the field of energy conversion. 
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1.1 Research objectives 

1.1.1 Motivations 

Global energy demand is increasing each year; driven by the economic growth in 

developing countries, especially China. 1  Carbon emission2 from increasing fossil fuel 

(mainly from coal, natural gas, and oil) consumption causes more environmental 

concerns: such as the “greenhouse” effect.3 Therefore, there is an urgent need for clean 

and sustainable alternative energy sources. Nuclear power plants1 can potentially provide 

huge energy output; however, the safety of their operation and potential dangers are often 

their main drawback, especially after the 2011 Japan's Fukushima nuclear plant incident. 

Wind, solar, biofuel and geothermal approaches are generally considered as viable 

alternative renewable energy strategies.  

Among those renewable clean energy sources, solar radiation represents the largest 

energy flow that enters the earth. After reflection and absorption in the atmosphere, an 

estimated 1 x 105 TW hit the surface of the Earth and undergo conversion to all forms of 

energy used by humans, with the exception of nuclear, geothermal, and tidal energy.4-6 

This is almost 6,000 fold the current total global consumption1 (~16 TW) of primary 

energy.1, 4, 5 Thus, solar energy has the potential of becoming a major component of a 

sustainable energy system. The light-electricity conversion is a clean process and does 

not generate any greenhouse gas emission. Multicrystalline silicon and CdTe are the two 

most widely used photovoltaic technologies in the current market. The current generation 

of commercial photovoltaic cells are still presents a low efficiency on the light – 

electricity conversion.7 The multi-junction photovoltaic cell has high conversion 

efficiency. However, the relative high cost of multi-junction photovoltaic cells compared 

to conventional energy still present a drawback to be used widely. There is a wealth of 

research activity in materials sciences aiming at finding more efficient and low cost 

alternatives to the silicon-based technology.8-10 Thin-film photovoltaic such as 

Cu(InGa)Se2 and hydrogenated amorphous silicon (a-Si:H) and other merging new 

technologies such  as organic, perovskite cells11, 12 have been attracted much attentions.  

Besides different types of photovoltaic technology, there are many approaches to 

improve the efficiency of photovoltaic cells. Generally, the design principles of an 
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efficient photovoltaic cell including: optimizing optical property, minimizing 

recombination, maximizing charge collection. In this thesis, the focus is only on 

improving the optical properties of silicon photovoltaics. These included the integration 

of light trapping nanostructures that supports either surface plasmons (plasmonics)13-19 or 

photonic effects.20-24 in thin film solar cells and the investigation of energy 

upconversion.6, 25-29  The plasmonic approach involved the utilization of metallic 

nanoparticles (NPs) to enhance the light energy conversion.20, 30-32 Successful 

implementation of metallic NPs for enhanced performance in photocatalytic33, 34 and 

photoelectrochemical35 devices has been demonstrated, and several comprehensive 

reviews have been published recently.20, 30-32 The proof-of-concept of lanthanide up/down 

energy conversion nanoparticles  in solar cell application have also been reported 6, 25, 28 

to harvest light lower/higher in energy than the band gap of a silicon photovoltaics.  

 

1.1.2 The general objectives  

 

The main objectives of this research project are: (1) to explore cost-effective 

alternatives to incorporate new types of light harvesting materials in the field of energy 

conversion applications; (2) to compare the effect of nanostructures that support surface 

plasmons and photonics effects systematically in terms of the enhanced light absorption 

and scattering in photovoltaics; (3) to investigate the surface plasmons roles in the 

upconversion effect. 

1.2 Organization of this thesis 

This thesis is divided into 4 parts: (I) the introduction; (II) SPs/photonics enhanced 

light trapping for photovoltaic application; (III) SP tuned energy upconversion from 

Yb3+-Er3+ codoped sodium yttrium fluoride (NaYF4:Yb3+/Er3+) nano-crystal coupled with 

gold nanostructures; (IV) a summary and outlook. 

Other than the introduction, summary and outlook chapters, each chapter is a paper that 

has been either published or submitted. Supporting information for each corresponding 

chapter (paper) was also included in the appendix.  
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Part I (chapters 1 and 2) is intended to provide some general background of the topics 

involved in this thesis for readers from different disciplines. 

Chapter 1 provides a broad overview of the SP-based research projects and introduces 

the different types of nanostructure fabrication methodologies applied in parts II and III 

(Chapter 3 to 6): such as colloidal nanoparticle (NP) synthesis (Chapter 3); nanosphere 

lithography (NSL, chapter 4 and chapter 5); electrodeposition (Chapter 5); and focused 

ion beam (FIB, chapter 6) fabrication. 

Chapter 2 provides the general basic background of the silicon solar cell and 

upconversion system and the definitions that were used to characterize the performance 

of the photovoltaics and UC photoluminescence.   

 

Part II includes 3 chapters (chapter 3, 4 and 5) that relate to different types of 

nanostructured materials application in silicon photovoltaic cells. Random (chapter 3) 

and well organized (chapter 4) metallic NPs were investigated in the front and back of 

photovoltaic cells, respectively. Chapter 5 demonstrates a cost-effective fabrication of 

honeycomb patterned transparent electrode for the folded photovoltaic cell concept.   

Chapter 3 presents the optimization of plasmonic silicon photovoltaics with Ag and Au 

nanoparticle mixtures in the front end of the cell. This chapter is a systematic 

investigation on how the two types of plasmonic NPs (Au and Ag) can be used to 

minimize a negative effect (decreasing external quantum efficient (EQE)) previously 

observed from plasmonic NPs integrated in photovoltaics. This negative effect was 

successfully minimized by adding silver NPs to the surface of an Au NPs-modified PV 

device. A maximum ~6% EQE enhancement (relative to a textured reference) was 

observed for PV devices modified with a mixture of metallic nanoparticles (Ag and Au) 

at the localized surface plasmon resonance (LSPR) wavelengths, and an overall increase 

in the white light power conversion efficiency of ~5% was obtained.    

Chapter 4 focused on experimental and computational comparison of identically 

shaped and well-organized metallic (Al, Au and Ag) and non-metallic (SiO2) NPs 

integrated to the back contact of amorphous silicon solar cells (a-Si:H). Our results show 

comparable performance for both samples, suggesting that minor influence arises from 

the nanoparticle material. Particularly, no additional beneficial effect of the plasmonic 
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features due to metallic nanoparticles could be observed. Our findings confirm that the 

interface textures are the main contribution for light trapping in this solar cell 

configuration.  

Chapter 5 demonstrates a low-cost and scalable bottom-up approach to fabricate 

nanostructured thin-film solar cells. A folded solar cell with increased optical absorber 

volume was deposited on honeycomb patterned zinc oxide nanostructures, fabricated in a 

combined process of nanosphere lithography and electrochemical deposition. The 

periodicity of the honeycomb pattern can be easily varied in the fabrication process, 

which allows structural optimization for different absorber materials. The implementation 

of this concept in amorphous silicon thin-film solar cells with only 100 nm absorber layer 

was demonstrated. The nanostructured solar cell showed approximately 10% increase in 

the short circuit current density compared to a cell on an optimized commercial textured 

reference electrode. The concept presented here is highly promising for low-cost 

industrial fabrication of nanostructured thin-film solar cells, since no sophisticated layer 

stacks or expensive techniques were required. 

 

Part III is related with SPs tuned energy upconversion (UC) from Yb3+-Er3+ codoped 

sodium yttrium fluoride (NaYF4:Yb3+/Er3+) nano-crystal coupled with gold 

nanostructures (chapter 6). 

In chapter 6, enhanced (maximum ~6 times) upconversion (UC) emission was 

experimentally demonstrated using gold nanoparticles double antennas coupled to 

nanoslits in gold films. The transmitted red emission from UC ytterbium (Yb3+) and 

erbium (Er3+) co-doped sodium yttrium fluoride (NaYF4:Yb3+/Er3+) nanoparticles (UC 

NPs)  at ~665 nm (excited with a 980 nm diode laser) was enhanced relative to the green 

emission at ~550 nm. The relative enhanced UC NPs emission could be tuned by the 

different polarization-dependent extraordinary optical transmission (EOT) modes coupled 

to the gold nanostructures. Finite-difference time-domain (FDTD) calculations suggest 

that the preferential enhanced UC emission was related to a combination of different 

surface plasmon (SP) modes excitation coupling to cavity Fabry-Perot (FP) interactions.   
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Part IV (chapter 7) is the summary of this thesis. The main results from part II and III 

are summarized, discussed and connected in the same big picture: enhanced energy 

conversion. In the meantime, future research directions for the related work are proposed.   

1.3 General background  

Each of the results chapters (parts II and III) has its own introduction. However, some 

common general information and experimental details are presented here (Part I). This 

information includes some basic physics of SP (chapter 1.3) and the nanostructure 

fabrication methodologies (chapter 1.4). Moreover, general background information in 

plasmonic-enhanced light trapping in photovoltaic and upconversion will be briefly 

reviewed in chapter 2.     

1.3.1 The physics of surface plasmon (SPs) 

 

The collective free electrons oscillation at metal surface induced by external 

electromagnetic field is referred as surface plasmon resonance (SPR).36, 37 SPR is an 

interfacial phenomenon, where the electrical field at the metal surface is larger 

(enhanced) compared to the incoming excitation electric field. In the case of silver, gold 

and copper nanoparticles, this SPR response can be tuned in the optical visible range by 

manipulating the geometry and dielectric medium at the metal surface.37 The light 

interaction with metallic nanostructures may result in two different types of surface 

plasmons: the localized surface plasmon (LSP) and the propagating surface plasmon (also 

known as surface plasmon polaritons (SPPs)).  

1.3.2 Localized surface plasmon (LSP) 

The optical excitation of the LSP can be performed through nanoparticles coupling 

with the incident light.37 This type of SP is spatially stationary and does not propagate 

parallel to the metal surface. 

Figure 1−1a illustrates the metallic particle electron cloud oscillation excited by the 

electric field from the incident light.37 One of the important general characteristics of SPs 

is that the enhanced electric field decays exponentially away from the metal dielectric 

interface.36  
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Figure 1−1b shows that the enhanced electric field is bonded to the interface and decay 

exponentially away from the surface.   

 

 

 

Figure 1−1 (a) excitation of SPR by the electric field from an incident light37(Reprinted with 

permission,37 copyright 2003, American Chemical Society) (b) the SP electric field decay 

exponentially away from the metal dielectric interface36 (reproduced with permission,36 copyright 

2003, Nature Publishing Group).δd and δm are the decay lengths in dielectric and metal, 

respectively. 

 

The interaction of the electromagnetic field with metal structures can be calculated by 

solving the Maxwell’s equations.38, 39 Mie40 presented a solution to Maxwell’s equations 

that describes spherical particle extinction (extinction = scattering + absorption) in 1908. 

The response of a small metallic sphere (<100 nm in diameter) to an external 

electromagnetic field is described by the dipole oscillating electric field. The efficiency 

(Q) of this radiating dipole is given37 by  

 

𝑄𝑒𝑥𝑡 = 4𝑥 𝐼𝑚(𝑔𝑑)    (1-1) 

𝑄𝑠𝑐𝑎 =
8

3
𝑥4|𝑔𝑑|     (1-2) 

 

Where, 𝑔𝑑 =
𝜀𝑖−𝜀𝑜

𝜀𝑖+2𝜀𝑜
, εi and εo is wavelength-dependent dielectric constant of the metal 

particle and of the surrounding medium, respectively;  𝑥 = 2𝜋𝑎(𝜀𝑜)1/2/𝜆, a is the radius 

of the sphere.  
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For larger particles (> 100 nm in diameter), higher multiples, especially the quadrupole 

mode become more important for the observed extinction and scattering spectra. The 

extinction and Rayleigh scattering efficiencies37 relations (dipole + quadrupole) are: 

 

𝑄𝑒𝑥𝑡 = 4𝑥𝐼𝑚 [𝑔𝑑 +
𝑥2

12
𝑔𝑞 +

𝑥2

30
(𝜖𝑖 − 1)]     (1-3) 

𝑄𝑠𝑐𝑎 =
8

3
𝑥4 {|𝑔𝑑|2 +

𝑥4

240
|𝑔𝑞|

2
+

𝑥4

900
|𝜀𝑖 − 1|2}    (1-4) 

Where, 𝑔𝑞 =
𝜀𝑖−𝜀𝑜

𝜀𝑖+3/2𝜀𝑜
.  

1.3.3 Surface plasmon polaritons (SPPs) 

These types of SPs propagate parallel to the surface upon excitation. The optical 

excitation of SPPs has historically been performed through prism coupling41 (Figure 1−2a 

Kretschmann configuration). Recently, other highly efficient coupling approaches 

involving metallic subwavelength holes42 and slits have been studied. A SPPs mode is 

also highly localized at the metal surface, but it can propagate for several micrometers 

parallel to the surface. The surface wave is based on the coupling between the surface 

free charges along the metal and light.29 The dispersion relation is given by: 

 

𝑘𝑠𝑝𝑝 =
𝑤

𝑐
√

𝜀𝑚𝜀𝑑

𝜀𝑚+𝜀𝑑
      (1-5) 

Where, kspp is the wavevector of SPP, ω is angular frequency, c is the speed of light, εm is 

the dielectric constant for metal and εd is the dielectric constant for dielectric. 

 

Figure 1−2b presents SPPs excitation by momentum matching in the prism-coupling 

SPR;41 besides the prism coupling excitation, another technique to excite SPPs is the 

grating coupling method. In Figure 1−2b, a schematic of periodic corrugated metallic 

surface with one-dimensional (1D) grating is shown and the condition for the SPP 

excitation is expressed29, 41 as  

 

𝐾𝑠𝑝𝑝 = 𝑘𝑥 𝑖𝑛 + Δ𝑘𝑥         (1-6) 

Where, Δ𝑘𝑥 = 𝑚(
2𝜋

Λ
)    𝑚 = ±1, ±2, …  (1-7) 
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Where kx in is the x component of the incident light wavevector given by 𝑘𝑥 𝑖𝑛 =

(𝜔/𝑐)√𝜀𝑚 sin 𝜃𝑖𝑛. 

 

 

 

Figure 1−2 Kretschmann configuration (b) SPPs excitation by momentum matching in prism 

coupling (c) Schematic of the light incident on a 1D metallic grating (reproduced with permission 

from InTech-Open Access Company41). 

 

The right hand side of the equation (1-6) represents the x-component of the mth order of 

diffracted light. It can be seen that in equation (1-6), by adding the grating quasi-

wavevector Δkx to the incident kx in, a matching condition for the kspp would be satisfied 

the momentum is conserved. 
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1.4 Surface plasmon material/substrate fabrications approaches  

1.4.1 Colloidal nanoparticle synthesis and immobilization  

The nanoparticle-based application that takes advantage of LSP resonance could be 

dated back from the ancient Roman. For example, Ag nanoparticles were found to be 

responsible for the different optical color effects in the famous Lycurgus cup. The stained  

windows of churches also utilize the LSP from the trace amounts of Ag/Au nanoparticles 

mixture to produce colors.43 Modern chemistry synthesis allows the material, size, and 

shape of the nanoparticle to be controlled. Ag/Au colloidal nanoparticles are commonly 

synthesised according to the Turkevich method;44-46 i.e., through reducing the silver/gold 

salts by citrate. The different sizes of the Ag/Au NPs can be obtained by utilizing 

different amount of NPs seeds and reducing agents (hydroquinone was used to grow Au 

NPs in Chapter 3). The general chemical reactions are showed below:  

 

Ag NP (Ago) synthesis: 

    (1-8) 

Au NP (Auo) seed synthesis:  

 

     (1-9) 

Growth of Au NP (Auo) seed with hydroquinone reducing agent:47, 48 

          (1-10) 
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After colloid preparation, the individual NPs can be easily immobilized on a substrate. 

Figure 1−3 shows a scheme of NPs can be immobilized onto a silicon solar cell surface 

using a self-assembled monolayer (SAM) of 3-aminopropyltrimethoxysilane (APTMS) as 

a linker molecule. The application of NPs modified silicon solar device is shown in 

chapter 3.  

 

Figure 1−3 Schematic of NPs immobilization on an APTMS modified silicon solar cell.  

 

1.4.2 Nanosphere Lithography (NSL) 

Nanosphere lithography (NSL) is a fabrication method that can provide large area 

nanostructure patterning at low-cost,49, 50 since it does not require chemical etching and 

other more complex fabrication steps. NSL process have been used in making different 

nanostructured patterns: such as subwavelength holes,51, 52 antireflection 

nanostructures,50, 53 organized nanoparticles54 and textured back electrode55.   
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Figure 1−4 Schematic of NSL process for metallic holes and NPs fabrication.  

 

Figure 1−4 shows a general scheme of the NSL fabrication. The route II was applied in 

chapter 4 to fabricate NPs with the identical geometry and size but with different 

materials. A polystyrene (PS) nanospheres (different sizes were used): ethanol (1:1 v/v) 

mixture were dropped onto a water surface to create a SAM of nanospheres (a), and then, 

the excess water was drained slowly and allowed water to evaporate from the top of a 

substrate (b). This PS nanosphere layer served as a mask on the substrate surface. The PS 

mask could be modified with either route I or II: 

Route I: the substrate is treated with oxygen plasma to make the PS nanosphere to 

shrink (c), metallic/dielectric material is evaporated on the top of the substrate (d), the PS  

mask that coated with metallic/dielectric material in toluene with sonication is removed, 

metallic/dielectric holes are formed on the substrate (e). The periodicity of holes can be 

controlled by the particular PS nanosphere diameter, and the diameter of holes can be 

controlled by the time of plasma treatment.  
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Route II: the substrate is used directly without O2 plasma treatment (f). After PS 

nanosphere deposition, metallic/dielectric material is evaporated on the top of the 

substrate (g), and the evaporated material coats the surface of the substrate and also fills 

up the voids between the PS nanospheres. After removing PS mask that coated with 

metallic/dielectric material in toluene (“lift-off”), the metallic/dielectric particles are left 

on the substrate (h). The size, shape of the metallic/dielectric nanoparticles can be 

controlled by the PS mask voids, PS nanosphere diameter, and evaporated thickness.      

1.4.3 Electrodeposition of Zinc Oxide (ZnO) 

By applying the PS mask on the ZnO seeded substrate (section 1.4.2), nanostructured 

substrate could be also realized by ZnO electrodeposition process. Electrodeposition is a 

process broadly used in industries to deposit material by applying potential across 

electrodes. ZnO is a transparent (direct bandgap, 3.3 ~ 3.5 eV) n-type semiconductor56. 

ZnO is considered a good candidate for transparent conductive oxide (TCO) material 

compared to the expensive indium tin oxide (ITO). Figure 1−5 illustrates the 

experimental setup for the ZnO electrodeposition in Chapter 5. The ZnO seeded substrate 

(working electrode) is immersed in an electrolyte of 0.5 mM ZnCl2 and 0.1 M KCl 

oxygen saturated water solution at 80 oC. The deposition is in a standard three electrodes 

configuration with an Ag|AgCl|Cl-
(3M) reference and a Pt counter electrode. The cathodic 

electrodeposition of ZnO crystal result from the reduction of dissolved molecular oxygen 

in a zinc chloride solution. The general reaction mechanism can be summarized as: 56-59  

1

2
𝑂2 +  𝐻2𝑂 + 2𝑒−  → 2𝑂𝐻−                  (1-11) 

    𝑍𝑛2+ + 2𝑂𝐻−  →  𝑍𝑛𝑂 + 𝐻2𝑂               (1-12) 

 

Figure 1−5 Schematic of electrodeposition cell configuration for ZnO 



 

 

14 

1.4.4 Focused Ion Beam (FIB)  

NSL is a bottom-up technique for preparing nanopatterned substrate that used in 

Chapter 4 and 5. FIB is a direct patterning technique that uses a focused beam of Ga+ ions 

to write designed pattern onto a substrate. FIB is often used in the fabrication of solid 

state devices,60 and preparation of transmission electron microscopy (TEM) specimens61, 

62 as a top-down technique for preparing nanopatterned substrate.  This technique was 

mainly developed about 40 years ago, in the late 1970s and the early 1980s.62  

 

 

Figure 1−6 Schematic of FIB process 

 

 Figure 1−6 illustrate the main aspect of the technique. When energetic Ga+ ions are 

accelerated and hit a sample surface, they lose their energy to the electrons and atoms of 

the solid sample. The sample’s material (atoms) can be knocked off (sputtered) from the 

surface.62 Through scanning the focused ions beam on the sample surface, the designed 

pattern can be etched. The main benefits of the FIB fabrication are that the high spatial 

resolution (below 10 nm for milling), and the high flexibility with the shapes of the 

fabricated structures. In addition, FIB milling was also used to generate cross section cuts 

in chapters 4 and 5 to study the a-Si:H solar cell film stacking. An arbitrary 

nanostructure, gold double antenna nanostructures nested inside slits, was fabricated and 

investigated in this thesis (Chapter 6). The high cost and long processing time are often 

big drawbacks for the FIB method, especially for large area fabrications (>100 µm).  

1.5 What are our contributions? 

Enhanced energy conversion has attracted a lot of research attention in the past 

decades. Nanotechnology is one of the driving forces in this area. Our research results 
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offer new insights in the plasmonic/photonic enhanced photovoltaic and energy 

upconversion applications.  

For example, the different plasmonic materials could be integrated as antireflection 

coating to improve the light trapping in silicon solar cell (Chapter 3). Furthermore, we 

experimentally compared different type of metallic and dielectric NPs on the back of the 

thin-film a-Si:H solar cell (Chapter 4). Our results indicated that the surface texturing was 

more important than the field enhancement in the thin-film a-Si:H solar cell. A cost-

effective and feasible on large scale approach for pattering the transparent electrode is 

realized in a combined process of nanosphere lithography and electrodeposition (Chapter 

5). The concept is highly promising for an industrial fabrication of nanostructured thin-

film solar cells with excellent optical performance. In addition, we also experimentally 

demonstrated that the enhanced upconversion emission could be tuned by the different 

SPR modes and polarizations in a nanoslit structure (Chapter 6).  
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Chapter 2: Light Management in Silicon Photovoltaics  

 

This chapter provides a general background, including: a brief overview of 

fundamental of semiconductors; silicon photovoltaic operation and characterization 

methods; plasmonic light trapping; the concept of “folded” solar cell designs; and energy 

upconversion. 
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2.1 Introduction 

Photovoltaic (PV) devices are the technology used for direct generation of electricity 

from solar radiation. PV effect is the electric charge or current creation and collection 

under light illumination.63 Although silicon solar cell is widely utilized in the market64, 65, 

there are many other different kinds of solar cells. The current best research solar cells 

(National Renewable Energy Laboratory (NREL), certified) are listed in Figure 2−1 

below.66 Note that the theoretical maximum energy conversion efficiency for a crystalline 

silicon solar cell with a bandgap energy (Eg) of 1.1 eV is about 30%. This is known as the 

Shockley-Queisser limit.67 The Shockley-Queisser limit is a theoretical maximum 

efficiency that a single p-n junction solar cell can achieve. The efficiency is limited 

primarily by three factors: blackbody radiation, radiative recombination and spectrum 

losses.  

 

Figure 2−1 Best research-cell efficiencies achieved in the research labs (this plot is courtesy of 

the National Renewable Energy Laboratory, Golden, CO.) 

2.2 Solar spectrum  

The sun emits a wide range of electromagnetic radiation in terms of energy and 

wavelength. The relation between a photon energy (E) and its wavelength (λ) is given by 

the equation: 
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𝐸 =
ℎ𝑐

𝜆
  (2.1) 

where h is the Planck’s constant and c is the speed of light.  

The sunlight that enters the earth atmosphere is just a small fraction of the total energy 

emitted by the sun. The solar spectrum that reaches the earth surface is different than in 

outer space, due to atmospheric absorption, scattering and reflection. A typical 

standardized solar spectrum is defined as AM1.5G (AM is the air mass and G strands for 

“global”, and includes both direct and diffuse light) with a power density of 1kW/m2 that 

is used for evaluating the performance of solar cells. Figure 2−2 presents26 the fraction of 

AM1.5G spectrum currently utilized by the commercial bulk silicon devices, and the 

additional spectral region that can potentially be used for up and down conversion (UC 

and DC respectively).  

 

 

Figure 2−2 A typical AM1.5G spectrum that utilized by the bulk silicon PV device and the 

additional spectrum regions that can be utilized for up and down conversion26 (UC and DC on the 

graph, respectively. Reproduced with permission, copyright 2006, ELSEVIER B.V) 

2.3 The operating principle of photovoltaics 

The fundamental operating principle of PV is based on the conversion of the 

electromagnetic energy into electrical energy that is known as “photovoltaic effect”.6 

How the electrons are filled in a material’ orbitals often determine whether a material is a 

metal; or, an insulator. Figure 2−3 illustrates a simple schematic of energy band diagram 

of a metal and semiconductor. The band (electronic states) filled with electrons is called 
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valance band (Ev) and the unfilled band is called conduction band (Ec). The energy gap 

between the Ev can Ec is called bandgap (Eg).  

 

 

Figure 2−3 Schematic simple illustration of energy band of a metal (a) and semiconductor (b) 

 

Note that semiconductors is typically with an energy band gap (Eg) that is in the range 

of a few eV or less, if Eg is large (4-12ev), then a material is considered as an insulator.68 

A photon with energy (Eph) larger than the semiconductor bandgap (Eg) is able to excite 

the electrons from the Ev to Ec to generate electron hole pairs. After electrons have been 

excited to the Ec, the vacant states left in the valence band are called “holes”. In an 

intrinsic (undoped) material (silicon for example), the number of electrons in the 

conduction band is equal to the number of holes in the valence band. The silicon is often 

doped with different impurities to have the concentration of one type of carrier (either 

electrons or holes) greater than the other. This is achieved by doping the Si crystal with 

impurity atoms that either donate electrons to the conduction band or accept electrons 

form the valence band. When electrons are the dominant carrier (typically doped with 

group V atoms: P, As, Sb), the semiconductor is called n-type; when holes are the 

dominant carriers, (typically doped with group III atoms: B, Al, Ga, In), the 

semiconductor is called p-type. When the n-type and p-type doped material are brought 

together a “p-n junction” is formed. As the two regions are brought together, there is 

transfer of carriers to achieve thermal equilibrium. This leads to a “depletion layer” or 

“space-charge” region near the interface, caused by the uncompensated impurity ions that 

remain. Therefore, an internal electric field is formed at this p-n junction69 as show in 

Figure 2−4.  
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Figure 2−4 a p-n junction is formed by jointing n-type and p-type semiconductor material. 

 

In this thesis, two types of silicon solar cells are investigated. One is the crystalline 

silicon solar cell (c-Si); and the other is the hydrogenated amorphous silicon (a-Si:H) 

solar cell . c-Si solar cells are widely used and commercially available. They often have a 

very thick (200~300 µm) absorption layer. On the other hand, a-Si:H solar cells are very 

thin (100~500 nm) and they are often used as a front absorber. The schematic of the cell 

configuration and energy diagrams for both types of solar cells are presented in Figure 

2−5. The main difference between them is that the c-Si solar cell is a diffusion driven 

type junction (p-n) while the a-Si:H is a field driven junction (p-i-n).70 When photons 

with energy greater than the semiconductor bandgap are absorbed, electrons and holes (e-

h) pairs are generated in the whole silicon solar cell (Figure 2−5a). If the generation is 

inside the p-n junction, the electric field at p-n junction rapidly sweeps electrons to the n-

side and holes to the p-side. Because of the low defect density in the c-Si, the minority 

charge carrier generated from the p- and n-layer could diffuse in a long distance 

(typically 100~300 µm for the diffusion length) to the p-n junction before they 

recombined.70 The diffusion is driven by the carrier concentration gradient. When the 

charge carrier diffuse to the p-n junction, the charge would be also separated by the 

electric field in the p-n junction. However, in the case of a-Si:H solar cell (Figure 2−5b), 

due to the high defect density of doped a-Si:H (p- and n-layer), the charge carrier 

generated inside the p- and n-layer often suffer a strong recombination. Thus, an intrinsic 

(i-layer) is added between the p-n junction. Therefore, the field driven p-i-n mechanism is 
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applied in this case. The charge carriers (e-h pairs) are generated inside i-layer and 

separated instantaneously by the electric field across the i-layer.70 If the solar cell is 

connected to the external load, the separated charge carriers can provide power under 

illumination.      

 

 

Figure 2−5 Schematic and of the p-n and p-i-n junctions and energy band diagrams for (a) c-Si 

and (b) a-Si:H solar cell, respectively. 

2.1.1 Solar cell parameters 

Current-voltage (I-V) curve71 

The performance of a solar cell is characterized by the I-V curve as shown72 in Figure 

2−6. This curve can be obtained by measuring the current under illumination with a 

voltage sweep applied across the solar cell device. The two points indicated on the I-V 

curve (Figure 2−6) are very important: 

 

1. Short circuit current (ISC): the maximum current at a zero voltage. ISC is 

proportional the light intensity. 

2. Open circuit voltage (VOC): The maximum voltage at zero current. VOC increases 

logarithmically with increase light intensity.  
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The photogenerated current is defined by 

 

𝐼 = 𝐼𝐿 − 𝐼𝑜 [exp (
𝑞𝑉

𝑛𝑘𝑇
) − 1]   (2.2) 

 

I is the current, IL is the light generated current, Io is the dark saturation current, q is the 

charge on an electron, V is the applied voltage, k is the Boltzmann’s constant and, T is 

absolute temperature, n is the ideality factor.  

At I = 0, 

𝑉𝑂𝐶 =  
𝑛𝑘𝑇

𝑞
𝑙𝑛 (

𝐼𝐿

𝐼𝑜
+ 1)     (2.3) 

 

 

Figure 2−6 Schematic of a solar cell I-V characteristic under illumination72 (Reproduced with 

permission from PVeducation.org72) 

 

The fill factor (FF) is defined by how rectangular is the I-V curve; and it measures the 

combination of the p-n junction quality and series resistance of a solar cell.  

 

𝐹𝐹 =
𝑉𝑚𝑝𝐼𝑚𝑝

𝑉𝑜𝑐𝐼𝑠𝑐
     (2.4) 

 

where Vmp and Imp is the maximum power (Pmax) point on the I-V curve, when the 

product of voltage (V) and current (I) is its maximum values. Therefore,  
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𝑃𝑚𝑎𝑥 = 𝑉𝑜𝑐𝐼𝑠𝑐𝐹𝐹     (2.5) 

 

External quantum efficiency (EQE) 

 

The external quantum efficiency measure the ratio of the number of charge carriers 

collected by a solar cell to the number of total incoming photons of a given energy. In an 

ideal case, the EQE should be close to the unity that means all the incoming photons are 

covered into charge carriers and all the charge carriers are collect by the external circuit. 

However, the EQE for most solar cells are less than unity because of the effects of 

recombination, reflections, and a low diffusion length as illustrated in Figure 2−7.   

 

 

Figure 2−7 Illustration of EQE curve and the regions that responses were affected in a typical 

silicon solar cell72 (reproduced with permission from  PVeducation.org72). 

2.3 Light harvesting in a solar cell 

Light harvesting in a solar cell is also very important to achieve high light-photocurrent 

conversion efficiency. In a bulk silicon solar cell, the dominant technology in the market, 

standard anti-reflection coatings are often optimized for a particular wavelength and 

incident angle to increase the light path length inside the PV device. In the thin film solar 
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cells design, the conversional texture method (HF etching) often found to be problematic 

because the active layer is very thin4 (range from 100 nm to 1 µm). Most importantly, for 

thin-film solar cells, the absorbers are not optically thick enough to absorb all incoming 

light for photocurrent generation. Figure 2−8 shows a spectrum from a 2-µm-thick 

crystalline Si absorber illuminated with the AM1.5G solar source. The light in the range 

of 600 ~ 1000 nm is poorly absorbed.55 Thus, a good light trapping method is crucial to 

improve the current generated from thin-film solar cells.   

 

 

Figure 2−8 A 2-µm-thick crystalline Si film (assuming single-pass absorption and no reflection) 

absorption profile with a AM1.5G solar spectrum.18 (Reproduced with permission,18 copyright 

2010, Nature Publishing Group). 

 

2.3.1 Surface plasmon light trapping in thin film photovoltaics 

Plasmonic structures offer various ways to increasing the light path length inside the 

PV absorber layer.18 Figure 2−9 shows three common SP light trapping strategies in solar 

cell application. When the NPs are large, the scattering dominates over absorption, then 

the incidence light can be preferentially scattered into the absorber layer (Figure 2−9a); 

Figure 2−9b shows the NPs can be used as subwavelength antennas. In this case, the 

absorber layer can take advantage of the near field concentrated light; Figure 2−9c shows 

that a structured metallic back surface can support SP modes propagating at the 

metal/semiconductor interface,  trapping the sunlight inside of the absorber layer.18 
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Figure 2−9 Light trapping by metallic nanostructures18 (a) scattering; (b) excitation localized SP 

(c) SP at metal/semiconductor interface. (Reproduced with permission, 18 copyright 2010, Nature 

Publishing Group). The blue and red region represent p and n layer, respectively. 

2.3.2 Photonic light trapping in thin film photovoltaics 

Besides the SP approaches mentioned above, another way to increase the light path 

length inside the PV absorber layer is to pattern the solar cell with various dielectric 

nanostructures.20, 24, 31, 73  One of the many approaches investigated in the literature is the 

fabrication of a cost effective “folded” solar cell design. The “folded” solar cell design 

enables a large optical thickness and a small electrical thickness, which have been 

pointed out recently by Vanecek et al.74 Figure 2−10 presents a schematic of the “folded” 

solar cell design. The absorber layer (a-Si) is packed inside a three-dimensional 

transparent conductive oxide (TCO) column. Thus, the optical path is increased in the 

vertical direction and electric thickness in horizontal direction is kept small for the charge 

collections.   

 

 

Figure 2−10 Schematic of a folded a-Si thin film solar cell design, vertical arrow represents the 

optical thickness and the horizontal arrow represents the electrical thickness (Reproduced with 

permission,74 copyright  2011, AIP Publishing LLC) . 
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2.3.3 SP enhanced upconversion for silicon photovoltaics 

The typical crystalline silicon solar cell has a band gap about 1.1 eV and 1.7 for 

amorphous silicon solar cell, which means light energy below the band gap energy will 

not be converted into useful electricity in a silicon PV. There are two regions in the 

AM1.5G spectrum that are not utilized by the current silicon PV, as shown above in 

Figure 2−2. Upconversion (UC) materials have been demonstrated to harvest light lower 

in energy than the band gap of amorphous silicon PV for the current generation.75-78 For 

example, the lower energy photons can be absorbed by Yb3+ and then energy transfer to 

Er3+ to generate higher energy photon through radiative emission process (red and green 

arrows). Then, the emission of the higher energy photon can be used to generate 

electricity in the amorphous silicon solar cell. Figure 2−11a shows Er3+/Yb3+ 

upconversion mechanism.79, 80 The red emission corresponds to the 4F9/2 
4I15/2 

transition. The green emission is a direct radiative recombination and the red emission is 

a process with internal interband relaxation.  A typical Er3+/Yb3+ emission spectrum is 

shown in Figure 2−11b. 

 

    

Figure 2−11 (a) upconversion process for Er3+-Yb3+ (reproduced with permission, copyright 

2010, Royal Society of Chemistry). (b) Emission spectrum of NaYF4:Er3+/Yb3+ 

 

However, due to the high excitation intensity required and narrow emission peaks, it 

was not an ideal structure in solar cell applications. However, SPs could be used to 



 

 

27 

improve upconversion process in PV, either by enhancing the excitation or enhancing the 

radiative emission process81 (Figure 2−12). If the SPs are in resonance with the UC 

material excitation, the enhanced near field at excitation could increase the UC 

luminescence (Figure 2−12a) that provides more light for a solar cell. If UC material 

emission is in resonance with AuNPAs, the enhanced directional scattering and near field 

light localization could also bring more light into the silicon solar cell by coupling SPs 

nanostructures and UC materials (Figure 2−12b).  

  

Figure 2−12 (a) Au NP enhanced excitation; (b) NP enhanced directional UC radiative emission. 

Representation: laser excitation (orange arrow), emission (green and red color) 
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Chapter 3: Optimizing Plasmonic Silicon Photovoltaics with Ag and Au 

Nanoparticles Mixtures 

 

This chapter is a systematic investigation on how the two types of plasmonic NPs (Au 

and Ag) can be used to minimize a negative effect (decreasing EQE) previously observed 

from plasmonic NPs integrated in photovoltaics. This Chapter is published as: Wang, P. 

H.; Millard, M.; Brolo, A. G., Optimizing Plasmonic Silicon Photovoltaics with Ag and 

Au Nanoparticle Mixtures. J. Phys. Chem. C 2014, 118 (11), 5889-5895. Copyright: 

Reproduced with permission.  

 

All the measurements presented here were obtained by myself. Morgan Millard, 

develop the surface chemistry protocol implemented in this project under my direct 

supervision.   

 

The effects of size and surface coverage of gold nanoparticles (Au NPs) on the 

performance of modified silicon photovoltaic (Si PV) devices were investigated. An 

increase in external quantum efficiency (EQE) above 600 nm (relative to the unmodified 

Si PV) was observed for PV devices modified with Au NPs with an average diameter 

greater than 80 nm, and the maximum in enhanced photocurrent red-shifted as the Au NP 

size increased. A decrease in EQE was observed for wavelengths shorter than 600 nm, 

leading to minimum overall advantage in terms of electrical power generated by white 

light illumination relative to the unmodified standard. However, this negative effect was 

successfully minimized by adding silver (Ag) NPs to the surface of the modified PV 

device. A maximum ∼6% EQE enhancement was observed for PV devices modified with 

a mixture of metallic nanoparticles (Ag and Au) at the localized surface plasmon 

resonance (LSPR) wavelengths, and an overall increase in the white light power 

conversion efficiency of ∼5% was obtained. 
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3.1 Introduction 

Light trapping plays a very important role in the efficiency of power conversion in 

photovoltaic (PV) devices.1 For instance, the surface of commercial bulk silicon solar 

cells is generally textured2 and coated with antireflective films to improve light 

capturing.3 Recently, surface plasmon resonance (SPR) has received a lot of attention as a 

new alternative approach to enhance light collection in PV devices.4−6 It is known that the 

scattering from a subwavelength metallic particle placed at a silicon−air interface is 

preferentially directed toward the high dielectric material (Si).7,8 This interesting optical 

phenomenon has been explored to enhance the photocurrent conversion efficiency of 

silicon PV devices by using Ag, Au, or Cu nanoparticles (NPs).9−11 However, another 

consistent observation is that the presence of the NPs leads to a severe degradation in the 

PV performance in a wavelength range located at the blue side of the localized surface 

plasmon resonance (LSPR). This decrease in photocurrent has been assigned to light 

absorption by the particles due to the metallic interband transition.12 Alternatively, the 

low efficiency has also been ascribed to destructive interferences between the incidence 

and the scattered light within a certain wavelength range shorter than the LSPR of the 

particular NPs.5,11,13−15 Although large photocurrent enhancement (as large as ∼20-fold) 

has been reported in the literature around the LSPR for Si PVs modified with Cu, Ag, and 

Au NPs,10,11,16 the negative effect observed at shorter wavelengths than the LSPR 

sometimes compensate those gains, and even a strong overall decrease in photocurrent 

generated under white light illumination has been reported.15 Furthermore, both the 

surface coverage and size of the NPs also play a very important role in terms of enhanced 

light scattering and photocurrent generation in silicon-based PV devices. However, there 

are not many controlled experiments that clearly show the trend of the enhanced 

photocurrent dependence on the NP size. The goal of this work is to experimentally 

tackle the problem of suppressed photocurrent for wavelengths shorter than the LSPR in 

plasmonic Si PV devices. The suppression effect was minimized here by modifying the 

surface of the Si PV with a mixture of Ag and Au NPs, achieving optimized overall 

photocurrent increase in the PV absorption spectrum in the visible range. The size of the 

Ag and the Au NPs was well controlled by wet chemistry synthesis. The surface coverage 

of NPs was controlled by adjusting the concentration of NPs in the suspensions deposited 
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on a self-assembled monolayer of 3-aminopropyltrimethoxysilane (APTMS). The 

photocurrent conversion efficiency was compared to references on the same piece of the 

Si PV device. This experimental investigation provides then strong experimental support 

to surface plasmon enhanced light trapping in PVs, and the use of an optimized mixture 

of different types of metallic (Ag and Au) NPs solves a critical problem in the 

development of plasmonic Si PV devices. 

3.2 Experimental section 

3.2.1 Materials. All chemicals were purchased from Sigma Aldrich and used without 

further purification. Au and Ag NP colloidal suspensions were synthesized based on 

methods previously reported.17−19 Basically, gold (III) chloride hydrate (HAuCl4·3H2O, 

99.999% purity) and sodium citrate dihydrate (C6H5O7Na3·2H2O, >99% purity), were 

used to synthesize Au NP seeds (∼15 nm). Then, the larger size (40, 80, and 135 nm) Au 

NPs were synthesized by mixing different amounts of 15 nm Au NP seeds (1.000, 0.480, 

and 0.050 mL, respectively) with 25 μL of 10 mM hydroquinone (benzene-1,4-diol, 

≥99%) in 50 mL of deionized water under constant stirring for 1 h. Finally, the solutions 

were centrifuged to yield a final volume of 1 mL. Ag NPs were synthesized by a similar 

procedure but using AgNO3, as reported previously.19 Si PV devices (1 in. square) were 

constituted of approximately 200 ± 20 μm thick single crystalline c-Si, boron doped, with 

rear aluminum contacts and Al front finger contacts (sheet resistance was about 45−50Ω). 

The boron doping depth was ∼500 nm, and the Si PV devices were textured but had no 

front antireflection coating. The Si PV devices were provided by Yangzhou Huaer Solar-

PV Technology Co., Ltd., China. 

3.2.2 Nanoparticle Immobilization on Si PV. Ag and Au NPs were immobilized on Si 

PV surfaces using our previous metal NP immobilization method with a minor 

change.10,19 The clean silicon PV device surface was first treated with 3-

aminopropyltrimethoxysilane (APTMS, 97% purity) to provide the adequate (amino) 

functionality for metallic NP immobilization. Then, 7 μL of different NP colloids 

suspended in water were dropped between the metal fingers on the silicon surface, 

yielding a modified area of about 2 mm × 1.5 cm, as shown in Figure 3−1. The water did 

not spread out due to a slight hydrophobic surface (APTMS modified), and this 
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confinement between the two metal fingers produced a fixed modified width of ∼2 mm 

(Figure 3−1). The water was allowed to slowly evaporate at room temperature. After that, 

the PV devices were rinsed with abundant deionized water and anhydrous ethanol and 

blow dried under nitrogen flow. The PV devices were then kept under 80 °C in an oven 

for 5 min to remove traces of washing solvent. Figure 3−1 shows one of the Si PV 

devices and illustrates the areas modified with metal NPs. In the case of Figure 3−1, the 

Si surface between metal fingers is modified with Au and Ag NPs of different sizes. 

Several reference lanes, indicated in Figure 3−1, were defined between two modified 

lanes. The photocurrent results from the NP-modified areas were always compared to the 

adjacent reference lane, to minimize device-to-device variations. Our experiments 

indicated that no significant spectral and electrical responses were observed from the 

different reference lanes on the same PV device. In addition to the devices modified with 

single types of nanoparticles, as shown in Figure 3−1, experiments were also realized on 

lanes modified with mixtures of Ag and Au NPs. In those cases, the Si PV surface was 

first modified with Ag NPs following the procedure described above. Then the Si PV 

devices were washed and cleaned, and the procedure was repeated for Au NPs. Notice 

that modifying the surface with Au NPs first and then adding the Ag NPs yields the same 

results within the experimental uncertainties. 

 

 

 

Figure 3−1 Example of Au and Ag NPs modified Si photovoltaic device. The lanes were 

modified with 15, 40, 80, 135nm Au NPs and 60nm Ag NPs, respectively. The references were 

taken just beside each modified area, as indicated in the Figure. 
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3.3 Result and discussion 

Figure 3−2 shows the normalized extinction spectra for each synthesized colloid 

dispersed in water. Ag NPs show a typical LSPR peak at about ∼430 nm. The LSPR of 

Au NPs red shifted as the NP size increased from 15 to 135 nm. The red shift was 

accompanied by a broadening (increase in the fwhm), consistent with that expected for 

larger NPs. The inset in Figure 3−2 shows pictures of the NP colloidal suspensions. The 

typical characteristic colors observed in Figure 3−2 are correlated to the NP sizes and 

type (from left to right, 60 nm Ag NPs, 15, 40, 80, 135 nm Au NPs). 

 

 

Figure 3−2 Normalized extinction spectra of Ag (black curve) and Au NPs (sizes indicated in the 

Figure) dispersed in water. The LSPR peaks red-shifts as the size of the Au NPs increases. The 

picture in the inset shows the suspensions in glass cuvettes: 60nm Ag NPs, 15, 40, 80 and 135nm 

Au NPs, from left to right, respectively. 

 

SEM images of five Si PV surfaces modified with different NPs are shown in Figure 

3−3. Note that the Si PV surfaces were not smooth due to the standard industrial NaOH 

base cleaning process (texturing), but no noticeable spectral or external quantum 

efficiency (EQE) variations in different areas of a given Si PV device were observed. 

Figure 3−3 also shows no signs of large aggregations on the surface for all the 

immobilized NPs. The surface coverage is then considered uniform and random. The 

surface coverage of metallic NPs will affect the reflection and absorption properties of 

the modified PV devices.10,20 The different surface coverages for Ag and Au NPs on the 
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PV surfaces were controlled by systematically diluting the concentrated stock of NP 

suspensions with deionized water, although the same volume (7 μL) of NP suspensions 

was applied on the APTMS-modified PV device surface every time, as described in the 

Experimental Section. The %EQE was measured for all NP-modified and reference Si 

PV devices under monochromatic light, with 10 nm steps (data available as Supporting 

Information (SI), Figure A−SI−1). Relative EQE variations (%ΔEQE(λ)), defined as in 

eq 1, are presented in Figure 3−4 for different wavelengths 

 

%∆𝐸𝑄𝐸(𝜆) =
𝐸𝑄𝐸𝑁𝑃𝑠(𝜆)−𝐸𝑄𝐸𝑟𝑒𝑓(𝜆)

𝐸𝑄𝐸𝑟𝑒𝑓(𝜆)
𝑥100%    (1) 

 

where EQENPs(λ) and EQEref(λ) are the external quantum efficiencies measured from 

the NP-modified Si PV and the reference (on the same PV device, as shown in Figure 

3−1), respectively. According to the definition in eq 1, when the %ΔEQE (λ) is positive, 

the presence of NPs improved the efficiency of the device, compared to the unmodified 

reference Si PV. The EQE is directly proportional to the photocurrent. Assuming that 

only electron−hole pairs generated by light absorption contribute to the photocurrent, the 

increase in EQE indicates that more photons have been absorbed by the Si PV device at 

certain wavelengths when the NPs were present. On the other hand, negative %ΔEQE(λ) 

values mean that less photons (than the reference) were absorbed by the Si PV device in 

the presence of the NPs. The general profiles of %ΔEQE(λ) for different Si PV coated 

with NPs are shown in Figure 3−4. These results agreed with our previous finding10 and 

with findings from others in the literature.11 The profiles (Figure 3−4) are clearly strongly 

dependent on the type and on the size of the metallic NPs coating the Si PV surface, as 

expected. The surface coverage (calculated from the SEM images) for the 60 nm Ag NPs 

was 7.1 ± 1.2 μm−2 and for the 15, 40, 80, and 135 nm Au NPs was 298 ± 35, 39.8 ± 2.2, 

5.4 ± 1.5, and 7.9 ± 3.1 μm−2, respectively.  
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Figure 3−3 SEM images of NPs of various average size immobilized on Si PV devices: (a) 15nm 

Au NPs; (b) 40 nm Au NPs; (c) 80 nm Au NPs; (d) 135nm Au NPs; (e) 60nm Ag NPs. Scale bars 

are 100nm. 

 

The %ΔEQE(λ) curves in Figure 3−4  for Ag and large Au NPs (80 and 135 nm) 

present negative dips and positive maxima. The positions of the maxima can be 

correlated to the LSPR peaks of the colloids immobilized on APTMS-modified Si PV 

(reflectance curves from the modified Si PV surfaces are shown as SI (Figure A−SI−2). 

The reflectance curves for the larger Au NPs presented multiple peaks, as expected, due 

to the contributions from higher multipole modes21 (Figure A−SI−2, SI). Figure 3−4 

shows that the maximum in the %ΔEQE(λ) red shifts as the size of the Au NPs increased, 

following the expected trend of the LSPR. The characteristic %ΔEQE(λ) profile 

apparently matches closely the NP extinction spectrum (coincidence between the positive 

peak in the %ΔEQE(λ) and the LSPR extinction peak) when the surface coverage of the 

NPs attached to the surface increased (Figure 3−4, SI, Figure A−SI−2 and Figure 

A−SI−3). The positive %ΔEQE(λ) values in Figure 3−4 are mainly attributed to the 

preferential light scattering into the silicon mediated by the LSPR.15,20 This effect 

becomes more apparent for larger particles, and it is dominant at longer wavelengths. 

Negative %ΔEQE (λ) is observed in Figure 3−4 for the entire wavelength range for small 
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NPs (diameters < 60 nm). In those cases, the presence of NPs is actually deleterious to 

the performance of the PV cell, yielding devices with lower power generation than the 

references in the whole spectral range. On the other hand, PVs coated with larger NPs 

(diameters > 60 nm) presented negative ΔEQE(λ) only at the blue-end of the profiles in 

Figure 3−4. The negative performance observed for larger NPs has been attributed to a 

combination of scattering and transmission effects that leads to a destructive interference 

of the light waves combined at the surface of the Si PV15 and also due to the light 

absorption at the interband transition10,12 (in the blue region relative to the LSPR). The 

positive %ΔEQE performance observed for larger NPs presents a broad profile that 

extends toward longer wavelengths (Figure 3−4). The broadening of the LSPR at longer 

wavelengths is attributed to NP−NP interactions. Although the SEM in Figure 3−3 does 

not point out large-scale aggregation, small clusters containing between two and five NPs 

were common, mainly for larger particle diameters. Those strong interacting clusters 

provided the main contributions to the scattering at longer wavelengths, leading to a 

relative “flat” %ΔEQE profile beyond ∼700 nm. The multipole contributions, clearly 

seen in the reflectivity data in Figure A−SI−2 (SI), are expected to appear blue shifted 

relative to the dipole peak from individual particles and from the interacting aggregates 

(clusters) discussed above. Although multipolar scattering (such as quadrupolar 

contributions) can be very efficient,21 their effect at shorter wavelengths is offset by the 

mechanisms (interband transition, for instance) that lead to an overall negative ΔEQE.  
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Figure 3−4 %ΔEQE(λ) plots from Ag and Au NPs modified Si PV devices (the pink curve is a 

reference lane compared to another reference lane on the same Si PV device). Surface coverages 

(calculated from 3~4 random places in each SEM image): for 60nm Ag NPs = 7.1±1.2µm-2; for 

15 nm Au NPs = 298±35 µm-2; for 40 nm Au NPs = 39.8±2.2 µm-2, for 80 nm Au NPs = 5.4±1.5 

µm-2; and for 135nm Au NPs = 7.9±3.1 µm-2. 

 

In summary, Si PV modified with Au NPs that are less than 80 nm diameter 

experienced a decrease in %ΔEQE(λ) in the whole visible range. In these cases, the Au 

NP modified PV always generates less photocurrent than the reference device. However, 

for Ag and Au NPs with diameters larger than 60 nm, a decrease in %ΔEQE(λ) was 

observed only at the blue-end of the visible spectrum, followed by a positive %ΔEQE 

peak at a wavelength range that matches the LSPR of the NPs immobilized in Si PVs 

(Figure A−SI−3, SI).  

 

The negative effect at shorter wavelengths can offset some of the gain in efficiency at 

longer wavelengths. Those types of situations are then not ideal since they can lead to 

either no overall gain or even negative performance of the Si PV (relative to the 

reference) under white light illumination. This effect is illustrated by the power curves 

obtained for the Si PV devices modified with either Au or Ag NPs, presented as 

Supporting Information (Figure A−SI−1c). The goal of this work is to minimize that 

negative %ΔEQE(λ) effect observed for larger NPs in Figure 3−4. A quick analysis of 

Figure 3−4 shows that the position of the negative %ΔEQE(λ) observed for Au NPs 
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overlaps with the positive %ΔEQE(λ) effect from Ag NPs. This indicates that it might 

then be possible to compensate for some of the negative %ΔEQE(λ) effect by combining 

both Au and Ag NPs on the Si surface. This approach should work, as long as one 

optimizes the Ag:Au NP ratio at the surface to guarantee that the negative effect of Au 

NPs on the %ΔEQE(λ) will be countered by the positive effect of the Ag NPs. Figure 

3−5a shows a typical SEM image of a Ag:Au NPs mixture at a Si PV surface. Images 

such as Figure 3−5a were used to confirm and quantify the Ag:Au NP ratios on the Si PV 

surface. EDX elemental analysis mapping of the green square area in Figure 3−5a is 

presented in Figure 3−5b. The mapping shows that both Ag and Au NPs were 

successfully immobilized on top of the Si PV. The Ag:Au NP mixture balances some of 

the negative effect on the performance of a Si PV modified with just one type of NP. 

Figure 3−6a presents the %ΔEQE(λ) profile for Si PV devices modified with 60 nm Ag 

NPs, 135 nm Au NPs, and two mixtures of these particles at different ratios (1.8:1 (ratio 

a) and 2.7:1 (ratio b), calculated from the SEM images). The %ΔEQE(λ) trend for the 

Ag:Au mixtures is the sum of the contributions from the individual types of NPs (Ag and 

Au). An optimized condition was found where the negative %ΔEQE(λ) from Au NPs was 

totally suppressed by Ag NPs. Although that mixture still carries negative %ΔEQE for 

wavelengths shorter than 400 nm, this negative %ΔEQE response in the blue-wavelength 

range (<400) is not as significant since the regular performance of PV devices suffers in 

that range due to the typical high front surface recombination. The results from Figure 

3−6a show that the LSPR conditions can be carefully tuned to achieve an optimized light 

trapping condition for applications in Si PV. Large nanoparticles (>80 nm) are preferable 

because their extinction is dominated by light scattering, which is required for that type 

of plasmonic application.8,9,22  
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Figure 3−5 (a) SEM image of Ag:Au NPs mixture adsorbed at a Si PV surface. (b) EDX 

elemental analysis mapping of the green square area in Figure 3−5a. Au NPs are red, Ag NPs are 

green, and Si surface is blue; scale bar are 500nm and 400nm for Figures 5a and 5b, respectively. 

 

The role of the LSPR from Ag and Au NP mixtures on the enhanced power conversion 

mechanisms was confirmed by further reflectance measurements and numerical 

calculations. Figure 3−6b shows the measured extinction for a mixture of 60 nm Ag and 

135 nm Au NPs on the Si PV device (obtained in reflection mode). The reflectance of Si 

PVs coated with either only Au or Ag NPs is also presented in Figure 3−6b. The 

extinction peaks on Si PV were, as expected, broader than for the NP suspensions in 

water (Figure 3−2). The extinction spectrum from the 60 nm Ag NPs (black curve in 

Figure 3−6b) presents a strong peak at ∼500 nm, but it does not extend as much into the 

red as the spectrum of the 135 nm Au NPs (blue curve in Figure 3−6b). The overall 

extinction (red curve) of the Ag:Au NP mixture immobilized on the Si PV surface shows 

higher extinction in the blue wavelength range (<530 nm, due to the Ag NP contribution) 

than the 135 nm Au NPs alone. In addition, the position of the broad shoulder at ∼650 

nm, observed in the spectrum of the Ag:Au NP mixture, agrees with the LSPR enhanced 

photoconversion measured in Figure 3−6a  
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Figure 3−6 (a) %ΔEQE plots for modified Si PV devices. The surface coverage of the NPs, 

obtained from SEM images at several random places, were: for 60nm diameter AgNPs = 7.1±1.2 

µm-2; 135 nm diameter Au NPs = 7.9±3.1 µm-2; Ag:Au mixture a  (Ag:Au ratio=1.8:1) = 8.7±2.3 

µm-2; and Ag:Au mixture b  (Ag:Au ratio=2.7:1) =  6.4±3.0 µm-2.  Reference means a reference 

lane (without NPs) compared to another reference lane on the same device. The noise for the 

reference are due to measurements.(b) Normalized extinction (obtained by the reflection of white 

light from the modified Si surface (using the unmodified Si PV as reference) for Ag NPs (black), 

Au 135nm NPs (blue) and a mixture of Au 135nm and Ag 60nm NPs (red) immobilized on a Si 

PV device. (c) FDTD calculated %ΔEQE (λ) plots for Si PV devices modified with Ag NPs 

(black curve); Au NPs (blue curve) and Ag:Au NPs (red curve). The profile from the Si PV 

modified with Ag NPs was normalized by a factor of 0.5 and the calculations presented were also 

for 135nm diameter Ag NPs (rather than 60nm) to provide a better match with the experimental 

result. 
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The general characteristics of the profiles presented in Figure 3−6b were confirmed by 

numerical calculations. A finite-difference time-domain (FDTD) model, based on the 

approach demonstrated by Lim et al.,11 was implemented. The calculated %ΔEQE (λ) for 

different sizes and types of NPs are shown as SI (Figure A−SI−4). Note that the 

calculated %ΔEQE (λ) enhancements are higher than the experimental results (Figure 

3−4). This overestimation occurs because our model considers that all photons inside the 

Si PV are absorbed and converted to electron−hole pairs. Moreover, the collection 

efficiency of the electrons (holes) is also deemed to be 100%. Otherwise, the calculated 

profiles mimic the experimental results relatively well (Figure 3−4), and the small 

discrepancies can be attributed to defects in the Si PV, the influence of the textured 

surface, inhomogeneous NPs size distribution and aggregation. The NP absorption 

contribution to the negative effect in the %ΔEQE (at about 500 nm for 135 nm Au NPs) 

is clearly demonstrated in the inset of Figure A−SI−4 (SI). The enhanced light−electricity 

conversion (positive %ΔEQE) observed at longer wavelengths was confirmed by the 

calculations to originate mainly from the preferential forward radiative scattering by the 

metallic NPs. Figure 3−6c shows the FDTD calculated %ΔEQE plots for Si PV devices 

modified with only Ag NPs, only Au NPs, and a Au:Ag NP mixture. The model assumed 

no significant aggregation on the surface and that the Ag and Au NPs are distanced 

enough from each other to avoid significant particle-to-particle LSPR interference. In that 

case, the %ΔEQE profile is just a linear combination of the %ΔEQE curves from the Si 

PV modified with Ag NPs and the Si PVs modified with Au NPs. The calculated 

%ΔEQE(λ) for the Si PV Ag:Au NP mixture (red curve in Figure 3−6c) confirms that the 

negative %ΔEQE for wavelengths < 560 nm, observed from the devices modified with 

Ag NPs alone, is offset by the presence of Au NPs. This is exactly the effect observed 

experimentally in Figure 3−6a.  

 

The overall power conversion efficiency (measured under white light) of the Si PV 

device modified with 135 nm Au NPs presented no noticeable enhancement (data 

presented in Figure A−SI−1c, SI), mainly because the positive effect of the NPs on the 

%ΔEQE(λ) (>560 nm) was counteracted by the negative values of %ΔEQE observed at 

the blue end (<560 nm). On the other hand, when the Si surface contained a mixture of 60 
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nm Ag and 135 nm Au NPs (Ag:Au NPs 2.7:1/ APTMS/SiO2/Si PV), the 

photocurrent−voltage (I−V) curve of the Si PV device, under white light illumination, 

shows a significant increase in photocurrent density (20.9 mA/cm2) compared to the 

reference device (19.8 mA/cm2, the same piece of Si PV device but without NP 

modification, APTMS/ SiO2/Si PV). These I−V curves are shown in Figure 3−7a. Figure 

3−7b shows the white light power curves for the reference cell and for the Si PV 

modified with the optimized mixture of Ag:Au NPs. The generated power (Pmax) by the 

NP-modified device in Figure 3−7b shows about 5% increase compared to the reference; 

this value is comparable with previous reports.11 The nature of the enhancement 

mechanism is well established in the literature15,21,22 and was confirmed by the FDTD 

calculations presented in Figure 3−6c. The enhanced conversion is simply assigned to 

favorable light scattering toward the Si by large sized metallic nanoparticles. The 

presence of both Ag and Au NPs on the same PV device further enables the optimization 

of the LSPR conditions for enhanced photocurrent generation.  

 

    

Figure 3−7 (a) Si PV current-voltage (IV) curve under white light illumination (b) calculated 

power under white light illumination before and after Ag:Au NPs mixture immobilization, 

respectively. 

3.4 Conclusions 

We have successfully shown that mixed Ag and Au NPs can be immobilized on the top 

of Si PV devices to improve their overall efficiency. The surface coverage and size 

dependence of Au NPs on the EQE were studied systematically. %ΔEQE(λ) 



 

 

49 

enhancement was strongly dependent on the forward scattering efficiency, and these 

coincided with the LSPR. Au NPs larger than 80 nm led to increased %ΔEQE(λ) 

response above 600 nm. The highest %ΔEQE(λ) enhancement efficiency experimentally 

achieved at ∼670 nm for Au NPs was ∼6%. More importantly, we have experimentally 

shown the tunable %ΔEQE(λ) enhancement by utilizing two types of (Ag and Au) 

metallic NPs. The use of the Ag:Au NP mixture at the Si PV surface minimized the 

decreased efficiency observed from this type of PV, maximizing the device efficiency 

over a broader spectral range (425 nm to over 1000 nm). The overall power conversion 

efficiency, compared to the reference, increased by about 5%. A possible drawback of 

this approach, however, can be related to the higher reactivity of silver relative to gold. 

However, the chemical integrity of the NPs at the surface can be easily protected by the 

deposition of a thin dielectric layer, which is already part of the manufacturing procedure 

of Si based solar cells. The results presented here show that mixed metallic NPs can be 

explored as light capturing alternatives in commercial Si PVs. 
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Chapter 4: Enhanced Light Trapping in Three-Dimensional Nano-

structured a-Si:H Solar Cells  

 

This chapter compares the effect of different types of metallic (Al, Ag, and Au) and 

nonmetallic (SiO2) nanostructures on the efficiency of a-Si:H solar cells. A version of this 

chapter (only containing the data for Ag and SiO2 nanoparticles) is published as: 

Theuring, M.; Wang, P. H.; Vehse, M.; Steenhoff, V.; von Maydell, K.; Agert, C.; Brolo, 

A. G., Comparison of Ag and SiO2 Nanoparticles for Light Trapping Applications in 

Silicon Thin Film Solar Cells. J. Phys. Chem. lett. 2014, 3302-3306. Copyright: 

Reproduced with permission.  

The complete published paper is in Appendix B. The published comparison between Ag 

and SiO2 nanoparticles for light trapping applications in a-Si:H thin film solar cells used 

the current state-of-art transparent conductive oxide (TCO) based on indium tin oxide 

(ITO). On the other hand, the data in this chapter was obtained using ZnO:Al. The 

conclusions obtained using ITO TCO were the same as the ones using ZnO:Al, which are 

presented in this chapter.    

 

This was a collaboration project with Dr. Vehse at the University of Oldenburg in 

Germany. The intellectual conception of the project is from our group. I fabricated the 

nanostructured substrates. Martin Theuring and Volmer Steenhoff helped with the a-Si:H 

solar cells fabrication. Martin Theuring and I worked together on the measurements and 

simulations during this project. 

 

The integration of nano-structures, such as plasmonic and photonic architectures, in 

ultrathin film silicon solar cells enables better light trapping and management. A suite of 

plasmonic (Al, Au and Ag) and photonic nano-structures (SiO2) were integrated in thin 

film (250 nm i-layer) hydrogenated amorphous silicon (a-Si:H) NIP solar cells through 

one simple “top-down” approach based on nano-sphere lithography (NSL).  The 

integration of SiO2 nano-particles (NPs) on the back of the a-Si:H NIP solar cell shows 

comparable performance than the plasmonic, the Asahi-U (surface textured) and 
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outperforms the flat reference solar cells in term of enhanced broad band light absorption. 

A maximum external quantum efficiency (%ΔEQE) enhancement of ~30% (compared to 

commercial textured reference) was achieved near 700 nm with the a-Si:H NIP solar cell 

modified with SiO2 NPs arranged with a 700 nm periodicity. Numerical simulations were 

conducted to confirm the nature of the broad band enhancement observed experimentally. 

Potentially, the proposed NSL fabrication process could be an effective and inexpensive 

approach for the fabrication of large area surface textured three dimensional nano-

structured solar cells. 10 x 10 cm2 nano-structured a-Si:H NIP solar cells were fabricated 

and tested in this work. 
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4.1 Introduction  

The production of an efficient and low cost device has been the ultimate goal in the 

thin film a-Si:H (hydrogenated amorphous silicon) NIP solar cell development. Nano-

structured ultra-thin film solar cells have been attracting a lot of attention due to their 

ultimate light trapping characteristics and excellent charge separation.1-4 In principle, 

either plasmonic4-6 or photonic7-9 nano-structures integrated in thin film solar cells have 

the potential to achieve higher efficiencies (than reference cells), mainly through 

enhanced light absorption and better light management6. Metallic nano-particles (NPs) 

have shown great promise as integrated materials in thin film solar cells that enhance 

both light absorption and scattering within the localized surface plasmon resonance 

(LSPR) region.6,10 However, when integrated at the front end of the cell, the characteristic 

energy losses associated to metals limits the solar cell performance.11, 12On the other 

hand, plasmonic structures placed at the back of a thin film solar cell have demonstrated 

enhanced photo-conversion in the SPR region.5, 13, 14 Increased efficiency has also been 

demonstrated for photonic nano-structured (organized arrays of dielectric nanoparticles) 

thin film solar cells. 2, 9, 15, 16  

Although several types of nano-structured thin film solar cells have demonstrated 

enhanced efficiency, the various common nano-patterning methods, such as e-beam 

lithography (EBL), focused ion beam (FIB), and nano-imprinting techniques,17 can be 

costly and often limits the size of the nano-structured active area. Nano-sphere 

lithography (NSL) is a fabrication method that can provide large area nano-structure 

patterning at low-cost,18,19 since it does not require chemical etching and other more 

complex fabrication steps.  

This work presents a systematic investigation on the effect of identically shaped but 

different types of plasmonic (Al, Au and Ag) and photonic (SiO2) nano-structures 

integrated in thin film (250 nm i-layer) hydrogenated amorphous silicon (a-Si:H) NIP 

solar cells. The nano-structured substrate was fabricated through a one simple “top-

down” nano-sphere lithography (NSL) step, as shown in Figure 4−1. The a-Si:H NIP 

solar cells modified with SiO2 NPs dielectric (SiO2-NPs/a-Si:H) shows comparable 

performance to the plasmonic (Au, Ag, or Al-NPs/Si:H) NIP solar cell, yielding a 

maximum of ~30% external quantum efficiency (%ΔEQE) enhancement (relative to  the 
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Asahi-U reference) near 700 nm for the 700 nm periodicity SiO2 NPs array. The 

experimental results were confirmed by numerical simulations. 

 

Figure 4−1 Schematic representation of a periodic nanostructured a-Si:H NIP solar cell 

fabrication process (the method section contains additional details ).  Basically, an self-assembled 

monolayer (SAM) of 700 nm polystyrene (PS) beads (b) was deposited on top a of 

ZnO:Al/Ag/glass substrate (a), followed by e-beam evaporation (c) of different materials (Au, 

Ag, Al and SiO2), after the “lift-off” process (d), a hexagonal packed pyramid NPs were formed; 

then, the NPs were encapsulated in another buffer layer of ZnO:Al (e); finally, a thin-film a-Si:H 

NIP solar cell was fabricated by plasma-enhanced chemical vapor deposition  (PECVD) process 

(f). 

 

4.2 Experimental section 

4.2.1 Fabrication of Periodic Nanostructure Substrate.  

First, 120 nm Ag thin film was e-beam evaporated (30 nm Al as an adhesive layer) on a 

pre-cut 10 cm x 10 cm flat glass (Schott ECO32) substrate. 20 nm ZnO:Al was sputtered 

on top of the Ag thin film to protect Ag from oxidation (Figure 4−1a). Then, a monolayer 

of the 700 nm PS (721± 20nm, microParticles GmbH Berlin, 10 wt% aqueous dispersion) 

was deposited on top of the substrate (Figure 4−1b). To make the different type of NPs 

on the substrate (as in Figure 4−1d), 140nm of Au, Ag, Al and SiO2 were e-beam 

evaporated on the PS covered substrates (Figure 4−1c), respectively; followed by a “lift-

off” process in toluene, washed in ethanol with sonication and nitrogen blow dried. 

Lastly, another 60 nm ZnO:Al was sputtered on top of NPs serves as a diffusion barriers 
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and optical spacer (Figure 4−1e) between the metallic/dielectric NPs and a-Si:H layer 

during the growth of a-Si:H NIP at elevated temperature.  

4.2.2 Fabrication of a-Si:H Solar Cell.  

Subsequently, amorphous silicon solar cells were deposited by plasma-enhanced 

chemical vapor deposition (PECVD) in an industrial reactor (LEYBOLD OPTICS: 

Phoebus Lab Coater) with a parallel plate configuration at 200 oC. All different type of 

nanostructured solar cells was fabricated in the same batch by PECVD to minimize the 

possible batch to batch variation. The cells are deposited in n-i-p configuration: First, a 

thin N-type silicon layer (10 nm) was deposited, followed by an intrinsic amorphous 

silicon layer (250 nm i-layer), and a thin P-type of silicon layer (20 nm) to make a NIP 

configuration. A front transparent conducive oxide (TOC) layer of 70 nm ZnO:Al was 

puttered by PECVD with a help of additional 10 nm Ag layer to improve the electrical 

conductivity (Figure 4−1f and Figure 4−2c).  

4.2.3 Solar Cell Characterization.  

The EQE was measured with a dual-lamp sun simulator (RiRa, SpeQuest) calibrated 

with a standard Si cell. The absorptions were measured with Cary 5000 UV-VIS-NIR 

spectrometer quipped with an integrating sphere on a large area ~1 cm2 with 5nm step 

size. The current voltage (IV) characterizations of the a-Si:H solar cell were measured 

under illumination of a WACOM dual lamp solar simulator according to standard test 

conditions (AM1.5G spectrum, 1000W/m2, 25 °C), illumination area were 0.25 cm2. Note 

that 0.25 cm2 illumination area was measured here even the solar cells were fabricated by 

10cm x 10cm scale, in order to minimize the poor conductivity of the front ZnO:Al layer. 

Jsc was determined by convolution of EQE and the incoming photon flux of AM1.5G 

spectrum. Hitachi FB-2100 FIB was used to cut the cross section on a nano-structure a-

Si:H NIP solar cell and Hitachi S4800 FESEM was used to characterize the a-Si:H NIP 

solar cells at 5KV using in-lens secondary electron backscattering detector.  
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4.2.4 Simulation for the different type NPs modified a-Si:H solar cell.  

The EQE and absorption were calculated by Lumerical FDTD simulation. The 

simulation configuration and domain (orange box) shown in Figure 4−5a. It was designed 

according to the experiment setup using basic geometrical shapes. For the simulation, all 

the material dielectric property were obtained directly and available from the Lumerical 

data base, except, ZnO:Al layer was set with a refractive index n=2. For the EQE and the 

absorption profile calculation, only the absorption in the intrinsic layer (not in the doped 

layers) was taken into account, and the top 10 nm Ag layer was omitted in the simulation 

to further simplify the model. A plane wave excitation was used with a step size 5 nm and 

mess order 3 nm near the material interface. The simulated EQE was based on the 

absorption spectrum under the assumption that each photon absorbed generates one pair 

of electron and holes, and all the generated charges are collection.  

4.3 Result and discussion  

 

Figure 4−2 (a) SEM of hexagonal packed Ag-NPs fabricated by NSL on top of a ZnO/Ag 

substrate imaged at 45 degrees tilt. (b) An top view of the surface of the final assembled 

a-Si:H NIP solar cell integrated with Ag nanostructures. (c) A cross section of a Ag-NPs 

modified a-Si:H NIP solar cell (Ag-NPs/Si:H). The cross section was milled by focused 
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ion beam (FIB) and imaged by SEM; viewed at 45 degrees titled angle; the cell stacks are 

indicated in the inserted SEM image. (d) An optical image of NPs modified a-Si:H NIP 

solar cells fabricated in a 10 cm x 10 cm scale with NSL.  Scale bar in (a), (b) and (c) are 

all 200 nm. 

 

Figure 4−2a presents a scanning electron micrograph (SEM) of a hexagonally packed 

Au-NPs structure fabricated on top of a ZnO/Ag substrate. The SEM imaged was 

obtained at a 45 degrees tilt. The Au-NPs fabricate by NSL were tri-facial pyramids with 

150~200 nm base and 140 nm height (e-beam evaporated). The periodicity (distance 

between the structures) depended on the diameter of the polystyrene sphere used in the 

NSL template. Similar structures as in Figure 4−2a, with 700 nm periodicity, were also 

prepared using Ag, Al and SiO2 NPs. A top view of a final assembled Ag-NPs/a-Si:H 

NIP solar cell (250nm i-layer) is presented in Figure 4−2b. The close packed hexagonal 

structure of the nanoparticles fabricated by NSL was nicely transferred to the top surface 

of the solar cell, despite some minor defects observed over the entire solar cell. The inset 

image in Figure 4−2b shows a closer view of the patterned structure.  

Although this manuscript focus exclusively on a systematic study involving a-Si:H NIP 

solar cells fabricated with 700 nm periodicity, 250 nm i-layer, and hexagonal packed 

NPs, the features of the top structure of the a-Si:H NIP solar cell, such as periodicities 

and dome sizes, were easily controlled by tuning the different sizes, periodicities and 

geometry of the NPs deposited on the back of the substrate by NSL. Figure 4−2c presents 

a SEM cross section of a Ag-NPs/a-Si:H NIP cell milled using focused ion beam (FIB). 

The cross section image clearly confirms that each individual layer of the film (indicated 

in the inset of Figure 4−2c) was isotropically grown on top of the nano-structures. The 

images in Figure 4−2b-c indicate that texturing of both the front and the back surface of 

the a-Si:H NIP solar cell were easily achieved through the NPs modification. Figure 4−2d 

illustrates the potential of the technique for large area nano-fabrication. The picture in 

Figure 4−2d shows a NPs modified a-Si:H NIP solar cell fabricated in a 10 cm x 10 cm 

scale using NSL.  
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Figure 4−3 (a) The external quantum efficiency (EQE, solid lines) and absorption (1-R, 

dashed lines) for a-Si:H NIP cells modified with different NPs materials (Au, Ag, Al, and 

SiO2) at 700 nm periodicity compared to Asahi-U and flat references. (b, c) EQE and 

absorption (1-R) plots in red (500 nm and 750 nm) and blue (300 nm to 550 nm) 

spectrum region are from Figure a, respectively. 

 

External quantum efficiency (EQE) and absorption (1-R) plots for a-Si:H NIP solar 

cells modified with different types of NPs (Au, Ag, Al, and SiO2) are summarized in 

Figure 4−3a-c. The periodicity for all nanostructures was kept constant at 700 nm. It is 

important to note that all the NP-modified solar cells were fabricated under the exact 

same conditions and they were compared from the same batch. This minimizes cell-to-

cell and batch-to-batch variations. The only difference between the NP-modified solar 

cells was the e-beam evaporation of different materials (Au, Ag, Al, and SiO2), which 

required a change to an appropriate evaporation source. Figure 4−3a present the EQE and 

absorption result of NPs (Au, Ag, Al, and SiO2) modified a-Si:H NIP cells compared to 

the industrial standard random pyramid textured Asahi-U and a flat a-Si:H NIP solar cell, 
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both of them used as references. As expected, texturing the back surface increases the 

total absorption in a broad range (relative to the flat surface), as seen in the Figure 4−3a. 

Figure 4−3b and Figure 4−3c are just zoomed versions of Figure 4−3a that highlight the 

spectra features in the red and blue spectral regions, respectively. In the red part of the 

spectrum, from 550 nm to 750 nm in Figure 4−3b, the absorption (1-R) responses were 

quite different for each solar cell modified with different types of materials and the 

references. The flat reference (magenta color, in Figure 4−3) shows a strong interference 

effect as peaks and valleys, due to the Fabry-Perot resonance within the thin film.3, 8, 16, 19-

21 The destructive interference (negative peaks) causes a decrease in the EQE (magenta 

color). Introduction of the surface random roughness (Asahi-U) and periodic (NPs 

modified) texturing on the back of the cell help to eliminate the interference effect, 

increasing the solar cell absorption in the red region. The EQE curves in Figure 4−3b 

show that the SiO2-modified solar cell (blue color) are more efficient (evident by the 

“shoulder” in the blue EQE plot) in that spectral region when compared to the a-Si:H NIP  

modified with plasmonic NPs (Au, Ag and Al) and the Asahi-U reference. The 

“shoulder” in EQE measurements  observed for the SiO2-NPs/a-Si:H solar cells  matched 

the increased absorption (1-R, blue dash) observed for the SiO2 NPs modified solar cell 

in the same region (compared to the Asahi-U and the metallic NPs-modified solar cell – 

see Figure 4−3b, dashed lines, around 650 nm). The features of the absorption spectrum 

(1-R) were almost independent of the plasmonic material (Au, Ag and Al) up to 750 nm 

(Figure 4−3a) with the Fabry-Parot interference3, 8, 16, 19-21 dominating the red part of the 

spectrum (550 nm to 750nm, Figure 4−3b). Overall, considering the absorption losses in 

metallic nanoparticles and material cost, both EQE and absorption results suggest that the 

SiO2-based nanostructures were the best candidate for improved light trapping in a-Si:H 

NIP solar cells (Figure 4−3a and Figure 4−3b). Figure 4−3c shows a closer view of the 

solar cell absorption and performance parameters at the blue end of the spectrum, from 

300nm to 550nm. In this case, all the NPs modified a-Si:H NIP solar cells showed 

enhanced EQE and absorption (1-R) compared to both the Asahi-U and the flat 

references. Blue light is expected to be preferentially absorbed at the front surface of the 

solar cell. The enhancement in the blue end can then be assigned mainly to the effect of 

the periodic front Si surface texturing3 (Figure 4−2c). The periodic structure supports 
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Bloch photonic mode3, 22, 23 that are known to facilitate light absorption. The nano-

structured a-Si:H NIP solar cell has more materials per unit area compared to the flat 

reference a-Si:H NIP solar cell, this could also facilitate enhanced light absorption in the 

blue region. It is important to notice from Figure 4−3c that the metallic NPs-modified 

solar cell presented more absorption (1-R, dash lines) in the blue spectral region than the 

SiO2 NPs-modified solar cell; however, this increased absorption was not translated into 

a larger EQE for the cells modified with metallic nano-structures. This indicates that the 

metallic NPs absorption increases the amount of light captured by the solar cell, but this 

enhanced absorption does not translate into increased efficiency due to the lossy nature of 

the metal.  

 

 

 

Figure 4−4 % ΔEQE(λ) plot for NPs (Au, Ag, Al, and SiO2) modified a-Si:H NIP solar cell and 

flat reference compared to Asahi-U reference, respectively. 

 

The relative EQE variations (%ΔEQE), defined as in equation 4-1, were calculated and 

plotted in Figure 4−4 as a function of the wavelength.11 

 

% ∆𝐸𝑄𝐸(𝜆) =
𝐸𝑄𝐸𝑁𝑃𝑠(𝜆)−𝐸𝑄𝐸𝐴𝑠𝑎ℎ𝑖−𝑈(𝜆)

𝐸𝑄𝐸𝐴𝑠𝑎ℎ𝑖−𝑈(𝜆)
 𝑥 100 %   (4-1) 
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where ΔEQENPs (λ) and EQEAsahi-U(λ) are the EQE measured from NPs modified and 

the commercial textured reference a-Si:H NIP solar cells, respectively. Figure 4−4 

indicates that the NPs modified a-Si:H NIP solar cells outperform the Asahi-U and flat 

references in the blue end of the spectrum (between 300 nm and 500 nm) (positive 

%ΔEQE (λ) values) as discussed above. In the red end of the spectrum (between 500 nm 

and 750 nm), Figure 4−4 shows that the NPs-modified solar cells had comparable 

performance to the Asahi-U reference, although some positive peaks and negative valleys 

were clearly present in the %ΔEQE curve. Figure 4−4 also shows that the SiO2-NPs/a-

Si:H NIP solar cell presented a maximum ~30% ΔEQE enhancement near 700 nm 

compared to the commercial textured reference and slightly broader peak compared to the 

other type of solar cells.  

The overall performance comparison between the different types of a-Si:H NIP solar 

cells investigated in this work is summarized in Table 4−1. Table 4−1 shows that the 

SiO2-NPs/a-Si:H NIP solar cell presented ~4% smaller fill factor (FF≈63%) values than 

observed from the solar cells modified with metallic NPs and the two types of reference 

cells (FF≈67%). This effect arises from the non-conductive nature of the SiO2 dielectric, 

which leads to an increase in back contact sheet resistant. The slight open circuit voltage 

(Voc) drop (~40mV) for all a-Si:H NIP solar cells modified with NPs relative to the 

references might be due to a thinner n- and p-doped layers formed on the sharp edges of 

the pyramidal NPs. On the other hand, the short circuit current density (Jsc) for the SiO2-

NPs/a-Si:H NIP solar cell (9.33mA/cm2) shows comparable performance than  the 

plasmonic solar cells (Au NPs: 9.10mA/cm2; AgNPs: 9.02mA/cm2 and Al NPs: 

9.15mA/cm2); and outperforms the Asahi-U (8.73mA/cm2) solar cell and the flat 

reference (8.19mA/cm2). This Jsc increase can be directly related to the improved light 

trapping in NPs modified a-Si:H NIP solar cells, as discussed above.  
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a-Si:H solar cell 
Jsc 

[mA/cm2] 

Voc 

[mV] 

FF 

[%] 

Efficiency 

[%] 

Asahi-U 8.73 886 66.9 5.17 

Flat 8.19 881 67.4 4.87 

Au NPs 9.10 849 67.1 5.19 

Ag NPs 9.02 844 66.2 5.04 

Al NPs 9.15 843 66.8 5.15 

SiO2 NPs 9.33 854 62.9 5.01 

 

Table 4−1 The overall performance comparison between the different types of a-Si:H NIP solar 

cells. Note that Jsc was determined by convolution of the EQE and the incoming photon flux of 

the AM1.5G spectrum. The IV characterizations were measured under the standard conditions. 
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Figure 4−5 Simulation comparison of different types of NPs materials modified a-Si:H 

NIP solar cell. (a) Schematic of a-Si:H NIP solar cell simulation configuration and 

domain (orange box). (b) Simulation results of EQE and absorption (1-R) for different 

types of NPs inside the a-Si:H NIP solar cell. (c) FDTD-calculated absorption for Ag and 

SiO2 NPs modified substrates covered with ZnO:Al layer (n=2). (d) Calculated the 

electric field intensity (absorption) for Ag and SiO2 NPs modified a-Si:H NIP solar cell in 

y-z direction at 662 nm excitation wavelength. 

 

Figure 4−5 compares the calculated EQE and absorption for the four different type of 

NPs (Au, Ag, Al and SiO2) modified a-Si:H NIP solar cells (see method section for the 

simulation details). Figure 4−5a presents a schematic of the a-Si:H NIP simulation 

configuration designed according to experimentally obtained SEM, presented in Figure 

4−2c.  Figure 4−5b shows the FDTD-calculated EQE and absorption (1-R) for a-Si:H 

NIP solar cells modified with the four different types of NPs (Au, Ag, Al, and SiO2). The 

calculated EQE shows a similar EQE trend as the experimental result that presented in 

Figure 4−3a. The simulated EQE results didn’t show much material dependence, as 

expected from the experimental results; however, the calculated EQE for the SiO2 
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modified-solar cell also shown a small improvement after 600 nm as observed in the 

experimental result (Figure 4−3). In order to verify the small EQE enhancement in the 

red part (> 600 nm), the absorption for the metallic Ag NPs and dielectric SiO2 NPs 

modified substrate were plotted in Figure 4−5c. As in the experiments, the presence of 

the Ag NPs always showed a higher absorption than the SiO2 NPs modified substrate due 

the Ag NPs absorption. The calculated near electric field intensity at 662 nm in Figure 

4−5d shows that the absorption was concentrated near the surface of Ag NPs, and that the 

Ag NPs absorb more than SiO2 NPs. The absorption profiles inside silicon absorber layer 

resemble each other. It is important to realized that due to the 60 nm ZnO:Al buffer layer 

sputtered on top of the metallic/dielectric NPs, which served as both a diffusion barrier 

and an optical spacer between the metallic/dielectric NPs and a-Si:H layer, the enhanced 

field near the Ag NPs cannot contribute significantly to the electron-hole generation 

inside the a-Si:H layer, thus, this absorption represents a light loss. Therefore, both 

calculated (Figure 4−5b) and experimental EQE result (Figure 4−3) did not shown 

significant EQE enhancement near the red part of spectrum from the enhanced near field 

promoted by SPR. 

4.4 Conclusion 

In summary, we were able to show that similar light trapping properties are obtained 

with identically shaped nonmetallic NPs and metallic NPs features. As significant 

improvements were achieved with both NPs types over the textured and flat references, 

we conclude that the geometry of the structure has a much higher influence on the light 

trapping properties compared to its material for those types of cells. Specifically, the 

front side textures seem to have a major influence on the light distribution inside the cell. 

Finally, we deduce two major findings from our study: Firstly, one should aspire to use 

nonmetallic particles for a-Si:H cells because of the lower parasitic absorption associated 

with them. Secondly, but not of less importance, the influence of the light trapping 

structure on the electrical properties of the solar cell needs to be taken into account. In 

our example, the insulating nature of the SiO2-NPs in the contact layer hinders an 

efficient charge extraction. Hence, shifting the SPR away from the absorber band gap or 

using non-metallic but conductive scattering features such as ZnO:Al (Chapter 5) or 
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indium tin oxide (ITO) nanostructures might be the best options to optimize the 

performance of thin film silicon solar cells. 
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Chapter 5: Cost-Effective Nanostructured Thin-Film Solar Cell with 

Enhanced Absorption 

 

This chapter presents a low-cost and scalable bottom-up approach to fabricate 

nanostructured thin-film solar cells with an electrodeposited honeycomb patterned zinc 

oxide electrode. This chapter is published as: Wang, P. H.; Nowak, R.-E.; Geißendörfer, 

S.; Vehse, M.; Reininghaus, N.; Sergeev, O.; von Maydell, K.; Brolo, A. G.; Agert, C., 

Cost-Effective Nanostructured Thin-Film Solar Cell with Enhanced Absorption. Appl. 

Phys. Lett. 2014, 105 (18), 183106. Copyright: Reproduced with permission 

 

This work is also based on a collaboration with Dr. Martin Vehse’s group in Germany. I 

proposed the intellectual conception using a combined process of nanosphere 

lithography and electrochemical deposition to pattern the ZnO transparent conductive 

electrodes. I prepared the nanostructured electrodes, characterized the solar cells 

performance, conducted FIB cut and characterized the solar cell with SEM. Regina 

Nowak did the ZnO electrochemical deposition, SEM characterization and measured the 

solar cell performance. Stefan Geißendörfer performed the numerical simulation and 

solar cell deposition. N. Reininghaus further optimized the solar cell deposition recipe. 

 

Nanostructured transparent conductive electrodes are highly interesting for efficient 

light management in thin-film solar cells, but they are often costly to manufacture and 

limited to small scales. This work reports on a low-cost and scalable bottom-up approach 

to fabricate nanostructured thin-film solar cells. A folded solar cell with increased optical 

absorber volume was deposited on honeycomb patterned zinc oxide nanostructures, 

fabricated in a combined process of nanosphere lithography and electrochemical 

deposition. The periodicity of the honeycomb pattern can be easily varied in the 

fabrication process, which allows structural optimization for different absorber materials. 

The implementation of this concept in amorphous silicon thin-film solar cells with only 

100 nm absorber layer was demonstrated. The nanostructured solar cell showed 

approximately 10% increase in the short circuit current density compared to a cell on an 
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optimized commercial textured reference electrode. The concept presented here is highly 

promising for low-cost industrial fabrication of nanostructured thin-film solar cells, since 

no sophisticated layer stacks or expensive techniques are required. 
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5.1 Introduction  

Thin-film solar cells are promising candidates for cost-effective electricity production 

in a future sustainable global energy system. A key topic in thin-film solar cell research is 

centered on efforts to further reduce their absorber layer thicknesses to save material and 

processing time1,2  as well as to benefit from higher cell voltages.3 Closely related to this 

is the development of efficient light management concepts to guarantee high absorption 

of the incoming light in the thin absorber layer.4,5 

Well-known approaches to improve optical absorption in thin-film solar cells are 

quarter-wavelength antireflective coatings,6-9 rough interfaces for an enhancement of the 

optical path length,10-12 and scattering with metallic nanoparticles.13-16 Beyond these 

concepts, further approaches using nanostructures, such as nanorods,17-19 nanobeams,20 

spherical nanoshells,21 and nanocones,22-24 have been presented recently, many of them 

with remarkable potential for light trapping. Nevertheless, several of these structures 

require top-down lithography, advanced etching techniques or vacuum processes with 

high temperatures, which are costly and, in most cases, not suitable for mass production. 

However, as thin-film solar cells already have the constraint of lower efficiencies 

compared to conventional wafer-based solar cells, they will only be competitive in the 

long term if they are produced at drastically reduced costs. Therefore, instead of elaborate 

multilayer structures fabricated by sophisticated techniques, facile cell designs based on 

industrial fabrication processes are required. 

5.2 Experiment and discussion  

In this work, a concept to fabricate nanostructured thin-film solar cells with enhanced 

optical performance based on a low-cost two-step bottom-up process is presented. By 

combining nanosphere lithography and electrochemical deposition, transparent ZnO 

electrodes with honeycomb pattern of either nano- or micrometer dimensions were 

fabricated. These techniques are cost-effective bench-top methods that do not require 

process chambers, high temperatures, and they are applicable on industrial scale. The 

geometric aspects of the ZnO structure, such as size and periodicity, were easily 

controlled by the diameter of the nanospheres. The honeycomb structure induced a strong 

folding of the solar cell, leading to an enhanced optical absorption due to an increased 
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absorber volume and antireflection at the modified ZnO interface. The feasibility of this 

fabrication methodology was demonstrated for a hydrogenated amorphous silicon (a-

Si:H) solar cell with only 100 nm absorber layer thickness. The concept proposed here is 

general and it can be applied for any thin-film solar cell material. The approach allows 

for simple optimization of desired structure sizes, and it is compatible with low-cost 

substrates, such as polymers and metal foils. 

 

 

Figure 5−1 Schematic of the ZnO honeycomb electrode fabrication process. (a) A seed 

layer of ZnO is covered with polystyrene (PS) spheres. The PS self-assembled monolayer 

on the surface generates a hexagonal two dimensional pattern. (b) ZnO is 

electrochemically deposited. The packed arrangement directs the ZnO deposition to the 

interstices between the PS spheres. (c) The PS spheres are removed, leaving a structured 

ZnO arrangement. 

 

Figure 5−1 shows a schematic of the fabrication process of the honeycomb structures. 

First, a self-assembled monolayer of hexagonal close-packed polystyrene (PS) 

nanospheres (microParticles GmbH) was formed on top of a ZnO:Al seeded glass 

substrate via drop-coating (Figure 5−1a).25,26 Then, the substrate, coated with the 

nanospheres, was used as working electrode for the electrochemical deposition of ZnO 

(Figure 5−1b). The self-assembled monolayer is not affected during the electrochemical 

growth of ZnO; this allows the combination of both, nanosphere lithography and 

electrochemical deposition.27–30 An aqueous solution containing 0.5 mM ZnCl2 and 0.1 M 

KCl was used as electrolyte. The solution was continuously saturated with oxygen during 

the process. The deposition was carried out in a three electrodes setup with an 

AglAgCl|Cl-(3M) reference and a Pt counter electrode at a constant temperature of 80°C. 

Further details about the electrochemical deposition process can be found elsewhere.19,31–

34 The PS spheres were removed by 5 min sonication in toluene after the ZnO growth 
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(Figure 5−1c). The honeycomb arrays presented a homogeneous coverage over the entire 

glass substrate (5 x 5 cm2). 

 

 

Figure 5−2 Electrochemically deposited ZnO honeycomb arrays with periodicities of (a) 500 nm, 

(b) 700 nm and (c) 1 µm. Scale bar is 1 µm. 

 

Figure 5−2 displays scanning electron microscope (SEM) images (under 45° tilt) of 

honeycomb arrays fabricated with three different PS sphere diameters of 500 nm, 700 nm 

and 1 µm. The images illustrate the control over the periodicity of the honeycomb array 

via the size of the PS spheres. Due to the continuous growth of ZnO in the interstices 

between the PS spheres, the surfaces inside the honeycomb holes are very smooth, as 

seen in Figure 5−2.  

The effect of the ZnO honeycomb electrode on the performance of a thin-film solar cell 

was then tested. Thin a-Si:H p-i-n solar cells, with an intrinsic layer thickness of 

approximately 100nm, were fabricated onto 500 nm periodicity honeycomb arrays and on 

standard commercial wet-chemically etched (textured) ZnO:Al electrodes for 

comparison. A very thin layer of amorphous SiOx:H was used as p-doped layer. The n-

doped layer consisted of nanocrystalline SiOx:H of approximately 60 nm thickness. 

Additionally, two SiO2 buffer layers were inserted between the intrinsic and the doped 
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layers to limit doping cross contamination of the thin intrinsic layer.35 The intrinsic and 

doped layers were fabricated by plasma enhanced chemical vapor deposition (PECVD) 

from a SiH4:H2 gas mixture at a temperature of 200 °C. B2H6 and PH3 were added for p- 

and n-doping, respectively. The solar cells were terminated with electron beam 

evaporated Ag back contacts defining an active cell area of 1 cm2. After fabrication, the 

cells were annealed for 30 min at 160 °C. 

 

 

Figure 5−3 SEM cross-sections of a-Si:H p-i-n solar cells on ZnO (a) honeycomb electrode and 

(b) textured reference. Scale bar is 500 nm. 

 

Cross-sections of the cells, cut by focused ion beam and recorded by SEM, are 

displayed in Figure 5−3. For both cells, nanostructured (Figure 5−3a) and textured 

(Figure 5−3b), the cross-sections show the isotropic growth of a-Si:H from the PECVD 

process, which can be inferred from the constant absorber thickness along to the surface 

normal of the substrate. In case of the honeycomb cell, this leads to a pronounced folded 

cell, with increased optical absorber volume due to the larger surface area, still with 

constant thickness along the surface normal.  

The advantages of a folded solar cell design, with “large optical” but “small electrical 

thickness”, have been pointed out recently by Vanecek et al, who realized this kind of 

structure with photolithography and reactive ion etching.36 Experimentally, similar cell 

designs with silicon thin-film absorbers have been fabricated by patterning of a thermally 

grown SiO2 layer with photolithography by Sai et al.,37 and by a combined process of 

nanosphere lithography and reactive ion etching by Zhu et al.,22 Hsu et al.,23 and Battaglia 

et al.38 While intrinsic absorber layer thicknesses of ≥ 250 nm were used in those studies, 

the advantages of the folded cell concept are especially relevant for thinner absorber 
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layers (≤ 100nm), as studied here. Another very important practical advantage, relative to 

previous reports, is that the nanostructures in this work were fabricated completely 

without the need of process chambers, but merely by solution-based bottom-up 

techniques.  

The optical benefits of the honeycomb structure can be observed from the external 

quantum efficiency (EQE) and total cell absorption (reported as one minus reflection, 1- 

R, under the assumption that no light is transmitted through the cell stack), plotted in 

Figure 5−4. EQEs were calculated from differential spectral response measurements; the 

cell reflections were recorded in a photospectrometer with an integrating sphere. The 

EQE of the honeycomb cell is enhanced, relative to the textured reference, in nearly the 

entire spectral range (Figure 5−4). As discussed before, the larger surface area of the 

honeycomb electrode results in an increased absorber volume due to the isotropic growth 

of a-Si:H, although fabricated under equal conditions in the PECVD process as the 

textured reference. Only for shorter wavelengths (< 370 nm), the honeycomb cell showed 

increased parasitic absorption due to the additional amount of ZnO. 

 

 

Figure 5−4 EQE and total cell absorption (1-R) plots of a-Si:H p-i-n solar cells on honeycomb 

electrode (red) and a textured reference (black). 
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Figure 5−5 Illuminated JV-curves of a-Si:H p-i-n solar cells on honeycomb electrode and 

textured reference. The characteristics of both cells are included as an inset. 

 

Figure 5−5 displays the current density-voltage (JV)-curves for the folded honeycomb 

and the reference cell (statistical data are provided as in appendix C, Table C−1). The 

curves were recorded under illumination of a WACOM dual lamp solar simulator, 

according to standard test conditions (AM 1.5G spectrum, 1000 W/m2, 25 °C). As 

expected from the EQE curves, the short circuit current density JSC of the honeycomb cell 

is larger (by 9.6%) compared to the textured reference cell (the characteristics of both 

cells are included as a Table embedded in Figure 5−5). The increase in JSC implies an 

overall enhanced efficiency; however, a slight deterioration in the electrical performance 

of the honeycomb cell is also evident in Figure 5−5.  

The smaller open circuit voltage VOC measured from the honeycomb cell (relative to 

the reference) is not a fundamental limitation, in contrast to what is known from 

nanostructured ZnO electrodes with small structure sizes (< 400nm).17,19,39 In the case of 

small structures, the loss in VOC is due to thickness variations in the a-Si:H layer, leading 

to a less homogeneous carrier distribution and thereby lower splitting of the quasi-Fermi 

levels.39 For the honeycomb folded cell, which has a constant absorber thickness (as 

shown in Figure 5−3a), the loss in VOC is attributed to a slightly increased shunt 

resistance due to imperfections in the cell stack. With further optimization of the 

fabrication process, these VOC losses can be minimized, as it has been demonstrated 

already for reactive ion etched folded solar cells.36,38  
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The reduction in the fill factor FF for the honeycomb cell (inset in Figure 5−5) is 

induced by a series resistance related to a lower conductivity of the electrodeposited ZnO. 

Despite an intrinsic doping mechanism in the electrodeposition process,32,40 the carrier 

density (5 x 1019 cm-3, according to Tena-Zaera et al.41) is approximately one order of 

magnitude lower than in conventional sputtered ZnO:Al (6.3 x 1020 cm-3). Earlier 

experiments, involving smaller electrodeposited ZnO nanostructures, showed no 

detrimental effects on the series resistance.19 However, the conductivity in the 

electrodeposited ZnO is more important here for the honeycomb folded solar cell as the 

tips of the structure have to collect all charge carriers of the surrounding absorber 

material (this is a similar drawback due low conductivity material used as discussed in 

chapter 4 for SO2 NP-modified solar cell). However, the optimization of the ion 

concentrations in the electrodeposition process,41 as well as the addition of precursors for 

extrinsic doping to the growth solution,42 promise further improvement of the carrier 

concentration of the electrodeposited ZnO. Therefore, by considering these options to 

further electrically optimize the structure, it is possible to affirm that honeycomb folded 

solar cells without losses in the electrical performance and the full benefits from the 

strongly enhanced optical properties are feasible. 

With the commercial software Sentaurus TCAD, 3D optical and electrical simulations 

were performed to quantify the effect of an increased absorber volume and to study 

photon absorption in the folded honeycomb cell. Based on the results, the effect of 

different honeycomb periodicities on JSC is discussed, referring to the trade-off between 

increased absorber volume and higher parasitic absorption in the electrochemically 

deposited ZnO. Cells with 500 nm, 750 nm and 1µm honeycomb periodicity were 

simulated, similar to the series shown in Figure 5−2. The cell stack consisted of glass, flat 

ZnO:Al, electrochemically deposited ZnO (ECD-ZnO) with honeycomb pattern, an a-

Si:H p-i-n structure with 100 nm i-layer thickness, and an Ag back contact. The a-Si:H p-

i-n structure was modeled with the isotropic growth algorithm to obtain cells with 

constant absorber thickness along the surface normal as illustrated in Figure 5−2a. Details 

about the isotropic growth and electrical and optical input parameters for the simulations 

can be found in a previous study by Geißendörfer et al.39 
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Figure 5−6 Profiles of the optical generation rate of simulated honeycomb cells with 

periodicities of (a) 500 nm, (b) 750 nm, (c) 1 µm and (d) simulated JV-curves of the cells 

with different periodicities 

 

Plots of the optical generation rate Gopt(λ), calculated by finite difference time domain 

method (FDTD), are shown in Figure 5−6 a-c; Figure 5−6d displays the JV-curves of the 

structures which will be discussed below. The JSC values of the simulated cells are 

smaller compared to the experimental data shown in Figure 5−5, as optimized oxidic p- 

and n-a-Si:H layers were used in the experimental cell. 

 Due to the small cell thickness, the profiles of the optical generation rate Figure 5−6a-

c mainly show homogeneous absorption with small influence of thin-film interference. 

On the tips of the honeycomb structure, the optical generation rate is reduced as part of 

the light is lost by absorption in underlying a Si:H material and in the subjacent 

electrochemically deposited ZnO. However, for all periodicities, the optical generation 

profiles look similar, and no distinct scattering features are observed for these thin a-Si:H 

cells, as it has been reported for other nanostructured cells with larger cell thickness.43 

Table 5−1 shows the increase of the absorber volume for the simulated structures 

illustrated in Figure 5-6 (a)-(c), related to a flat structure with equal cell configuration. 

All structures have a strongly enhanced absorber volume >70%, and the absorber volume 

increases for larger honeycomb periodicity, because the folding of the cell becomes more 

pronounced. However, this leads not necessarily to an enhancement in JSC as it can be 

observed in the simulated JV-curves of the cells plotted in Figure 5−6d; the 

corresponding JSC values are listed in Table 5−1. In fact, parasitic absorption is enhanced 

for larger periodicities, as the amount of electrochemically deposited ZnO is increased 
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which is necessary to generate the honeycomb pattern. This is illustrated in the schematic 

cross-sections in Figure 5−6a-c, as for larger honeycomb periodicity, the structure has at 

the same time a larger depth and therefore a larger overall volume.  

The JSC values in Table 5−1 underline this trade-off between increased absorber 

volume and parasitic absorption; JSC first slightly increases from 500 nm to 750 nm 

periodicity, but the increase in the absorber volume of only 4% from 750 nm to 1 µm 

periodicity is fully compensated by parasitic absorption loss in the electrochemically 

deposited ZnO, and thereby JSC is significantly reduced. The effect of parasitic absorption 

in the electrochemically deposited ZnO was already evident in Figure 5−4, where the 

honeycomb cell had a lower EQE in the wavelength region of ZnO absorption (<370nm) 

compared to the reference cell. 

 

Honeycomb periodicity 

/nm 

Increased absorber volume 

/% 

JSC 

/mA•cm-2 

500 71.4 9.41 

750 77.6 9.43 

1000 81.0 8.97 

 

Table 5−1 Increased optical absorber volume for folded honeycomb cells. 

5.3 Conclusion 

 

In conclusion, a low-cost and scalable bottom-up approach to fabricate nanostructured 

ZnO electrodes for enhanced optical absorption in thin-film solar cells was presented. 

The concept is based on the growth of honeycomb patterned ZnO structures by 

electrochemical deposition, preceded by a nanosphere lithography step. This approach 

induces a folding of the solar cell around the ZnO structure, resulting in strongly 

enhanced optical properties due to an overall increased absorber volume. Thin a-Si:H 

solar cells, with an intrinsic absorber layer thickness of 100 nm, were used as proof of 

concept, and a significantly enhanced EQE was observed. The short circuit current 

density was almost 10% higher compared to a solar cell on an optimized commercial 

textured ZnO reference electrode. 
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The process suggested here is compatible with low-cost substrates, such as polymers 

and metal foils, and allows an optimization of the structure for any desired cell concept. 

The periodicity can be easily controlled by the nanosphere size. No sophisticated layer 

stacks or expensive techniques are required, and therefore, the concept is highly 

promising for a low-cost industrial fabrication of nanostructured thin-film solar cells. 
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Chapter 6: Polarization-Dependent Extraordinary Optical 

Transmission from Upconversion Nanoparticles 

 

 

This chapter is a manuscript in preparation for submission. Peng Hui Wang,  Walter J. 

Salcedo,  Jothirmayanantham Pichaandi, Frank C. J. M. van Veggel,  Alexandre G. Brolo 

are the authors. 

 

 This work is a collaboration project with Dr. Frank van Veggel at the University of 

Victoria and Dr. Walter J. Salcedo at the University of Sao Paulo, in Brazil. Dr. Walter 

J. Salcedo performed the numerical simulation analysis. Jothirmayanantham Pichaandi 

synthesized the NaYF4:Yb3+/Er3+nanoparticle. I fabricated the nanostructures; prepared 

the samples and performed all measurements. 

 

Enhanced (maximum ~6 times) upconversion (UC) emission was experimentally 

demonstrated using gold nanoparticles double antennas coupled to nanoslits in gold films. 

The transmitted red emission from UC ytterbium (Yb3+) and erbium (Er3+) co-doped 

sodium yttrium fluoride (NaYF4:Yb3+/Er3+) nanoparticles (UC NPs)  at ~665 nm (excited 

with a 980 nm diode laser) was enhanced relative to the green emission at ~550 nm. The 

relative enhanced UC NPs emission could be tuned by the different polarization-

dependent extraordinary optical transmission (EOT) modes coupled to the gold 

nanostructures. Finite-difference time-domain (FDTD) calculations suggest that the 

preferential enhanced UC emission was related to a combination of different surface 

plasmon (SP) modes excitation coupling to cavity Fabry-Perot (FP) interactions. 
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6.1 Introduction  

 

Extraordinary optical transmission (EOT) through metallic gratings, such as sub-

wavelength holes and slits in thin metallic films, has been extensively studied1-5 since 

reported by Ebbesen6 in 1998. The EOT phenomenon has been implemented in several 

applications, including bio-sensing,7 beam focusing8, 9, and enhanced photovoltaics. 10-12 

Lanthanide-doped upconversion (UC) emitters, which are capable of converting near-

infrared radiation into visible fluorescence, also attract much research attention due to its 

potential for novel applications. For instance, when used as biological labels, UC 

nanomaterial present low photo-bleaching and their near-infrared excitation (typically 

980 nm) falls within the optical biological window, allowing long penetration depth in 

tissues.13 UC materials can also be used in microlasers14 devices and up-conversion solar 

cells.15, 16  UC nano-materials, however, often have poor external quantum efficiency, due 

to the low absorption coefficient, parasitic processes and quenching.17, 18 It has been 

demonstrated that UC nanoparticles (UC NPs) luminescence can be enhanced when 

coupled to metallic nanostructures through resonant energy transfer (ET) involving 

surface plasmons (SPs).17, 19, 20 The capability of engineering SP-active nanostructures21 

(geometry and surrounding dielectric) for enhanced UC EOT might have a potential for 

applications in photonics,22, 23 and as sensitive single emitter detectors.24-27        

In this work, polarized EOT from UC emissions were experimentally demonstrated by 

using Au double-antenna nanoparticles (DA NPs) nested in nanoslits in thin gold films. 

The roles of  SP mode coupling and field confinement were evident in the EOT process.28 

It has also been shown that the presence of nanoparticles chains inside nanoslits 

significantly enhances light transmission relative to the slits without NPs.2 The DA NPs 

inside nanoslits are expected to concentrate large electromagnetic fields in gap modes.24, 

29, 30 The nanoslits and DA NPs geometries were optimized to have their SP resonance 

overlapping with the UC NPs emission spectrum, facilitating the EOT at those 

wavelengths. The experimental results show a maximum overall UC enhancement 

(relative to a window reference) and an enhancement in the ratio between the transmitted 

UC red emission (~665 nm)  and the green emission (~550 nm) of about 6-fold. The 
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preferential enhanced UC NPs emissions were strongly polarization dependent and could 

be tuned by different EOT modes, as confirmed by FDTD calculations.  

 

6.2 Experimental section 

6.2.1 Fabrication of the plasmonic nanostructures  

 

The nanostructures were fabricated on 100 nm gold film (5 nm Cr was used as 

adhesion layer) deposited on 1 mm thick glass slide (commercially available from EMF, 

Ithaca, NY) by focused-ion-beam (FIB) milling. In general, the gallium ion beam was set 

with 40 keV at 12K magnification and the dwell time for each pixel was 5 ms. Two kinds 

of slit: 300 nm and 470 nm slit opening width (named as S300 and S470, respectively) 

were fabricated. The dimensions (length x width x height) of the DA NPs were 120 nm x 

80 nm x 100 nm (characterized by scanning electron microscope (SEM) images, as 

shown in the inset of Figure 6−2b). DA NPs were fabricated in the center of the slits with 

different DA NPs gap distances: 14, 30, 120 and 180 nm, respectively (measured from 

SEM images, named as G14, G30, G120 and G180). SEM of all structures are shown as 

supplementary information (SI) Figure D−SI−1, Figure D−SI−2, and in Figure 6−2). The 

distance between two DA NPs dimer was kept constant at 250 nm. The slit periodicity 

was also kept constant at 700 nm. In addition, control samples consisting of a 80 nm 

width lines (instead of DA NPs) inside the slits (S300-Line, for instance) and empty slits 

(S) were also fabricated on the same gold film slide for comparison (Figure D−SI−1d, 

Figure D−SI−2d and Figure 6−7 inset SEM images). Each nanostructured square array 

was about 11.6 µm x 11.6 µm with 17 slits in each array. Furthermore, square windows 

with the same opening area slit structures (Figure D−SI−1e, without DA NPs and Line) 

were fabricated (for instance, the 7.7 µm x 7.7 µm S300-window matches the area of the 

S300-slit structure) as additional references (Figure D−SI−1f, Figure 6−6 and Figure 6−7 

bottom inset SEM, and Figure D−SI−2). Lastly, a 10 nm TiO2 layer was e-beam 

evaporated on top of FIB-fabricated nanostructure to further tune the DA NPs SP 

resonance to the UC NPs emission range.   
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6.2.2 Materials and sample preparation 

 

All chemicals were purchased from Sigma Aldrich and used without further 

purification. The UC NPs were prepared in chloroform (3% w/v) according to the 

previous published experimental procedure.31, 32 Then, the UC NPs suspension was spin 

coated on the nanostructured gold film glass slide at 1200 revolutions per minute. This 

resulted in an UC NPs film with a thickness of 220 ± 20 nm (estimated from the FIB cut 

cross section near the nanostructures). 

 

6.2.3 Instrumentation 

 

The experiment setup for the UC emission measurement is presented as Figure 6−1. 

The emission spectra were obtained under 980 nm continuous wave laser excitation with 

a fixed power density of 200 W/cm2. The illumination area was about 100 µm2 (shown in 

Figure 6−2d). The laser beam was incident normally onto the UC covered sample, then 

the UC emission was collected at the back of the sample with an objective lens (20X, NA 

0.4), a spectrograph (HoloSpec VPT System from Kaiser) coupled to a CCD camera 

(DV-401-BV from ANDOR Technology) was used as a detection system (Figure 6−1). 

The sample orientation and light polarization directions were rotated accordingly to 

measure the UC emission spectra under different polarizations (Figure 6−3). The 

transmittance experiments for UC film covered nanostructures were measured using a 

fiber (400 µm core diameter) coupled optical microscope (OLYMPUS MS PLAN 

ULWD 50X NA 0.55 objective) with polarized white light and a UV/VIS/NIR 

spectrometer (Ocean Optics 4000) were used as a detection system. SEM images were 

taken using a scanning electron microscope Hitachi S4800 at 1kV acceleration voltage. 
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Figure 6−1 Schematic of experiment measurement system for UC emission measurement. 

Sample and polarizer II are rotated 90º accordingly in this experiment. 

 

6.2.4 FDTD simulations 

 

FDTD simulations (Lumerical software Inc.) were performed to visualize the electric 

field intensity profiles around the nanostructures. The dimensions of the nanostructures 

were based on the average measurements from the SEM images as mentioned above. A 

rectangular polygon with rounded corners was used to model the DA NPs. The dielectric 

properties of the gold and chromium were the default data reported by Johnson and 

Christy33 and Palik34 respectively, imported directly from the Lumerical material data 

base. Periodic boundary conditions were used in xy direction and with PML (perfect 

metal layers) in the ±z directions. Plane wave source was placed 1µm above Au 

nanostructures. The UC NP film refractive index35 (n) was set as 1.50 above Au metallic 

structure with 240 nm thickness assuming an uninform coverage; the glass substrate 

refractive index34 (n) was import from Lumerical material data base. 10 nm TiO2 

dielectric layer was placed on top of Au slits bars, and the TiO2 dielectric refractive index 

was obtained from the tabulated data.36 An effective refractive index inside the slits was 

chosen as 1.85, considering non-uniform coverage of the TiO2 layer UC NPs inside the 

slits, and a better transmittance agreement between the simulation and experiment. Near 

field and transmission monitor were placed at the back of the nanostructures (12 nm and 

1.3 µm away from the DA nanostructures, respectively). 3 nm mesh size was used near 

Au nanostructures. 
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6.3 Result and discussions 

 

The gold nanostructures were fabricated by FIB milling on 100 nm gold film. Figure 

6−2a and b present SEM images of two slits arrays with 300 and 470 nm openings 

containing DA NPs with a gap distance of 30 nm (S300-G30 and S470-G30, 

respectively). Other arrays are shown as in Figure D−SI−1 and Figure D−SI−2 (see 

method section for the details).  Figure 6−2c shows an SEM image of the UC NPs 

covering a nanostructured Au substrate. The SEM image indicates a homogenous 

coverage with a random UC NPs (UC NPs diameter was ~ 30 nm) packed film on top of 

the nanostructured Au surface. Figure 6−2d presents an optical image of a gold film 

containing two nanostructured square arrays. The whole surface (including the 

nanostructures) was covered with UC NPs. One of the arrays in Figure 6−2d is 

illuminated by laser, and the inset shows details of a dark field image under laser 

illumination. Each square array in a given slide consisted of different nanostructures (as 

indicated above) and was excited individually using a 980 nm laser (illustrated by the 

bright spot in Figure 6−2d). The UC emission from each array was collected under 

various excitation and collection configurations defined in Figure 6−3. The UC 

experimental measurement setup details are shown in Figure 6−1.  
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Figure 6−2(a) and (b) SEM image top view of double antenna (DA) Au DA NPs structure inside 

a nanoslit: S300-G30 and S470-G30 respectively; the side view of a pair of DA is shown (as an 

inset image, substrate titled at 45º). (c) UC NPs film covering nanostructured array on the gold 

substrate. (d) Optical microscope image of UC NPs covered DA arrays on the gold film, one 

array is shown with 980 nm laser excitation from an nanostructured DA array, the inserted optical 

image shows the UC emission in the dark. Dimensions: scale bar (a), (b) and (c) 200nm, (d) each 

nanostructured square array is about 11.6 x 11.6 µm2. 

 

It is known that the light transmitted through a periodic slit structure strongly depends 

on its polarization.2 The coupling of UC emissions to these polarization effects might be 

useful, for instance, in the generation of optical switches and polarization sensitive 

detectors.37 In this work, the excitation polarization was fixed, but the relative orientation 

of the sample and polarizer II (Figure 6−3 and Figure 6−1) ) were adjusted for different 

measurements. Figure 6−3 defines the four types of excitation/collection configurations: 

named as xxx, xxy, xyx, and xyy, respectively, where the first letter “x” defines the fixed 

incident light polarization (either white light or the 980 nm laser, red color arrow); the 

second letter either “x” or “y” defines the slits orientation relative to the incident 

polarization; and the third letter either “x” or “y” indicates the direction of polarizer 
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(analyzer) used in the measurement of the transmitted UC emission from the back of the 

sample oriented relative to the incident light polarization.   

 

 

 

Figure 6−3 Schematic of experiment configurations and definitions for UC emission 

measurement. Incident light polarization was fixed at normal incidence (red color); sample and 

polarizer II were rotated 90o accordingly during the measurement. 

 

Before measuring the UC emission, each nanostructured array was characterized by 

polarized white light transmission (the same conditions as the laser excitation experiment, 

at normal incidence) to map the relative position of the SP resonances of the 

nanostructures relative to the UC NPs emission bands. Figure 6−4 presents an example of 

white light transmittance spectra with xxx (Figure 6−4a) and xyx (Figure 6−4b) 

configuration for the DA NPs nanostructure with S300-G14 and S300-Slit array (the 

results for the other arrays are summarized in the SI, Figure D−SI−3), respectively. The 

white light transmission spectra with the other xxy and xyy configurations have very 

small transmission detected due to the crossed polarizers (Figure 6−1 I and II) that 

significantly blocked the amount of light that reached the detector. The transmittance 

spectra was calculated from the white light transmission spectra (
Iarray

WL

Iwindow
WL ), where  𝐼𝑎𝑟𝑟𝑎𝑦

𝑊𝐿  

is the measured white light transmission from a nanostructured array, and 𝐼𝑤𝑖𝑛𝑑𝑜𝑤
𝑊𝐿  is the 

measured white light transmission from the window reference (see Figure D−SI−1f). An 

UC emission spectrum is also included in Figure 6−4 (black plot at the bottom of the 
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figures) for comparison. FDTD calculations (dashed lines in Figure 6−4) were performed 

to provide additional insights about the optical processes. Due to the complicated nature 

of the systems investigated here, including the presence of fabrication defects; the 

variations in packing density for solid UC NPs films; the quality of the TiO2 film; and the 

precise geometry of the metallic nanostructures;38 an exact quantitative agreement 

between the experiments and simulations is not to be expected. However, the 

transmittance peaks/dips features predicted by FDTD qualitatively agree with the 

experimental results. The experimental measurements (solid lines) in Figure 6−4 present 

a broadening of the features due to fabrication defects and measurement conditions. 

Normally, periodic nanoslits in gold film do not support strong white light transmission 

in the xxx configuration (transverse electric – TE polarization).39, 40 However, the 

presence of a thin dielectric (UC NPs) film coating the slit-only arrays enables significant 

white light transmission (blue lines in Figure 6−4) in that configuration (xxx). This 

observed EOT for slits in transverse electric (TE) configuration (xxx) in presence of a 

dielectric film has been reported from other groups.41-43 Figure 6−4 illustrates that the UC 

green and red emission bands present different degrees of overlap with the transmittance 

spectrum, as expected (see dashed vertical lines in Figure 6−4). FDTD calculations 

indicate that the dip positions at ~ 800 nm (Figure 6−4a) correspond to a Fabry-Perot 

(FP) destructive mode in the transmission. The transmittance dip position at ~667 nm 

(Figure 6−4a red color) in the presence of Au DA NPs is also related to a FP destructive 

mode that couples to the Au DA NPs localized SP mode.  Under the xyx configuration, 

Figure 6−4b, the transmittance dip positioned at ~700 nm corresponds to the activation of 

grating induced SP polariton and increased back reflection.  The presence of Au DA NPs 

inside the slits (Figure 6−4 S300-G14, red color) decreases the white light transmittance 

due to the combination of decreased opening area (~13%), increased back reflection, and 

additional Au NPs parasitic absorption compared to the slits without Au DA NPs (blue 

color). Most importantly, the EOT mechanism with additional nanostructures inside 

nanoslits is different than for the slit only nanostructures. The characteristics of these 

different EOT modes are further visualized in the numerical simulations presented in 

Figure 6−5.   
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Figure 6−4 Experimental (solid lines) and FDTD calculated (dashed lines) xxx (a) and xyx (b) 

transmittance spectrum for S300-G14 DA and S300-Slit nanostructured array, respectively. A 

normalized UC emission spectrum from S300-window reference is added (black color) for 

comparison. 

 

FDTD-calculated electric field profiles (at the position of the dashed lines in Figure 

6−4, which correspond to the UC emission positions) for some of the nanostructures 

studied here are presented in Figure 6−5. Figure 6−5a presents the selected SEM images 

of the different types of arrays investigated (S300 set). The near electric field intensity 

distributions at the transmitted position (12 nm bellow the DA Au NPs) were plotted in 

Figure 6−5b-e for wavelengths at 667 nm (red) and 550 nm (green). The incident light 

was polarized either parallel or perpendicular to the slit (indicated as the red arrow on the 
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right side). Figure 6−5b-e shows that different SP resonance modes is activated under 

different polarizations, and the electric field intensity is distributed spatially differently 

around the nanostructures in the red and green spectral regions. These different 

polarization-dependent modes affect the characteristics of the enhanced UC, as will be 

demonstrated later. Two major characteristics are observed from the numerical FDTD-

calculations: 

 

(1) The enhanced electric field intensity is concentrated near the Au NPs (in x 

direction) when light coupled to DA NPs in the parallel polarization direction (x-

direction). In this case the DA NP-NP gap mode (named as “NP-NP gap mode”) is 

activated (Figure 6−5b and c DA NPs). On the other hand, when light couple to slit in 

perpendicular polarization (Figure 6−5d and e), the electric field is distributed along the y 

direction; concentrated in the gap between the lateral of the DA nanoparticles and the slit 

walls. In this case, DA-slit wall modes (named as “DA-slit wall mode”) are activated 

(Figure 6−5d and e).  

(2) The magnitude of the local electric field intensity for red light is always greater 

than the green electric field near the DA NPs for the particular geometries investigated 

here. 
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Figure 6−5 FDTD-calculated near field electric intensity (|E|2) distribution for (a) S300-G14, 

S300-G120, S300-Line and S300-Slit nanostructures at the transmission position with the 

incidence light (red arrow) parallel (b-c) and perpendicular (d-e) to the nanoslits, respectively. 

The color scale is optimized to view the near field at different wavelengths (indicated beside the 

graph); the slit and DA NPs positions are outlined (white dashed lines). 

 

As for the S300-Line and S300-Slit samples, references without DA NPs inside (Figure 

6−5b and c), an enhanced electric field is also observed for xxx polarization. The electric 

field in this case is centered on the slit gap, and, consequently, less bounded to the 

metallic surface. This indicates the activation of FP-like interference due to the thin 

dielectric film present on top of the slit structures; note that this is not related to the SP 

resonance. On the other hand, when light is polarized perpendicular to the slit (Figure 

6−5d and e), the “slit wall mode” is activated due to the activation of SP modes (Figure 

6−5d and e). The SP modes overlapped better with the red emission than with the green 

under perpendicular polarization. In summary, the activation of the different modes 



 

 

96 

(“NP-NP gap mode” and “DA-slit wall mode”) are responsible for the polarization 

dependence of the observed white light transmittance features observed in Figure 6−4. 

 

 

Figure 6−6 (a) Samples of UC NPs emission spectra from different nanostructures as indicated in 

the figure, all the spectra were taken under the same xyx condition with S300 sample. (b) Relative 

integrated UC emission intensity between the red (from 640 nm to 690 nm) and the green (from 

520 nm to 570 nm) emission (
𝐈𝐑𝐞𝐝

𝐔𝐂

𝐈𝐆𝐫𝐞𝐞𝐧
𝐔𝐂 ) for each nanostructured S300 array under different 

measurement configurations (indicated in the figure) are presented. 

 

Figure 6−4 and Figure 6−5 provide important insights into the EOT mechanisms 

through the nanostructures enabled by distinct optical modes. The effect of these modes 

on the transmitted UC will now be explored. As presented in the experimental section, 

the UC NPs were excited by a 980 nm laser, reaching the particles directly at normal 
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incidence, and the UC emission was measured in transmission mode. It is assumed that 

each UC NP emits as a dipole source, since the UC NPs are typically single crystals, all 

the photoluminescent-active Ln3+ dopant ions are in a well-defined crystals field. The UC 

NPs film on top of the nanostructures was relatively thick (~240 nm), and the emission 

from that collective random distribution of dipoles can be considered, at a first 

approximation, as an un-polarized plane wave source travelling towards the 

nanostructured surface. This un-polarized UC emissions would have different 

transmissions in the x and y directions, as discussed above. A polarizer after the slit 

nanostructures (Figure 6−3 and Figure 6−1) allows the experimental evaluation of the 

enhanced UC emission transmission for the different polarizations. Examples of UC 

emission spectra obtained with xyx orientation from some of the nanostructures are 

shown in Figure 6−6a. The UC material exhibited characteristic green emissions ~530 

nm and ~550 nm, assigned to the 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 transitions from Er3+ 

ions, respectively, and a red emission, ~665 nm, associated with the 4F9/2 → 4I15/2 Er3+ 

transition.31 In Figure 6−6a, the red transmitted UC emission intensities are enhanced 

selectively for the different types of nanostructures, when compared to the window 

reference. The intensities of the transmitted emissions were dependent on the type of 

nanostructure and on the measurement configuration. A summary of the relative absolute 

effect of the nanostructures in the UC emission (using the window as reference) is 

presented in the SI file (Figure D−SI−4). The red emission was enhanced in all structures 

and the slit structure presented the maximum (~ 6 fold) UC increase.  

The enhanced transmitted UC emission is induced by the interactions between the 

UC NPs and the metallic nanostructures. Plasmonic-enhanced UC photoluminescence is 

often due to the UC NPs interaction with the enhanced local electric field near the 

metallic nanostructures.28, 44-46 In EOT, light is able to pass through metallic openings 

smaller than its wavelength mediated by SP resonance. The enhanced near electric field 

intensity plays then a significant role on both enhanced UC and transmission.2, 28, 38, 46 

The UC film in this experiment was relative thick (~240 nm, in order to obtain an 

uniform coverage) compared to the normal “skin deep” (~30 nm) enhanced plasmonic 

near field spatial extension. Since the average UC NP diameter is also ~30 nm, only the 

first layer of UC NPs (about 15% of the film) are expected to be strongly affected by the 
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enhanced plasmonic near field. The enhanced transmitted UC emission mechanisms are 

hard to decouple due to complicated nature of the experiment setup, this would be a 

subject of future work with only a single UC NP layer coverage. Nevertheless, the effect 

of the nanostructures (DA NPs and line) inside the slits led to tunable enhancement 

effect, illustrated by the variation in the relative red and the green UC transmitted 

emission intensity (
IRed

UC

IGreen
UC ). The relative intensity ratios (

IRed
UC

IGreen
UC ), for both green (integrated 

from 520 nm to 570 nm) and red emissions (from 640 nm to 690 nm), were calculated 

and are plotted in Figure 6−6b. Figure 6−6b shows a polarization dependent tunable 

preferential enhancement of the red UC transmitted emission for the nanostructured 

arrays compared to the window reference. The presence of the Au DA nanostructures 

insides the slits (S300-G14 to G180) induces even higher preferential enhanced red UC 

transmitted emission relative to green emission compare to the slit only (S300-Slit) 

structure. As for the window reference, there are no polarization dependence (
IRed

UC

IGreen
UC  = 

~2.5) as expected.   

Through the activation of the different EOT mode (“NP-NP gap mode” and “DA-slit 

wall mode”), the observed UC emissions show strong polarization dependence. The free-

space light and SP resonance mode coupling efficiency29, 47 often affects the EOT 

intensities. Both experimental and FDTD-calculated results indicated an enhanced red 

light relative to the green light as expected. The highest preferential enhanced 
IRed

UC

IGreen
UC  

emission is observed from the S300-Slit under the “DA-slit wall mode” (Figure 6−6b, 

xyx black and xxy magenta color) polarization. Increases the slit width generally 

decreases the theoretical slit mode SP resonance coupling efficiency.46, 47 This should 

also affect the UC emissions EOT intensities. Figure 6−7 presents an experimental result 

of the relative enhanced UC emission with the same set of nanostructures as S300 arrays 

(dashed lines, Figure 6−7 SEM inset on the top) but a large slits nanostructures (S470) 

and a large window reference (solid line, Figure 6−7 SEM inset on the bottom) on the 

same substrate. The preferential enhanced red emission (
IRed

UC

IGreen
UC ) was significantly lower 

for the larger slit (S470) width compared to the narrow nanoslits (S300). This is 
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corresponding to the “DA-slit wall mode” interaction blue shifts with the increase of the 

NP-wall distance, favoring an increase in the green UC emission.  

 

 

Figure 6−7 Comparison of the tunable feature of the relative UC emission between the red (from 

640 nm to 690 nm) and the green (from 520 nm to 570 nm) emission (
𝐈𝐑𝐞𝐝

𝐔𝐂

𝐈𝐆𝐫𝐞𝐞𝐧
𝐔𝐂 ) with a large slit 

(S470, solid lines) and the narrow slits (S300, dashed lines) for each nanostructured array are 

presented. 

6.4 Conclusion  

 

The enhanced upconversion (UC) emission through plasmonic interactions between 

NaYF4:Yb/Er and gold nanostructures was investigated. The UC transmission presented a 

polarization effect, tuned by the plasmonic nanostructures. In general, a preferential 

enhancement of the red emission over the green UC emission was observed for all  

nanostructures (double antenna nanoparticles and lines) nested in two kinds (300 and 470 

nm slit opening) of  nanoslits. FDTD-calculations suggest that the UC enhancement and 

the polarization effects resulted from different electric field modes activated by different 

polarizations.  We hope our finding would provide a new insight for applications, such as 

efficient UC polarizer for possible single photon quantum computation, communication 

27, 48 and solar cell devices.  
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Chapter 7 Summary and Outlook  

 

This chapter contains the summary and conclusion for this thesis. An outlook and 

future direction is briefly discussed.  
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7.1 Summary and conclusion  

 

In this work, we performed a systematic investigation on the energy transfer mediated 

by metallic surface plasmon (SP) nanostructures. The fabrication, characterization and 

application of surface plasmon active material in energy conversion field have been 

investigated, and the photonic nanostructures for thin film silicon solar cell also 

demonstrated 

 

For the application of SP nanostructures in the photovoltaic device in part II, we have 

successfully shown that mixed Ag and Au NPs can be immobilized on the top of Si PV 

devices to improve their overall efficiency. The surface coverage and size dependence of 

Au NPs on the EQE were studied systematically. %ΔEQE(λ) enhancement was strongly 

dependent on the forward scattering efficiency. The enhancement of the far field 

electromagnetic radiation is the main contribution from random immobilized Au/Ag 

mixture on top of a c-Si solar cell (Chapter 3). As for the application of the SP 

nanostructures on the back of thin film solar cell, we were able to show that similar light 

trapping properties are obtained with identically shaped Al-, Au- and Ag-NPs and SiO2-

NPs features. As significant improvements were achieved with both metallic and 

nonmetallic NPs over the commercial textured reference, we conclude that the geometry 

of the structure has a much higher influence on the light trapping properties compared to 

its material. Specifically, the front side textures seem to have a major influence on the 

light distribution inside the cell. Finally, we deduce two major findings from our study: 

Firstly, one should aspire to use non-metallic particles because of the lower parasitic 

absorption associated with them. Secondly, but not of less importance, the influence of 

the light trapping structure on the electrical properties of the solar cell needs to be taken 

into account (Chapter 4). 

Then, a low-cost and scalable bottom-up approach to fabricate nanostructured ZnO 

electrodes for enhanced optical absorption in thin-film solar cells was presented (chapter 

5. The concept is based on the growth of honeycomb patterned ZnO structures by 

electrochemical deposition, preceded by a nanosphere lithography step. This approach 

induces a folding of the solar cell around the ZnO structure, resulting in strongly 
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enhanced optical properties due to an overall increased absorber volume. Thin a-Si:H 

solar cells, with an intrinsic absorber layer thickness of 100 nm, were used as proof of 

concept, and a significantly enhanced EQE was observed. The short circuit current 

density was almost 10% higher compared to a solar cell on an optimized commercial 

textured ZnO reference electrode. The process suggested in Chapter 5 is compatible with 

low-cost substrates, such as polymers and metal foils, and allows an optimization of the 

structure for any desired cell concept. The periodicity can be easily controlled by the 

nanosphere size. No sophisticated layer stacks or expensive techniques are required, and 

therefore, the concept is highly promising for a low-cost industrial fabrication of 

nanostructured thin-film solar cells. 

Furthermore, enhanced upconversion (UC) emission through plasmonic interactions 

between NaYF4:Yb/Er and gold nanostructures was investigated. The UC transmission 

presented a polarization effect, tuned by the plasmonic nanostructures. In general, a 

preferential enhancement of the red emission over the green UC emission was observed 

for all  nanostructures (double antenna nanoparticles and lines) nested in two kinds (300 

and 470 nm slit opening) of  nanoslits. FDTD-calculations suggest that the UC 

enhancement and the polarization effects resulted from different electric field modes 

activated by different polarizations (Chapter 6). 

 We hope that the fabrication and engineering the plasmonic and photonic light 

trapping material could benefit the silicon solar cell energy conversion efficiency. The SP 

enhanced UC could bring more insight about the plasmonic-excitation-emission 

interaction. 

7.2 Outlook and future direction  

The application of plasmonic nanostructures will continue to gather more research 

interest, due to its extraordinary light manipulation capability; especially, but not limited 

in the field of improved thin film photovoltaic and enhanced energy conversion. The 

different plasmonic nanostructures have to be optimized for a specific type of 

photovoltaic device. The integration of either plasmonic or photonic structure with the 

silicon photovoltaic requires to be utilized effectively, since not only the optical property, 

but also the electrical property of the devices is very important for archiving overall 
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improved energy conversion efficiency. Another important aspect of the nanostructured 

photovoltaic devices is that the total material and fabrication cost has to be reasonable 

and applicable in a large scale production in the real life application.  

As for the proof of concept, the integration of upconverters in solar cell application has 

been demonstrated in literature1-3 to minimize energy losses due to the spectral mismatch 

between the photovoltaic and incident solar spectrum. Plasmonic enhanced upconversion 

concept has been shown great enhancement4,5 for potential energy conversion 

applications. The fabrication of a highly efficient luminescent solar cell will be exciting 

to be explored in the future work; the plasmonic material is a promising material to 

overcome the low upconversion efficiency and small absorption cross-section of 

lanthanide for solar cell application. Moreover, a broadband absorption upconverters that 

could convert the sunlight efficiently in the near infrared region would be more benefit 

for the solar cell energy conversion application. The tunable enhanced upconversion with 

plasmonic structures based on our work would also provide potential applications to other 

field, such as plasmonic laser6, 7 and photovoltaic etc.  
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Appendix A 

 

A.1 Supporting Information (SI): Optimizing Plasmonic Silicon Photovoltaics with 

Ag and Au Nanoparticles Mixtures 

A.1.1 Experiment data 

 

 

 

Figure A−SI−1 (a) EQE% measured for NPs-modified and reference Si PVs under 

monochromatic light, with 10 nm steps, on the same device (as shown in Figure 3−1 Example of 

Au and Ag NPs modified Si photovoltaic device. The lanes were modified with 15, 40, 80, 

135nm Au NPs and 60nm Ag NPs, respectively. The references were taken just beside each 

modified area, as indicated in the Figure. of the manuscript). (b) Si PV current-voltage (IV) curve 

under white light illumination (c) power under white light illumination before and after NPs 
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immobilization. Surface coverage (calculated from SEM images at several random places) for 

60nm AgNPs is 7.1 ± 1.2 µm2; for 15, 40, 80 and 135 nm AuNPs are 298 ± 35, 39.8 ± 2.2, 5.4 ± 

1.5 and 7.9 ± 3.1 µm-2, respectively. 

 

 

Figure A−SI−2 Measured extinction of NPs immobilized on Si PV device from reflectance. The 

broad SPR peaks are indicated (*) on the graph for each difference size and type of NPs. 
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Figure A−SI−3 %ΔEQE(λ) for (a) 15 nm (b) 40 nm (c) 80 nm, (d) 135 nm Au NPs  and (e) 60 

nm Ag NPs modified Si PV. The surface coverage (from SEM images at 3~4 random places) is 

indicated for each type of NPs. Reference in each case is one of the reference lane measured 

(without NPs) compared to another reference lane (without NPs) on the same Si PV device. 
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A.1.2 FDTD simulation: 

 

The FDTD simulation model is simply applied as Lim. at el, proposed in the reference 

11 to demonstrate the enhancement profile. Basically, the multi-coefficient models 

(MCMs) are used for Ag and Au material model fitting and the solar spectrum range 

from 400 nm to 1100 nm. The absorbed powers inside Si were calculated from the 

difference of two power monitors which located at the Si PV surface and 500 nm below 

the surface (doping of depth of the Si PV). The %ΔEQE(λ) is calculated from the relative 

absorption enhancement inside Si in the presence and absence of NPs. As for the Ag and 

Au combined NPs system, the simple individual NP model system is still valid, assuming 

that there is no significant aggregation on the surface; Ag and Au NPs are distanced 

enough that there is no significant particle to particle interference at the SPR. Thus, the 

EQE% enhancement profile would be shown as addition from the individual Ag NPs in 

the blue part and Au NPs in the red part.     

 

 

Figure A−SI−4 FDTD simulated %ΔEQE(λ) for different sizes and types of NPs-modified Si 

PVs (Ag NPs modified is shown as a black curve, the rest are Au NPs modified Si PV). Note that 

the 135 nm Ag NPs modified Si PV (%ΔEQE(λ) normalized by a factor of 0.5) is shown here 

since the simulated SPR is more close to the experimental result. The light absorption intensity 

inside Si at 500 nm and 620 nm (indicated by (*) on the graph) for the 135 nm Au NPs modified 

Si PV are presented as insets. The log scalar color bars are adjusted to better compare the pictures 

to the absorption profile. 
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Appendix B 

B.1 Comparison of Ag and SiO2 Nanoparticles for Light Trapping Applications in 

Silicon Thin Film Solar Cells 

 

Appendix B is published. Theuring, M.; Wang, P. H.; Vehse, M.; Steenhoff, V.; von 

Maydell, K.; Agert, C.; Brolo, A. G., Comparison of Ag and Sio2 Nanoparticles for Light 

Trapping Applications in Silicon Thin Film Solar Cells. J. Phys. Chem. lett. 2014, 3302-

3306. Copyright: Reproduced with permission.   

 

Plasmonic and photonic light trapping structures can significantly improve the 

efficiency of solar cells. This work presents an experimental and computational 

comparison of identically shaped metallic (Ag) and non-metallic (SiO2) nanoparticles 

integrated to the back contact of amorphous silicon solar cells. Our results show 

comparable performance for both samples, suggesting that minor influence arises from 

the nanoparticle material. Particularly, no additional beneficial effect of the plasmonic 

features due to metallic nanoparticles could be observed. 
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B.1.1 Introduction  

The design of low-cost solar cells with high power conversion efficiencies (PCE) has 

been one of the key challenges in energy technology in the past decades. Nanotechnology 

is a driving force in this research field. For instance, increased efficiency was 

demonstrated for organized arrays of dielectric nanoparticles (NPs) in the front and back 

side of thin film solar cells.1-4Also metallic NPs have shown great promise as scattering 

structures in thin film solar cells to enhance light absorption within the localized surface 

plasmon resonance (SPR) region.5-8However, when integrated at the front end of the cell, 

the characteristic energy losses associated to metals limit the solar cell performance.9, 10 

On the other hand, plasmonic structures placed at the back of a thin film solar cell have 

been demonstrated to enhance photocurrents.11-14 

The beneficial properties of plasmonic structures in solar cells remain a controversial 

topic. Computational work, carried out by van Lare et al.,15 showed that silver NPs 

covered with a transparent conductive oxide (TCO) and incorporated in the back contact 

of silicon thin film solar cells show a lower performance compared to a TCO layer with 

the same surface texture but without the silver NPs. It was concluded that the 

silicon/TCO interface is the main cause for the light trapping process. Furthermore, 

parasitic absorption due to plasmonic effects limits the beneficial properties of metallic 

NPs.16 Solar cells modified with non-metallic structures should therefore outperform 

plasmonic solar cells. However, other groups have shown deviating results where 

plasmonic structures yielded higher efficiencies.6, 7, 17 

This work attempts to solve this controversy by providing a comparative study on the 

effect of metallic and dielectric NPs on the performance of hydrogenated amorphous 

silicon (a-Si:H) solar cells. Ag and SiO2 structured samples were fabricated by 

nanosphere lithography to ensure that the shape of the NPs was identical for both 

materials. With this approach, we want to determine experimentally whether plasmonic 

scattering structures offer advantages over non-metallic structures for this solar cell 

design. Besides additional parasitic absorption from the plasmonic structure, only minor 

differences were found between the two materials. Using finite-difference time-domain 

(FDTD) simulations, the similar scattering characteristics of the two samples were 
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visualized. Our findings confirm that the interface textures are the main contribution for 

light trapping in this solar cell configuration.  

 

 

Figure B−1 Fabrication process of the nanostructure and n-i-p a-Si:H solar cell. A glass sheet 

coated with a metal back contact (30 nm Al / 50 nm Ag) is used as a substrate (a). A monolayer 

of polystyrene beads is deposited as an evaporation mask (b), followed by an electron beam 

evaporation of either Ag or SiO2 (c). After the lift-off process, a lattice of hexagonally packed 

pyramid NPs is formed (d). Subsequently, the NPs are encapsulated in a layer of ITO (e). The 

layers of the a-Si:H solar cell in n-i-p configuration are fabricated by plasma-enhanced chemical 

vapor deposition followed by an ITO front electrode (f). 

B.1.2 Result and discussion  

The sample fabrication was carried out as depicted in Figure B−1. For the nanosphere 

lithography step, a monolayer of polystyrene (PS) beads in hexagonal packing was used 

as an evaporation mask.18 The nanosphere mask fabrication process has also been 

employed in previous works on thin-film organic solar cells to integrate large area 

plasmonic sub-wavelength holes19, 20 and nanostructured back electrodes.21 This method 

allowed a homogenous coating of substrates up to 100 cm² (Figure B−1a) with only 

minor defects in the hexagonal lattice. After the lift-off process, three-sided pyramidal 

NPs with an edge length of approximately 200 nm (see Figure B−2b and c) are obtained. 

Silver is commonly used in plasmonic solar cells because of its high scattering efficiency 

in the red spectral region due to SPR.11  SiO2 was picked exemplarily as dielectric 

material because of its low absorption in the visible range. The NPs size and the 
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periodicity are optimized for SPR scattering in the red-region of the visible spectrum 

region inside the cell.11, 22, 23 

A flat glass substrate and a textured substrate, both coated with a silver back contact, 

were used as references. The commercially available textured substrate consists of a glass 

sheet covered with a wet-etched rough layer of fluorine doped tin oxide. NP and 

reference substrates were covered with 70 nm of indium tin oxide (ITO) in order to 

prevent silver contamination of the processing chambers during the solar cell fabrication 

and to minimize plasmonic absorption16 in the back contact. Scanning electron 

micrographs (SEM) of focused ion beam (FIB) milled cross sections of the different cells 

are shown in Figure B−2d-g. Figure B−2 illustrates that the a-Si:H layers grow 

isotropically, resulting in a broadening of the particle texture and ultimately in a dome-

shaped surface.   

 

 

Figure B−2 (a) Photograph of a-Si:H n-i-p solar cell on a 10 x 10 cm² substrate modified with 

NPs. (b,c) SEM images of Ag-NPs (b) and SiO2-NPs (c), respectively. (d-g) Cross section SEM 

images of n-i-p a-Si:H solar cells fabricated on different substrates imaged at 45 degrees tilt: flat 

(d), textured (e), Ag-NPs (f) and SiO2-NPs (g). (f) and (g) show the solar cell surface in the upper 

half of the image. White dots in a-Si:H layer in (g) originate from milling process. Scale bars in 

all SEM images are 500 nm. 
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JSC 

[mA/cm²] 

VOC 

[V] 

FF 

[%] 

PCE 

[%] 

Ag-NP 12.5 0.901 64.9 7.33 

SiO2-NP 12.7 0.885 62.2 7.01 

Textured 11.9 0.889 66.0 6.99 

Flat 10.8 0.897 62.2 6.06 

 

Table B−1 Short circuit current density (JSC), open circuit voltage (VOC), fill factor (FF) and 

power conversion efficiency (PCE) comparison of the different types of n-i-p a-Si:H solar cells. 

JSC was determined by convolution of the EQE and the AM1.5G spectrum. VOC and FF were 

obtained from current density - voltage measurements (details see the method section in the SI 

file). 

 

Table B−1 lists the devices characteristics from four different solar cells. The best PCE 

was obtained with the Ag-NPs, although the photocurrent was higher for the SiO2 

sample. The electrically insulating SiO2-NPs are most likely the reason for a higher series 

resistance and decreased charge separation in this device. Figure B−3a depicts the 

external quantum efficiency (EQE) and absorption (1-R) measurements for the four 

different solar cells. In contrast to the flat substrate, the textured reference and the NPs 

samples show no pronounced Fabry-Perot resonances.23 The light incident upon the cell 

is scattered by both the front and the back side interfaces causing an EQE enhancement 

for wavelengths above 550 nm compared to the flat reference. Comparing all textured 

cells, the highest quantum efficiencies are found for the NPs samples. Here, the cell 

absorption (1-R) is further enhanced for almost the entire investigated spectrum and the 

EQE increases accordingly. For wavelengths bellow 500 nm, the absorption coefficient 

of a-Si:H is high and photons are absorbed before reaching the back contact. Hence, the 

improvements in this region found for the nanoparticle structures can be attributed to 

better light in-coupling at the front interface.23 
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Figure B−3 (a) EQE and total cell absorption (1-R) measurements for a-Si:H n-i-p cells on 

different substrates as indicated in the plot. (b) Measured reflectivity of substrates coated with 

Ag-NPs and SiO2-NPs with and without the ITO buffer layer. 

 

Comparing the Ag or SiO2-NP samples, the EQE curves show very similar 

characteristics. However, for wavelengths > 600 nm, we measured a slightly higher EQE 

for the SiO2 sample. Due to the lower absorption coefficient of the a-Si:H at longer 

wavelengths, a significant amount of light reaches the back contact. Therefore, a highly 

reflecting back contact is required to maximize the PCE. For wavelengths between 450 

nm and 680 nm, the Ag-NPs sample absorbs more light than the cell modified with SiO2-

NPs. In the same range, the latter shows similar or even higher quantum efficiencies. As 

both cell geometries were identical, we assigned the decreased back contact reflectivity to 

an increase of the parasitic absorption by the Ag-NPs.   

Figure B−3b shows the reflectivity of both Ag-NPs- and SiO2-NPs-modified substrates 

without and with the ITO cover layer (see Figure B−1d and Figure B−1e, respectively). 

High reflectivity is found for the relevant part of the spectrum for both substrates without 

ITO. In the presence of the buffer layer, the reflectivity decreases significantly as a result 

of additional absorption in the structure. This especially applies to the Ag-NPs sample, 

indicating the occurrence of strong plasmonic interaction15 as expected for nanostructured 

metal surfaces. 

In order to investigate the detailed characteristics of the absorption distribution, we 

carried out FDTD simulations of the nanostructured solar cells (see simulation domain in 

Figure B−4a). Figure B−4b shows the computed EQE and 1-R data being in good 
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agreement with our experimental findings: The calculated EQE is inferior for the Ag-NPs 

device, although the total cell absorption is higher. Exemplarily, the calculated absolute 

power flux density at 600 nm excitation wavelength in the z- and x-planes (see 

indications in Figure B−4a) are plotted in Figure B−4c and Figure B−4d, respectively. 

The simulation indicates that strong field enhancements, are found mainly in the ITO 

layer adjacent to the Ag-NPs. As a consequence, more light is absorbed in this region, 

which reduces the reflectivity of the back contact. Apart from that, the absorption 

distributions in the silicon layers resemble each other (see Figure B−4d). The simulation 

shows that light is focused in an area above the particles independent of the NPs material.  

 

 

 

Figure B−4 (a) Left: geometric structure of the simulated back contact; right: domain of the 

simulated n-i-p a-Si:H solar cells. (b) Simulated EQE and 1-R data of n-i-p a-Si:H solar cells with 

Ag and SiO2 NPs in the back contact. EQE is calculated from the absorption in the intrinsic a-

Si:H layer. (c,d) Absolute power flux density in the xy-plane at 50 nm above the substrate surface 

(c) and in the yz-plane at x ≈ 0.4 µm (d) for the Ag-NP and SiO2-NP simulation. The excitation 

wavelength is 600 nm in all graphs. Note that for a clearer representation, the red areas in all 

images mark absolute power flux densities > 15 W∙m-2. 
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As already mentioned, a barrier in the back contact (between the metal and the silicon 

layer) is required in the substrate configuration. But even without this layer, plasmonic 

field enhancements would only affect the doped section of the silicon. Charge carriers 

excited in this part of the cell are usually loss, due to increased defect densities.24 For the 

same reason, the concept of absorption enhancement due to surface plasmon polaritons25 

is not applicable. The evanescent fields of plasmonic oscillations are highest close to the 

metal structures, where a barrier layer or the defect rich doped section of the absorber is 

located. While different photovoltaic device concepts21, 26 may benefit from the field 

enhancements, silicon thin film solar cells are not preferential for plasmonic light 

trapping. Previous studies5, 27, 28 have concluded that metal particles, applied to solar cell 

interfaces, contribute to an increased photocurrent not by local field enhancements but 

rather by an efficient forward scattering. Our work corroborates that by demonstrating 

dielectric scattering structures showing similar optical performance than metallic 

nanostructures.  

 

B.1.3 Conclusion 

In summary, we were able to show that similar light trapping properties are obtained 

with identically shaped Ag-NPs and SiO2-NPs features. As significant improvements 

were achieved with both NPs types over the textured reference, we conclude that the 

geometry of the structure has a much higher influence on the light trapping properties 

compared to its material. Specifically, the front side textures seem to have a major 

influence on the light distribution inside the cell. Finally, we deduce two major findings 

from our study: Firstly, one should aspire to use non-metallic particles because of the 

lower parasitic absorption associated with them. Secondly, but not of less importance, the 

influence of the light trapping structure on the electrical properties of the solar cell needs 

to be taken into account. In our example, the insulating nature of the SiO2-NPs in the 

contact layer hinders an efficient charge extraction. Hence, shifting the SPR away from 

the absorber band gap or using non-metallic but conductive scattering features such as 

TCO structures might be the best options to optimize the performance of thin film silicon 

solar cells.  
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B.2 Supporting information (SI): Comparison of Ag and SiO2 Nanoparticles for 

Light Trapping Applications in Silicon Thin Film Solar Cells 

 

Theuring, M.; Wang, P. H.; Vehse, M.; Steenhoff, V.; von Maydell, K.; Agert, C.; 

Brolo, A. G., Comparison of Ag and Sio2 Nanoparticles for Light Trapping Applications 

in Silicon Thin Film Solar Cells. J. Phys. Chem. lett. 2014, 3302-3306. Copyright: 

Reproduced with permission.   

B.2.1 Experiment method 

Fabrication of Nanoparticle Substrates. 30 nm of Al and 50 nm of Ag were electron 

beam evaporated on flat glass substrates (Schott AF 32 eco) as a metallic back contact. 

Then, a monolayer of PS nanospheres (ordered from microParticles GmbH Berlin in an 

aqueous dispersion of 10 wt%) with a diameter of 700 nm was deposited on top of the 

substrate as an evaporation mask (Figure B−1b). Therefore, we diluted the PS dispersion 

with one part of H2O and two parts of ethanol. The substrates and a sacrifice glass slide 

of similar height were stored in a petri dish filled with H2O, covering the substrate’s 

surface. The NP dispersion was poured dropwise onto the sacrifice sample until the entire 

water surface was covered with a monolayer of PS beads. The water was then removed 

with a Pasteur pipette and the samples dried under incandescent light. To obtain the 

different types of NPs, 140 nm of Ag or SiO2 were electron beam evaporated on the PS 

beads, followed by a lift-off in toluene (Figure B−1d) and a cleaning step by sonication in 

ethanol and blow drying with N2. A 70 nm layer of ITO was deposited by DC magnetron 

sputtering on top of the NPs, serving as a diffusion barrier and optical spacer between the 

metallic/dielectric NPs and the a-Si:H (Figure B−1e).  

 

Solar Cell Fabrication and Characterization. Solar cells were fabricated on all 

substrates in n-i-p configuration (deposition order: n-doped / intrinsic / p-doped) by 

plasma-enhanced chemical vapor deposition and in a shared process to ensure 

comparability. SiH4, H2 and PH3 were used as precursors for the n-doped layer (30 nm), 

SiH4 and H2 for the intrinsic layer (400 nm) and SiH4, H2 and B2H6 for the p-doped layer 

(20 nm), respectively. An ITO layer of 70 nm thickness was used as a transparent front 
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electrode. All solar cells were annealed for 30 min at 160°C before characterization. The 

active cell area of the solar cells was defined by the size of the front contact to a square 

opening of 0.25 cm2 using a marker pen and a lift-off process. Short circuit current 

densities (JSC) were obtained from external quantum efficiency (EQE) measurements by 

convolution with the AM1.5G spectrum. Open circuit voltage (VOC), fill factor (FF) and 

PCE were measured with a solar simulator under standard test conditions. Solar cells 

were attached to a spectrophotometer (Varian Cary 5000) using an integrating sphere for 

the reflectivity characterization. A Hitachi FB-2100 FIB was used to cut the cross section 

and a Hitachi S4800 FESEM was used to obtain scanning electron micrographs with an 

in-lens secondary electron backscattering detector and an accelerating voltage of 5 kV.  

B.2.2 FDTD simulation  

Optical material parameters were obtained by spectroscopic ellipsometry and 

subsequent modeling except for the Ag parameters, which were taken from the reference 

book1 The software Sentaurus TCAD by Synopsys Inc. was used for the finite-difference 

time-domain (FDTD) simulation. To speed up the computation, calculations were partly 

performed on graphics processing units using the CUDA platform by Nvidia Inc. and the 

corresponding implementation from Acceleware Ltd. The simulation domain as shown in 

Figure B−4a was designed according to the experimental structure using basic 

geometrical shapes. For the electromagnetic field calculation a discretization (tensor 

mesh) of 6 nm in x and y directions and of 3 nm in z direction was applied. Individual 

simulations for each wavelength (step size 5 nm) were carried out with plane wave 

excitation. For the EQE calculation, only the absorption in the intrinsic layer and not in 

the doped layers was taken into account. The absorbed photon flux was related to the 

incident photon flux to obtain an absorption spectrum. The simulated EQE spectrum 

equals this absorption spectrum under the assumption that each absorbed photon 

generates one charge carrier pair which is perfectly extracted from the absorber layer. 

 

(1) Palik, E. D., Handbook of optical constants of solids. Acad. Press: Boston u.a., 

1997. 
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Appendix C 

 

C.1 Supplementary information (SI): Cost-Effective Nanostructured Thin-Film 

Solar Cell with Enhanced Absorption 

 

The following table shows the statistical data of the full series of seven honeycomb 

cells with 500 nm honeycomb diameter and thirteen textured reference cells, all 

fabricated under equal conditions. 

 

 JSC  

/mA·cm-2 

VOC  

/mV 

FF  

/% 

η  

/% 

Honeycomb 10.50 ± 0.24 891 ± 9 61 ± 3 5.8 ± 0.3 

Textured Ref. 9.69 ± 0.10 912 ± 11 64 ± 6 5.7 ± 0.6 

 

Table C−1 Average cell performance parameters and standard deviations of full 

experimental series of seven honeycomb and thirteen textured reference cells 
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Appendix D 

D.1 Supplementary information (SI): Polarization-Dependent Extraordinary 

Optical Transmission from Upconversion Nanoparticles 

 

 

 

Figure D−SI−1 SEM images: (a) S300-G14, (b) S300-G120, (c) S300-G180, (d) S300-Line, (e) 

S300-Slit, (f) S300-Window structures. Scale bars in (a-e) are 200 nm and (f) 1 µm, respectively 
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Figure D−SI−2 SEM images: (a) S470-G14, (b) S470-G120, (c) S470-G180, (d) S470-Line, (e) 

S470-Slit, (f) S470-Window structures. Scale bars in (a-e) are 200 nm and (f) 1 µm, respectively 
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Figure D−SI−3 Experiment measured white light transmittance spectra for S300-G30, S300-

G120, S300-G180, and S300-Line array with (a) xxx and (b) xyx configuration, respectively. 
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Figure D−SI−4 Summary of the relative enhancement of green (a) and red emission (b) using the 

window as reference for each array ( 
𝐼𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒𝑑

𝑈𝐶

𝐼𝑊𝑖𝑛 𝑟𝑒𝑓.
𝑈𝐶  ) with different measurement configuration 

(indicated on the graph).  

 


