
Amorphous Germanium Optical Cavity Solar Cells Enhanced by Plasmonic 

Nanoparticles 

 

by 

 

Brendan Brady 

BSc, Dalhousie University, 2015 

 

A Thesis Submitted in Partial Fulfillment 

of the Requirements for the Degree of 

 

MASTER OF SCIENCE 

 

in the Department of Physics and Astronomy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Brendan Brady, 2017 

University of Victoria 

 

All rights reserved. This thesis may not be reproduced in whole or in part, by photocopy 

or other means, without the permission of the author. 

 



 ii 

Supervisory Committee 

 

Dr. Alexander G. Brolo, (Department of Chemistry)  
Supervisor 

 

Dr. Rogério de Sousa, (Department of Physics and Astronomy) 
Departmental Member 

 

Dr. Chris Papadopoulos, (Department of Electrical and Computer Engineering) 
Additional Member 

 

 



 iii 

Abstract 
 

 

Thin-film photovoltaics are of great interest due to decreased manufacturing costs, 

improved environmental sustainability and the potential for flexible, semi-transparent, 

and light-weight modules. The scientific literature contains a plethora of work 

incorporating wavelength scale nanostructures within thin-film solar cells to increase 

power conversion efficiency by trapping light inside solar cell absorbing layers. One 

category of nanostructures, namely plasmonic nanoparticles, theoretically show great 

promise for their light-trapping abilities but experimental success has been limited. In this 

work, solar cells were designed and fabricated to incorporate multiple light-trapping 

mechanisms, including optical cavity resonances, waveguide mode excitation, and 

plasmonic effects. Due to our novel design considerations, we demonstrate a 33% 

increase in Jsc originating from plasmon-based enhancement mechanisms. The 

experimental results are complemented and confirmed by well-matching simulations 

which are used to further investigate the light-trapping mechanisms. The concepts 

demonstrated in this work can be directly translated to next-generation transition metal 

dichalcogenide photovoltaic devices. 
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1. Background 
 

This chapter has been submitted as a chapter in a book to be published by Elsevier (with a 

few modifications): 

 

B. Brady, P. H. Wang, V. Steenhoff, A. G. Brolo (submitted 10/2017). Nanostructuring 

Solar Cells Using Metallic Nanoparticles, In L.R. Pires and C. B. de Araujo (Ed.) Metal 

Nanostructures for Photonics. Elsevier. 

 

My Contribution: I wrote > 90% of the chapter and performed the background literature 

review. P. H. Wang wrote section 1.3. 

 

1.1. Introduction 

1.1.1. Photovoltaics on a Global Energy Scale 

 

Available fossil fuel resources, although ever evolving due to economic conditions, 

technological progress, and environmental policies, are ultimately limited and the CO2 

released to the atmosphere from the burning of fossil fuels is a major culprit of climate 

change [1]. As stated in the Intergovernmental Panel on Climate Change Fifth Assessment 

Report, ‘the total fossil fuel reserves and resources contains sufficient carbon, if released, 

to yield radiative forcing above that required to limit the global mean temperature change 

to less than 2°C’ [1].  Furthermore, it is estimated that conventional oil production has 

already peaked or will peak shortly [2-4]. For these reasons, the shift to renewable energies 

is of upmost importance. Solar energy, which is abundant, practically in-exhaustible, and 

clean, can be converted directly to electricity by photovoltaic (PV) systems. PV systems, 

generally built from solar modules which consist of arrays of individual solar cells, have 

several advantages over fossil fuel. For example, PV systems have no moving parts, do not 

require fuel to operate, have a rapid response to power demand, create no pollution while 

producing electricity, and can be integrated into building architectures [5]. Polman et al. 
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[6] estimated 1.6% of Earth’s land area would be required for PV systems to produce the 

present worldwide primary power supply of about 18 TW. Although not inconceivable, 

such large area imposes further costs reductions of present day PV technology, which can 

be accomplished by increasing power conversion efficiencies and/or reducing 

manufacturing costs. 

 

1.1.2. Working Principles, Efficiency Limitations, and State of the Field 

 

A general solar cell is a semiconductor device sandwiched between two electrical 

contacts. The front contact is transparent as to allow sunlight into the semiconducting 

layers while the rear contact is either reflective, as in conventional solar cells, or 

transparent, as in bifacial solar cells [7]. The power conversion efficiency of a solar cell is 

defined as the electrical power output relative to the incident light power on the device. To 

convert light energy to electrical energy, two processes must occur: (1) incident photons 

must be absorbed to generate electron-hole pairs and (2) the electron-hole pairs must be 

separated; holes to one electrode, electrons to the other. Photon absorption is accomplished 

using a semiconducting material for which photons with energy equal to or above the 

bandgap will be absorbed and photons with energy below the bandgap will be lost, either 

by reflection, transmission, or absorption elsewhere in the solar cell. Excess energy of 

greater-than-bandgap energy photons is lost via thermalization in conventional solar cells, 

although “hot-carrier” solar cells are designed to harvest this energy [8]. Charge carrier 

separation is typically accomplished by fabricating solar cells as generic p-n junction 

diodes and taking advantage of the depletion region intrinsic electric field, as depicted in 

Figure 1.1 (a). In the diode configuration, minority charge carriers generated by photon 
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absorption on either side of the junction that diffuse to the depletion region will be forced 

to the opposite side of the junction by the intrinsic field and thus can contribute to generated 

electricity. Thin-film silicon solar cells, which are discussed in the next section, utilized a 

p-i-n junction as opposed to a p-n junction due to inferior charge transport properties [9]. 

The two steps of energy conversion, namely photon absorption and charge carrier 

separation, invoke energy loss mechanisms that can be minimized by choosing an 

appropriate absorber material bandgap. Considering the shape of the solar spectrum and 

achieving a balance of high absorption (low bandgap desired) with low thermalization 

losses (high bandgap desired), an optimum bandgap of approximately 1.34 eV has been 

calculated in 1962 by Shockley and Queisser (S-Q) [10]. For this reason, among others, 

crystalline silicon (c-Si), GaAs, and CdTe, with bandgaps of 1.10 eV, 1.42 eV, and 1.44 

eV, respectively [9], are among the most widely used solar cell materials. Using a 1.34 eV 

bandgap material, S-Q estimated the power conversion efficiency limit of a single-junction 

solar cell to be 33.7% [10]. Due to various non-idealities, such as recombination and 

resistive losses, even mature PV technology, including Si heterojunction and CdTe solar 

cells, with record laboratory cell power conversion efficiencies of 26.7% [11, 12] and 

21.0% [11, 13], respectively as of May 2017, are still well below the S-Q derived limit. 
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Figure 1.1 (a) a p-n junction showing the valence and conduction band edges (𝑬𝑽 and 𝑬𝑪, 

respectively), the fermi level (𝑬𝑭), and the transport of a photo-generated minority carrier to 

the junction by diffusion and across the junction by drift.  (b) Conventional 𝑱 − 𝑽 

characteristic of a diode in the dark and under illumination. (c) The 𝑱 − 𝑽 curve in the 

operating zone of a solar cell showing the definition of the fill factor (𝑭𝑭). 

 

 Figure 1.1(b) shows the conventional 𝐽 − 𝑉 (current density vs voltage plots) 

characteristic of a diode (𝐽𝑑𝑎𝑟𝑘). For an ideal diode, 𝐽𝑑𝑎𝑟𝑘 can be expressed as 

𝐽𝑑𝑎𝑟𝑘 = 𝐽0 (𝑒
𝑞𝑉
𝑘𝑇 − 1),                                                    (1.1) 

where 𝐽0 is the dark saturation current, 𝑞 is the elementary electron charge, 𝑘 is the 

Boltzmann constant, 𝑇 is the absolute temperature, and 𝑉 is the applied voltage. Upon 

illumination, the photo-generated charge carriers contribute a current (𝐽𝑝ℎ) that flows 

against the force induced by the external voltage, and hence can generate electrical power. 

When the applied voltage is zero, the solar cell is operating in the short-circuit condition 

and thus the photo-generated current density can be considered the short-circuit current 

density, namely 𝐽𝑝ℎ = 𝐽𝑠𝑐.  The illuminated current density, 𝐽𝑖𝑙𝑙, shown in Figure 1.1(b), 

can be expressed as 

𝐽𝑖𝑙𝑙 = 𝐽𝑝ℎ − 𝐽0 (𝑒
𝑞𝑉
𝑘𝑇 − 1).                                                    (1.2) 
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By setting  𝐽𝑖𝑙𝑙 = 0 in equation (1.2), one can solve for the open-circuit voltage (𝑉𝑜𝑐) of the 

solar cell,  

𝑉𝑂𝐶 = 
𝑘𝑇

𝑞
ln (

𝐽𝑝ℎ

𝐽0
+ 1) .                                                       (1.3) 

The bottom-right quadrant of Figure 1.1(b) is the operating zone of the solar cell and is 

shown in a conventional manner in Figure 1.1(c). When a solar cell is connected to an 

external load resistance, it will operate at a (𝑉, 𝐽) point on the 𝐽 − 𝑉 curve in which Ohm’s 

law is satisfied and; thus, there exists a point on  𝐽𝑖𝑙𝑙(𝑉) corresponding to a specific external 

load resistance that allows the solar cell to operate at maximum power output. It is this 

maximum power point, as labelled in Figure 1.1(c), that is used when calculating the power 

conversion efficiency of a solar cell. The mathematical expression for the calculation of 

the power conversion efficiency (𝜂) as a function of the parameters labelled in Figure 

1.1(c), is 

 

                                                       𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
= 

𝐼𝑚𝑉𝑚
𝑃𝑖𝑛

  =
𝐹𝐹 𝐼𝑠𝑐  𝑉𝑜𝑐

𝑃𝑖𝑛
                                     (1.4) 

                                    with        𝐼𝑆𝐶 = 𝐴 𝐽𝑆𝐶    and       𝐼𝑚 = 𝐴 𝐽𝑚                              

 

where 𝐼𝑚 and 𝑉𝑚 are the current and voltage at the maximum power point, respectively, 

and 𝐴 is the area of the illuminated cell. On the right-most side of Equation (1.4), the fill 

factor (𝐹𝐹), short-circuit current (𝐼𝑆𝐶) and open-circuit voltage (𝑉𝑂𝐶) are used to define the 

output power (𝑃𝑜𝑢𝑡). The 𝐹𝐹 is defined as the ratio of the maximum power to the product 

of 𝐼𝑆𝐶  and 𝑉𝑂𝐶, as shown visually in Figure 1.1(c), and is reduced by resistances and contact 

losses [6]. The 𝐼𝑆𝐶  depends on the charge carrier generation rate as well as transport 
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properties such as carrier lifetimes. The 𝑉𝑂𝐶 depends directly on the bandgap of the 

semiconducting absorber and is limited by a thermodynamic detailed balance and radiative 

recombination processes [10]. Because these parameters embody useful physical properties 

of the solar cell, results in the literature often include reporting of the 𝐹𝐹, 𝐽𝑆𝐶 , and 𝑉𝑂𝐶 

along with 𝜂. 

1.1.3. Thin-Film Solar Cells 

 

For a solar cell to efficiently extract photo-generated electron-hole pairs, the cell 

thickness must be on the order of the minority carrier diffusion length (𝐿𝐷). The diffusion 

length is the average distance a charge carrier can travel between generation and 

recombination. Thus, solar cells fabricated from c-Si, which has 𝐿𝐷 ~ 200  μm [14], can 

have thickness on the order of hundreds of microns, while solar cells fabricated from 

materials of significantly shorter 𝐿𝐷, such as amorphous silicon (a-Si) with 𝐿𝐷 ~ 2  μm 

[14], are limited to thicknesses of only a few microns. Of course, reducing the thickness of 

a solar cell absorbing material can significantly increase transmission losses. Thus, to 

replace c-Si as the main solar cell absorbing layer, materials with lower 𝐿𝐷 must be 

supplemented by higher absorption coefficients (𝛼). For example, a-Si is one suitable 

replacement as its absorption coefficient (𝛼𝑎−𝑆𝑖:𝐻 ~105 𝑐𝑚−1 at 500 nm) is about an order 

of magnitude greater that that of c-Si (𝛼𝑐−𝑆𝑖 ~104 𝑐𝑚−1 at 500 nm) [9]. Thin-film solar 

cells incorporate materials with higher 𝛼 and lower 𝐿𝐷 relative to c-Si and are generally 

considered to have an absorber thickness < 2 μm. 

Doping introduces a high density of additional recombination centers which further 

reduces 𝐿𝐷 of a material. As a solution, thin-film silicon solar cells are often fabricated as 
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a p-i-n diode so that the intrinsic electric field at the p-n junction extends over the entire i-

layer, where most free charge carriers are generated. Charge carriers are then forced to 

separate by drift and thus these devices no longer rely just on carrier diffusion. The current 

density induced by the flow of photoexcited electrons (𝐽𝑛) by drift and diffusion in an 

intrinsic layer can be expressed as 

𝐽𝑛 = 𝑞𝜇0𝑛𝑓𝐸 + 𝐷𝑛

𝜕𝑛𝑓

𝜕𝑥
                                                              

𝐽𝑛 = 𝑑𝑟𝑖𝑓𝑡 + 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛                                                             

where 𝜇0 is the conduction band mobility of electrons, 𝑛𝑓 is the density of free electrons, 

and 𝐷𝑛 is the electron diffusion constant (𝐿𝐷  ∝  √𝐷𝑛). An equivalent equation exists for 

holes and is discussed in detail in reference [9]. 

Thin-film solar cells constitute an active direction of solar cell research since the 

1970s. Advantages of thin-film solar cells over their thicker counterparts include an 

increased 𝑉𝑂𝐶 [15] and decreased fabrication costs due to reduced raw materials 

consumption and lower deposition times. Furthermore, the use of thin-films permits the 

realization of flexible and semi-transparent modules for a wide range of applications. 

Several thin-film solar cell technologies exist that have been divided into two regimes: the 

high efficiency (20%) regime, and the low efficiency regime (10-13%) [6]. CdTe and 

copper indium gallium diselenide (CIGS) devices fall under the high efficiency regime [13, 

16] along with perovskite cells [17] which have seen significant performance 

advancements in recent years [18]. Lower efficiency thin-film technology includes silicon 

thin-film solar cells [19], organic polymer cells [20], dye sensitized cells [21], and 

quantum-dot based devices [22, 23].  
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In all thin-film PV materials, performance is limited as thickness is decreased due to 

poor absorption of near-bandgap light. In many cases, these optical transmission losses, 

which reduce the 𝐽𝑆𝐶 , have hindered the wide range industrial expansion of thin-film PV 

technology. Consequently, there has been significant research over the past decade to 

develop light management techniques for a more effective use of absorbing materials to 

simultaneously decrease costs while maintaining performance. A wide range of light 

management efforts, categorized as light-trapping techniques, involve utilizing nanoscale 

structures to manipulate and confine incident light within the active layer of the solar cell. 

In principle, light-trapping schemes provide an increase in solar cell optical thickness for 

better absorption while maintaining reduced physical thickness for better charge carrier 

separation. Due to developments in nanofabrication and characterization technology as 

well as in powerful electromagnetic simulation tools, research exploring various light-

trapping schemes has been abundant since 2008. This chapter provides an overview of 

various light-trapping mechanisms, followed by a description of nanofabrication 

techniques used for light-trapping structures, and ending with detailed investigation into 

the past decade of experimental successes of light-trapping by metal nanoparticles in thin-

film solar cells.  
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1.2. Light-Trapping Mechanisms in Thin-Film Solar Cells 

 
1.2.1. Overview of Light-Trapping Techniques 

 

Light-trapping is accomplished through the understanding and engineering of the 

reflection, refraction, diffraction, and scattering of light. While geometric ray optics can 

lead to basic light-trapping by planar metallic back reflectors and textured front surfaces 

[24], several additional potential light-trapping mechanisms arise when considering 

wavelength-based optics. For example, one and two-dimensional gratings, typically 

incorporated on the back reflector, can increase the effective optical thickness of a solar 

cell by coupling incident light to diffraction modes which travel at oblique angles through 

the active PV layers [25, 26]. Furthermore, distributed Bragg reflectors and higher-

dimensional photonic crystals can be designed to deliver high reflectivity over a tunable 

spectral range, and thus serve as potential upgrades over basic planar metallic back 

reflectors [27]. Two and three-dimensional photonic crystals can additionally combine 

their high reflectivity with diffraction grating effects to further improve light-trapping [27]. 

Three-dimensional photonic crystals made of the photovoltaic-active material have been 

shown to increase absorption by coupling incident light to photonic band-edge resonant 

modes with high photon density of states [28 - 32]. In ultra-thin-film solar cells, broadband 

absorption enhancements can be achieved using low-order optical cavity resonances of the 

solar cell layer stack [33 - 42]. In terms of light-trapping by scattering, individual metallic 

nanoparticles (NPs), which have high scattering cross sections at the surface plasmon 

resonance, have been investigated for their absorption enhancement potential [7, 36, 43, 

44]. Furthermore, current generation enhancements were obtained using periodic metallic 

nanostructures which incorporate surface plasmon and diffraction grating effects [25, 45, 
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46]. The following sections provide a more in-depth look at light-trapping in thin-film solar 

cells by NP arrays with a focus on metallic NPs.  

1.2.2. Random Texturing 

 

The traditional approach to light-trapping encompasses sub-wavelength scale 

random texturing of the cell at its front or rear surface, to provide oblique angle scattering 

of incident light, as shown in Figure 1.2(a). The scattered light has an increased optical 

path length (OPL) through the absorber layer giving a higher probability of absorption and 

electron-hole pair generation, and thus potentially a higher 𝐽𝑆𝐶 . In the ideal case, the 

random texturing acts as a Lambertian surface and scatters light uniformly into all angles, 

which has been shown to give a 4𝑛2 (𝑛 = refractive index) OPL enhancement factor relative 

to light incident on a flat structure [47]. Experimentally, the goal is to approach the 

Lambertian scattering limit, which is approximately 50 for silicon.  

1.2.3. Periodic Texturing 

 

Periodic nanostructures, such as 1D gratings and 2D NP arrays, can be used to 

exceed the light-trapping limits of conventional random structures by coupling incident 

light to diffraction modes [46, 48, 49], as depicted in Figure 1.2(b). If the diffraction mode 

angle exceeds the critical angle for total internal reflection (TIR) at the top 

semiconductor/transparent contact interface, the diffracted mode can be captured within 

the solar cell absorbing layer as a waveguide mode [25]. Periodic texturing provides highly 

controlled light management as the light-trapping properties can be tuned and optimized 

by changes in the period, refractive index, and unit cell of the texture.  Furthermore, the 

reduced topography by use of periodic structures compared to random texture has been 
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shown to result in better semiconductor film conformity and thus better electronic quality 

of the cell [50]. Due to developments in nanofabrication techniques in recent years, 

periodic structures have shown 𝐽𝑆𝐶  values that surpass conventional random textures [25, 

48, 51, 52]. 

 

 

Figure 1.2 Schematics of light-trapping mechanisms in thin-film solar cells. (a) Random 

texturing for oblique angle scattering. (b) Periodic texturing for scattering into collective 

diffraction modes that can couple into horizontally propagating waveguide modes if the 

diffraction angle is greater than the critical angle for TIR at the front interface 

 

1.2.4. Light-Trapping by Surface Plasmons 

 

 

Metallic nanostructures are promising for light-trapping applications as they can 

support surface plasmons, which are the quanta of surface-charge-density oscillations at 

the interface of a metal and dielectric material. A surface plasmon resonance excited on a 

planar interface is known as a surface plasmon polariton (SPP) while a surface plasmon 

excited on a metallic NP embedded in a dielectric medium is known as a localized surface 

plasmon resonance (LSPR).  
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To demonstrate why localized surface plasmons have special light-trapping 

properties, we begin with the polarizability (𝛼) of a uniform spherical NP, namely 

 

                                                   𝛼 = 3 𝑉𝑁𝑃 𝜀0 (

𝜀𝑁𝑃
𝜀𝑚

⁄ − 1
𝜀𝑁𝑃

𝜀𝑚
⁄ + 2

)                                                 (1.5) 

 

where 𝑉𝑁𝑃 is the volume of the NP, and 𝜀𝑁𝑃 and 𝜀𝑚 are the complex permittivities of the 

NP and surrounding medium, respectively. Equation (1.5), commonly known as the 

Clausius-Mossotti relation, is derived in reference [53] (see Appendix 1 for a shorthand 

derivation). the absorption and scattering cross sections, 𝜎𝑎𝑏𝑠 and 𝜎𝑠𝑐𝑎𝑡, respectively, of a 

uniform spherical NP are give by Bohren and Huffman [54]: 

 

                               𝜎𝑎𝑏𝑠 =
2𝜋

𝜆
Im(𝛼/𝜀0)      ,     𝜎𝑠𝑐𝑎𝑡 = 

1

6𝜋
(
2𝜋

𝜆
)
4

|𝛼/𝜀0|
2                       (1.6) 

 

In the case when 𝜀𝑁𝑃 + 2𝜀𝑚  ≈ 0, the polarizability diverges (see Equation 1.5) and 𝜎𝑎𝑏𝑠 

and 𝜎𝑠𝑐𝑎𝑡 become very large. This condition can be met if the NP is metallic (Re(𝜀𝑁𝑃) <

0) and the surrounding medium is dielectric (Re(𝜀𝑚) > 0). Furthermore, the condition is 

generally satisfied in the visible region of the spectrum for gold and silver NPs embedded 

in common dielectric materials. The imaginary part of the permittivity does not completely 

vanish for real materials and thus the particle polarizability always remains finite. 

Nonetheless, the condition where both 𝜎𝑎𝑏𝑠 and 𝜎𝑠𝑐𝑎𝑡 become very large is the LSPR of 

the NP and can result in the scattering and absorption cross sections far exceeding the 
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geometric cross section of the NP. For this reason, metallic NPs have unique and promising 

potential for light-trapping applications. 

Metallic NPs exhibit both an evanescent field and far-field scattering effects in 

response to illumination and the NP size should be tailored according to the LSPR light-

trapping mechanism desired. Per Equation (1.5) and (1.6), the response of metal NPs to 

incident light depends strongly on the size of the NP. Larger NPs, with diameter ~ 100 nm, 

have a high albedo (𝜎𝑠𝑐𝑎𝑡 > 𝜎𝑎𝑏𝑠). Furthermore, metallic NPs placed at the interface of two 

dielectric materials will preferentially scatter light into the material with the larger 

permittivity [55-57]. Thus, large metallic NPs placed on the front interface of a solar cell, 

an air/glass interface for example, will efficiently scatter incident light into the solar cell 

with an angular spread and thus increase the effective OPL through the cell and the number 

of photo-generated charge carriers. This light-trapping mechanism is shown schematically 

in Figure 1.3(a). Smaller NPs, with diameter ~ 10 nm, have a low albedo (𝜎𝑠𝑐𝑎𝑡 < 𝜎𝑎𝑏𝑠). 

In this case, the intense evanescent electric field around the NP generated in response to 

the incident light can be used to effectively localize the generation of charge carriers [58], 

as shown schematically in Figure 1.3(b). Increased charge carrier separation can be 

accomplished in materials with low minority carrier diffusion lengths by placing small 

metallic NPs near the p-n junction region [59]. Near-field enhancements can be effective 

if the absorption rate in the semiconductor is greater than the LSPR decay lifetime [55]. 

Organic solar cells, which generally have photo-active layers with high absorption 

coefficients, and thus high charge carrier generation rates, compared to inorganic solar 

cells, thus are good candidates to take advantage of near-field effects of plasmonic NPs [60 

- 62].   
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Figure 1.3 Schematics of plasmonic light-trapping mechanisms in thin-film solar cells. (a) 

Plasmonic NPs on the front contact will scatter light favorably into higher index solar cell 

absorbing layers. (b) Plasmonic NPs embedded in absorbing layers can enhance charge 

carrier generation in the vicinity of the NP via the high-intensity evanescent near-field.  (c) 

Grated structures can help excite horizontally propagating SPP modes along the interface 

between the metallic back reflector and dielectric absorbing/doped layers. 

 

SPPs are electromagnetic waves that propagate parallel to a planar metal/dielectric 

interface. Like the near-field enhancement of plasmonic NPs, the intensity of the SPP-

generated electromagnetic wave evanescently decays in the normal direction away from 

the interface [54]. To satisfy momentum conservation for the excitation of SPP modes, the 

incident light wave vector must attain an extra horizontal component. In terms of SPP-

based light-trapping for solar applications, light in-coupling is typically accomplished 

using a metallic grating back contact, as shown in Figure 1.3(c). The grating couples 

incident light to diffraction modes which can have horizontal momentum components large 

enough to excite SPPs. 

Although plasmonic structures exhibit many potential benefits to light management 

efforts in thin-film solar cells, avoiding harmful contributions of plasmonic nanostructures 

has proved to be a major challenge and thus the experimental realization of plasmonic 

benefits has been controversial [63]. Foremost, non-radiative plasmon decay leads to 
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varying degrees of parasitic absorption in plasmonic nanostructures [64 - 68]. This parasitic 

absorption is particularly detrimental in small NPs [69] and in nanostructures with sharp 

features [26]. Furthermore, detrimental Fano resonance effects, which generally arise from 

the interference of a spectrally overlapping broad-band resonance, which behaves like a 

continuum, and a narrow-band resonance [70], must also be considered. In the case of 

plasmonic NPs, the continuum is the incident light transmitted past the NPs and the narrow-

band resonance corresponds to the light scattered by plasmonic NPs [44]. For wavelengths 

below the LSPR, a phase difference of π is generated for light scattered by the NPs and 

thus the scattered light and transmitted light destructively interfere. This phase difference 

does not occur for wavelengths above the LSPR and thus Fano resonances show a distinct 

asymmetric line-shape [70].  

The balance between beneficial and harmful effects of plasmonic nanostructures 

can be tuned by altering nanostructure shape, size, position, and material. Thus, to 

effectively employ plasmonic nanostructures, they need to be carefully tailored to 

minimize losses and maximize light-trapping in desired spectral range. Further 

advancements in nanofabrication techniques are therefore crucial for realizing maximum 

benefit of plasmonic nanostructures.   

1.3. Nanofabrication Techniques Employed in Periodically Structured Thin-Film 

Solar Cells 

 

The use of fabrication techniques for nanostructured thin-film solar cells is generally 

limited to those that generate high throughput at a low-cost. Widely used nanostructuring 

techniques, such as electron-beam lithography and focused ion-beam milling, are precise 

but at a high-cost and thus the use of these techniques in thin-film solar cells nullifies the 
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purpose of reducing film thickness. This section is limited to the discussion of 

nanofabrication techniques that can be realistically applied for the mass-production of 

large-area thin-film solar modules.  

1.3.1. Colloidal Self-Assembling Nanosphere Lithography 

 

Nanosphere lithography (NSL) is a low-cost technique used to fabricate large-area 

periodic nanostructures with tunability of nanostructure size, period, and material.  Cui et 

al. [71] combined NSL with a micro-propulsive injection method to give a high throughput 

of 3000 wafers per hour. NSL is also a highly versatile method for fabricating various 

periodic nanostructure such as nanoholes (NHs), NPs, and nano-meshes [72], as shown in 

Figure 1.4.  

In general, the NSL process involves two steps. The first step is to make a 

lithography mask which starts by submerging the substrate in the nanosphere suspension 

(e.g. polystyrene beads). Upon evaporation of the suspension solvent, a self-assembled 

hexagonal-close-packed (HCP) monolayer is formed on the surface of the substrate. The 

second step is nanostructure growth by depositing the desired material over the lithography 

mask followed by the removal of the template. The remaining material in this case is a 

periodic array of NPs. NHs and other nanostructures are possible by introducing additional 

treatment steps, such as shrinking of the nanospheres by oxygen plasma treatment prior to 

nanostructure growth [73, 74].  
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Figure 1.4 Schematic of NSL for periodic metallic NPs and NHs fabrication. Image produced 

by Dr. P. H. Wang. 

 

1.3.2. Nanostencil Lithography 

 

Nanostencil lithography is a pattern transferring technique that has high throughput 

with large area [75].  In general, the process involves deposition of metals through a pre-

existing lithography mask (i.e. stencil) to obtain a complementary nanostructure of the 

mask used. The elimination of the lift-off process in NSL is considered an advantage of 

nanostencil lithography. Through one step metal deposition, the desired nanostructure is 

achieved. The mask itself is capable of re-use to obtain the identical nanostructures which 

is beneficial for comparative studies and cost reductions. The initial fabrication of the 

nanostencil can be accomplished through various methods, such as anodic aluminum oxide 

[76, 77] and NSL [46]. In addition to the 2D nanostructure fabrication, stencil lithography 

can be used to fabricate 3D structures [78].  
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1.3.3. Nanoimprint Lithography 

 

Nanoimprint lithography, commonly known as stamping, is another widely used 

technique capable of high throughput large-area nanostructuring [79, 80]. The main 

advantage of nanoimprint lithography is the fabricated nanostructure can have features 

much smaller than the wavelength of light with high precision at a low cost [81, 82]. The 

nanoimprint lithography process begins with pressing a re-usable stamp into a polymeric 

resist material coated on a substrate, as shown in Figure 1.5(a) and (b). The resist is 

deformed to the complimentary stamp shape and the stamp is then removed, as shown in 

Figure 1.5(c). In general, there are various forms of resist, including resists that must be 

hardened after stamping by UV light exposure [64]. Figure 1.5(d) reveals a patterned resist 

that can then be used in further processing. In substrate conformal imprint lithography 

(SCIL), the structured resist acts as a patterned substrate for the subsequent deposition of 

desired layers [25, 26, 64].  

 

 

Figure 1.5 Schematic of nanoimprint lithography process for generating nanostructured 

substrates (a) imprint the stamp on the polymeric coated substrate (b) deformation of the 

polymer resist (c) remove of the stamp (d) substrate contains the transferred pattern. Image 

produced by Dr. P. H. Wang.  
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1.4. Experimental Demonstrations of Light-Trapping by Periodic Metal 

Nanostructures in Thin-Film Solar Cells 

1.4.1. Geometric Effects of Metallic Nanoparticles on the Back Contact 

 

Independent of the nanofabrication method used to fabricate the metal NP arrays 

on the back contact of thin-film solar cells, the general performance enhancements have 

been similar [48, 63, 64, 83, 84]. Figure 1.6 shows scanning electron microscope (SEM) 

cross section images of nanostructured solar cells fabricated by various nanopatterning 

techniques (a1-c1) with their corresponding external quantum efficiency spectra (EQE = 

number of charger carriers extracted as a fraction of number of incident photons) (a2-c2). 

In each case, the nanopattern improves the performance on the red side of the spectrum 

while having little to no detrimental effect on the blue side. This result is expected as high-

energy light is easily absorbed over a single pass through the thin absorbing layer while 

the low-energy light is scattered by the patterned back reflector. The improved red-

response shown in Figure 1.6 (c2) is responsible for a Jsc increase from 9.86 mA cm-2 for 

the flat cell to 12.5 mA cm-2 for the structured cell [64].  
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Figure 1.6 Cross sectional SEM image of an a-Si:H cell deposited on top of a periodic back 

reflector structured via reactive ion etching through a Langmuir-Blodgett assembled 

monolayer of silica nanospheres (a1), electron-beam evaporation through a monolayer of se 

lf-assembled of polystyrene nanospheres (b1), and SCIL (c1). (a2-c2) show the respective 

EQE curves of the nanostructured cells which all show similar red-enhancement relative to a 

flat reference. Credit: (a1) and (a2) adapted with permission from [84]. (b1) and (b2) adapted 

with permission from [63] ©2014 American Chemical Society. (c1) and (c2) adapted with 

permission from [64]. 

 

In 2010, Ferry et al. [25] published an investigation into the light-trapping 

mechanism of periodically structured back reflectors. Nanostructured a-Si:H thin-film 

solar cells with different periodicities were fabricated with SCIL and compared with solar 

cells fabricated on top of randomly textured substrates. For an a-Si:H absorber thickness 

of 160 nm, they found the periodically patterned cell with 500 nm pitch resulted in an 

improved Jsc (Jsc ≅11.5 mA cm-2) relative to the randomly textured reference (Jsc ≅10.6 

mA cm-2) while a reduction in Jsc was observed for the 700 nm pitch cell (Jsc ≅ 9.9 mA cm-

2). Through EQE measurements, they additionally found that the periodically patterned 

cells show distinct features in the long-wavelength region while the randomly textured cell 
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shows a relatively smooth spectrum. Thus, the incident light in-coupling efficiency is 

strongly dependent on the period of the nanostructure and the wavelength of illumination.  

Ferry et al. [25] proceeded to use angle resolved photocurrent spectroscopy to 

measure the EQE of the randomly and periodically textured solar cells as a function of 

incident angle and the results are shown in Figure 1.7(a) and (b). The relatively isotropic 

response to incident angle of the randomly textured cell is significantly different to the 

complex angular dependence shown by the periodically textured cell. To further discern 

the complex behaviour, Figure 1.7(c) shows the ratio of Figure 1.7(a) to (b). Overlaid on 

Figure 1.7(c) are calculated dispersion curves of TE (transverse electric) and TM 

(transverse magnetic) waveguide modes within the planar a-Si:H layer with 500 nm 

periodicity. The strong match between the calculated waveguide modes and experimental 

measurements suggest that the complex behaviour of the periodic cells is a result of 

incident light coupling to waveguide modes within the absorbing layer, which can occur 

via the discrete diffraction modes of the NP array. The diffraction modes depend on the 

period of the nanostructure, incident light wavelength and angle, and refractive indices of 

the materials involved. Each diffraction mode is a relatively high intensity beam compared 

to the diffusely scattered light by the random texture. Thus, when one of the diffraction 

modes couples into a waveguide mode, it can generate a distinct spike in EQE at the 

incident wavelength, as seen at each incident angle in Figure 1.7(b). Paetzold et al. [85] 

used basic reflection measurements of periodically nanostructured μc-Si:H solar cells to 

reach similar conclusions as reference [25]. 
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Figure 1.7 EQE of a cell with a randomly (a) and periodically (500 nm period) patterned (b) 

back reflector as a function of wavelength and incident light angle. The ratio of the EQE in 

(b) to (a) is shown in (c) overlaid with the calculated TE and TM waveguide modes of the 

planar a-Si:H waveguide with 500 nm periodicity Credit: Reference [25]. 

 

To maximize the benefits of the grating based enhancement mechanism, the 

nanostructuring effects on electrical quality of the solar cell layers must be considered. A 

cross-sectional bright-field scanning transmission electron microscope image of a 

nanostructured μc-Si cell taken by Sai et al. [86], as seen in Figure 1.8(a), reveals periodic 

cracks in the μc-Si active layer due to conformal growth over a periodic substrate. Such 

defects are well known to degrade the electronic quality of the film by enhancing charge 

carrier recombination and become more pronounced as cell thickness is increased. As 

larger periods induce fewer defects, apparent in Figure 1.8(b), but have weaker light-

trapping effects, there exists a period to thickness ratio for optimal performance. The 

authors find best performance when the period of the nanostructure is equal to or slightly 

exceeds the cell thickness and were able achieve a cell with a Jsc of 30.1 mA cm-2 using a 

cell thickness and nanostructure period of 3 μm. 
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Figure 1.8 Cross sectional bright-field scanning transmission electron microscope images of 

μc-Si cells with thickness much larger than the nanostructure period in (a) and thickness 

approximately equal to the nanostructure period in (b). Defects in the μc-Si layer are 

highlighted in (a). Credit: Figure adapted from reference [86] 

 

In real-world application, particularly when a solar-tracking set-up is not used, light 

will generally be incident on the solar module at angles away from the normal. It is thus a 

concern that coupling to waveguide modes has strong angular dependence as seen in Figure 

1.7(b).  One direction of work in periodically patterned thin-film solar cells has investigated 

how to optimize their performance over all incident angles. Various groups have found that 

adding some disorder into periodically patterned back reflectors can give similar 

performance enhancements to perfectly periodic structures with a lower dependence on 

incident angle [26, 87].  

Solar cells fabricated with ultra-thin absorbing layers, typically defined as thickness 

≤ 100 nm, generally have low power conversion efficiencies compared to their thicker 

counterparts but they do offer specific performance advantages and further cost reductions. 

For example, ultra-thin absorbers exhibit decreased bulk recombination which can lead to 

higher Voc [88]. In case of silicon thin-film PV, ultra-thin-films additionally show a 
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reduced Staebler-Wronski degradation effect [89] that has limited their long-term 

performance so far. Because even lower wavelength photons are typically not fully 

absorbed over a single pass through the ultra-thin absorbing layers, periodic particle arrays 

can provide broadband improvements as opposed to just improvements on the red side [90, 

26]. In typical a-Si:H cells however, the enhancement mechanism for the lower 

wavelengths cannot be attributed to grating modes coupled to propagating waveguide 

modes as the absorption length in a-Si:H for these wavelengths (around 100 nm for λ = 

400-500 nm) is generally shorter than the particle separation. In other words, incident 

photons only “see” single NPs and are absorbed before they “notice” an adjacent particle. 

Enhancements in EQE at lower wavelengths are then a result of localized modes of 

individual nanostructures and reduced reflectivity due to the front surface roughness. The 

enhancements on the blue side in reference [26] were attributed to the forward scattered 

light from Mie resonances in the conformal front dielectric/TCO (transparent conducting 

oxide, a commonly employed front transparent electrical contact) hemispheres over the 

NPs.    

1.4.2. Plasmonic Effects of Metallic Nanoparticles on the Back Contact 

 

In organic solar cells, the benefits of plasmonic NPs over dielectric NPs, as 

discussed previously, has been demonstrated in many reports [91, 92]. Despite this, the low 

stability and poor reproducibility of organic solar cells are major challenges that must be 

overcome before they can be commericialized [93]. Reports of plasmonic enhancements 

in inorganic thin-film solar cells, on the other hand, have been uncertain.  

To directly investigate the role of plasmonics, Theuring et al. [63] compared a-Si:H 

cells with identically shaped plasmonic (Ag) and insulating (SiO2) NPs between the Ag 
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back reflector and TCO buffer layer. The comparison of EQE of the cells shown in Figure 

1.6(b2) reveals that Ag and SiO2 NPs give approximately equivalent performance 

enhancements over flat and randomly textured back reflectors. It is thus concluded that 

light-trapping properties have a higher dependence on NP geometry than NP material when 

placed on the back reflector. The authors proceeded to show that the evanescent near-field 

enhancement around the plasmonic NPs decays significantly before reaching the intrinsic 

a-Si:H absorbing layer and thus does not generate separable charge carriers.  

To explore the role of the LSPR far-field scattering effects, Pahud et al. [46, 94] 

compared cells with a pure metallic grating back contact to cells with a plasmonic grating 

back reflector. The cells with a metallic back grating incorporated the Ag NP array in direct 

contact with the Ag back reflector as to give a grated back reflector, followed by a ZnO 

(Zinc Oxide) buffer layer. The cells with a plasmonic back grating had the Ag NP array 

embedded in the ZnO buffer layer. The authors assumed that the light-trapping mechanisms 

of the two configurations differ in that the metallic back grating traps light solely through 

the periodic geometry of the back reflector while the plasmonic back grating traps light by 

the periodic geometry of the back reflector in combination with LSPR modes on the 

isolated Ag NPs . Figure 1.9(a) shows the EQE gain over the flat reference for both NP 

configurations along with inset cross-sectional SEM images showing particle placement 

and layer stack sequence. Figure 1.9(a) clearly shows that the pure metallic back grating 

gives higher charge carrier extraction over most of the wavelength range.  

A similar experiment described in reference [95] finds comparable results to [46, 

94]. In this case, the buffer TCO layer thickness between the Ag back reflector and Ag NPs 

is systematically increased from 0 to 60 nm.  The photograph in Figure 1.9(b) reveals the 
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large variation in reflective properties of the back reflectors with changing gap distance 

between the particles and the back Ag layer. Results are consistent with [46] in that highest 

current generation is found when Ag NPs are in contact with the Ag back reflector while 

the lowest current generation occurs when there is the largest gap between the particles and 

back reflector. The previously discussed studies [46, 95] all suggest that spacing the 

metallic NPs away from the back reflector but still within the buffer layer, introduces 

enough parasitic effects to outweigh the possible benefits of LSPR modes.  

 

Figure 1.9 (a) EQE gain spectra of cells fabricated on top of a plasmonic and metallic back 

reflectors. (b) Photograph showing the changing reflective properties with buffer layer 

thickness between back reflector and NP array. Credit: (a) [46] and (b) [95]. 

 

1.4.3. Metallic Nanoparticles on the Front Contact 

 

Preceding the abundance of work incorporating plasmonic NPs on the back contact 

of solar cells, many experiments investigated the role of plasmonic NPs on the front 

contact. Classical dipole scattering theory, which states that dipoles placed at the interface 

of two dielectric materials will scatter favorably into the higher index material, suggests 
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that plasmonic NPs on the front side may combine anti-reflection and oblique angle 

scattering light-trapping effects [55, 96].  

Experimental efforts employing random arrays of plasmonic NPs on the front 

contact have found photocurrent enhancements, relative to identical cells without the 

particles, for wavelengths above the LSPR and have attributed these enhancements to 

single particle scattering effects [97 – 100]. At wavelengths below the LSPR however, 

reduced photocurrent has been observed and attributed to thermal losses in the NP in 

combination Fano resonance effects [7, 44, 101, 102]. Figure 1.10(a) directly shows this 

reduced photocurrent below the LSPR and increased photocurrent above the LSPR when 

cells with random Ag NP arrays on the front contact are illuminated from the front. Figure 

1.10(a) shows that when same cells are illuminated from the rear, the reduction in 

photocurrent below the LSPR vanishes while the enhancements above the LSPR are 

maintained. Because the detriments of random arrays of NPs on the front contact, namely 

parasitic absorption and Fano resonance effects, outweigh the benefits, overall reductions 

in current generation have been reported by various research groups when placing random 

NP arrays on the front contact compared to identical cells without NPs [44, 103].  As a 

result, publications reporting this type of architecture, that is random arrays on the front 

contact, have been few and far between since 2012.  

Similarly to NP arrays on the back contact, adding periodic NP arrays on the front 

contact introduces additional incoupling effects compared to random arrays. Periodic 

plasmonic NP arrays embedded in dielectric ARCs on the front contact have shown to 

result in better performance than identical devices without the NP arrays due to the 

additional diffractive incoupling over a broad spectral range [104]. Investigations into this 
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enhancement mechanism have found that the diffractive coupling of LSPRs of individual 

NPs produce extra Fano-like resonances at a wavelength corresponding to the period of the 

NP array, as shown in Figure 1.10(b) [105]. Although the various resonances associated 

with NP arrays on the front contact show reduced photocurrent generation at wavelengths 

below the resonance, individual NPs and NP array geometries can be tuned to provide 

broadband current generation enhancements. In particular, as shown in Figure 1.10(c), 

reference [106] obtained broadband enhancements using plasmonic Al NP arrays of 400 

nm periodicity on top of Si devices to take advantage of the periodicity based Fano-features 

at low wavelengths (region 1) and tailored the shape, size, and dielectric environment of 

the NP to take advantage of single NP scattering effects to trap light at higher wavelengths 

(region 2). While this result shows the potential enhancements from NP arrays on the front 

side of a solar cell, NP arrays on the rear will give similar enhancements while avoiding 

the losses below the resonance wavelength without the requirement of tailoring the NP and 

its surrounding material, as depicted in Figure 1.10(a). Thus, most of the recent work in 

the field of light-trapping in inorganic thin-film solar cells has focused on NP arrays on the 

back contact [107, 108].  
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Figure 1.10 (a) Measured EQE of crystalline Si bifacial solar cells with random Ag NP arrays 

on the front surface normalized to a reference cell without NPs. Illumination side is specified. 

Samples A, B, and C refer to different dielectric coatings giving rise to λSPR of 550, 610, and 

740 nm, respectively. (b) Simulated EQE of thin-film Si cells with periodic arrays of Al NPs 

of period p (in nm) on top of a SiO2 ARC. (c) Measured EQE of a thin-film Si cell with a 

periodic array (period 400 nm) of Al NPs on top of a SiO2 ARC measured at normal incidence 

and at 8 deg incidence. Two enhancement regions are identified. Reference curves in all cases 

are the identical cell without a NP array. (a) Adapted from reference [7]. (b) Adapted from 

reference [105]. (c) Adapted from reference [106]. 

 

1.4.4. Metallic Nanoparticles Embedded in Absorbing Layers 

 

The benefits of plasmonic near-fields have been demonstrated in organic solar cells [60 

- 62] as well as in calculations and simulations of inorganic cells [45, 109 – 111]. Published 

experiments of plasmonic NPs embedded in absorbing layers of inorganic cells have been 
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limited with mixed results. For example, Santbergen et al. [43], who embedded Ag NPs in 

a-Si:H cells by interrupting the a-Si:H growth process to deposit and anneal an Ag film to 

form Ag nano-islands, found that cells with embedded NPs showed significantly lower Jsc 

than identical cells without the NPs. By measuring EQE under light bias illumination, the 

authors were able to conclude that poor current extraction results in recombination of the 

photo-generated charge carriers in the region of the NPs in addition to possible Ag 

diffusion into the surrounding i-a-Si:H. To our current understanding, there has been no 

clear evidence of charge carrier extraction enhancements due to LSPR near-field effects in 

inorganic solar cells. To realize significant current generation from the high intensity 

plasmonic near-fields, metallic NPs must be placed within 10-50 nm of absorbing layers, 

in which case surface recombination at the metal/semiconductor interface likely reduces 

electron-hole pair lifetime [43, 112]. In the case the plasmon decays before the excitation 

of an electro-hole pair in the semiconductor or the emission of a hot carrier electron/hole 

out of the metal surface, the energy is lost to heat the NP [109]. 

 

1.5. Conclusion 

 

Incorporating metallic NP arrays in thin-film solar cells can enhance absorption 

through various mechanisms including random scattering, diffractive scattering, 

waveguide mode excitation, plasmonic near-field effects, and plasmonic far-field 

scattering effects. Due to advancements in nanofabrication methods and technology, a 

plethora of experimental work focused on incorporating metallic NP arrays in thin-film 

solar cells has been conducted since 2008. These investigations have been moderately 
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successful, however early estimates of vast plasmonic enhancements have not been 

reached.  

The largest reported enhancements in inorganic solar cells with metal NP arrays have 

been a result of waveguide mode excitation from incident light diffraction from the 

effective two-dimensional NP array grating, which can be accomplished as effectively with 

dielectric NPs. Reports that claim plasmonic enhancements in inorganic thin-film solar 

cells generally do so with ambiguous evidence and are scarce in the literature. Plasmonic 

improvements in organic solar cells are comparatively more common and explicit.  A 

possible explanation of this difference is that organic materials are better suited to take 

advantage of short-lifetime plasmonic resonant effects due to their higher absorption 

coefficient and thus higher charge carrier generation rate.  

One of the main obstacles to reaching the light-trapping potential of plasmonic 

nanoparticles in thin-film solar cells has been the experimental challenges of placing the 

metallic nanoparticles within the solar cell layer stack without introducing unwanted 

effects. For example, inherent to the concept of charge carrier generation from near-field 

effects of plasmonic NPs embedded in absorbing layers, the region of enhanced carrier 

generation, namely around the NP, is prone to charge carrier recombination due to a high 

density of surface defects. It follows that many authors have recognized absorption 

enhancements from metallic NPs embedded in absorbing layers but this has not translated 

well to increased current extraction. In addition, introducing metallic NPs, whose diameter 

is on the order of the cell thickness, into the solar cell layer stack bears an increased 

probability of shunting and thus the yield for these solar cells is generally very low.    



 

 

32 

This chapter has shown that nanostructuring solar cells with metallic NPs can generate 

moderate performance enhancements, however these enhancements pale in comparison to 

what many research had originally envisioned for plasmonic solar cells. Furthermore, these 

performance enhancements are generally outweighed by the increased fabrication costs of 

incorporating the metallic NPs. Thus, it is unlikely metallic NPs will be integrated into pre-

existing solar module technologies currently in the market. As new solar cell technologies 

are developed, such as very-thin (~ monolayer absorber) semiconducting transition metal 

dichalcogenide (TMDC) solar cells [110], new avenues for plasmonic enhancements by 

metallic NPs will be opened and thus this field will remain active for the foreseeable future.  
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2. Motivation and Objectives 
 

As discussed in Chapter 1, there have been no unambiguous demonstrations of 

performance enhancements from plasmonic light-trapping effects in thin-film inorganic 

solar cells. The largest reported enhancements from metallic NP arrays have been a result 

of the periodic array geometry as opposed to the plasmonic influence (see section 1.4.2). 

With new ultra-thin PV technologies on the horizon, such as two-dimensional TMDC 

based solar cells, the ability to localize charge carrier generation using plasmonic NPs is 

of great interest. Accordingly, it is beneficial to establish an initial framework for 

plasmonic light-trapping applications in next generation solar cells. Thus, the first objective 

of this work is: (1) to experimentally demonstrate localized charge carrier generation 

enhancements from plasmonic nanoparticles in an ultra-thin solar cell. 

Other novel research directions in the solar cell field are focused on developing 

novel characterization methods to extract new and useful information regarding solar cell 

operation. One project undertaken through a partnership between the University of Victoria 

and Hitachi is to develop an interface (sample holder) for electron microscopes that will 

allow in situ electrical bias and optical excitation of optoelectronic specimens. This 

interface will be used to characterize structural, electrical, and optical properties of solar 

cells by transmission electron microscopy in operational conditions for the first time. 

Before this technology can be considered for commercialization, it must be validated using 

a solar cell which demonstrates a vast array of light-gathering mechanisms. This flows 

directly into the second objective of this work, which is: (2) to design and fabricate a 

nanostructured thin-film solar cell specimen that showcases various light-trapping 

effects.  
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To meet objective 1, a solar cell that generates current from localized plasmonic 

effects must be designed and fabricated. As discussed in section 1.4, this has proven to be 

a major challenge in the field of nanostructured inorganic solar cells. The main obstacles 

to overcome include the fundamental limitations in commonly employed materials, i.e. the 

low absorption coefficient of a-Si:H may not be sufficient to take advantage of plasmonic 

resonance effects, in addition to the difficulty of finding a suitable solar cell-nanostructure 

configuration to highlight the benefits while minimizing the drawbacks of plasmonic 

nanostructures. To meet objective 2, a nanostructured solar cell benefiting from various 

light trapping-effects must be designed and fabricated as well as characterized to sufficient 

detail to discern the contribution of each light-trapping mechanism. 

To simultaneously address objectives 1 and 2, we purpose an optical-cavity based 

ultra-thin a-Ge:H (hydrogenated amorphous germanium) solar cell structured with a 

periodic array of plasmonic NPs. The base structure utilized, an ultra-thin (25 nm) a-Ge:H 

layer within a ~ 200 nm thick optical resonant cavity solar cell, was recently developed by 

Steenhoff et al. [33]. The a-Ge:H layer has a high absorption coefficient making it a suitable 

absorber candidate for plasmonic enhancements. Furthermore, the ultra-thin highly 

absorbing a-Ge:H layer makes this solar cell structure a good comparable to new TMDC 

solar cells. The plasmonic NP array incorporated within the optical resonant cavity 

generates 3-separate light trapping mechanisms: (1) optical cavity standing waves, (2) 

diffraction from the periodic lattice, and (3) localized plasmonic effects. To minimize 

charge carrier recombination near the NP and increase the probability of extracting current 

generated from localized plasmonic effects, the metallic NPs are encapsulated on the top 

and bottom with dielectric material. The encapsulation of the metallic NPs along with the 
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integration of the NP array within the optical resonant cavity make up the novel aspects of 

this solar cell design.  

2.1. Structure of the Thesis 

 

Chapter 1 gives a background of light-trapping concepts in thin-film solar cells with 

a literature review of the past decade of experimental demonstrations.   Chapter 2 motivates 

the two novel objectives of this work based on collective evidence from the literature 

review in Chapter 1. The remaining chapters (3-6) are structured to clearly address the two 

objectives while showing solar cell performance enhancements. Chapter 3 discusses the 

novel solar cell and NP design aspects and their implementation into working devices. 

Chapter 4 is the first results chapter and shows the commonly used methods, namely J-V 

curves and QE spectra, to demonstrate the power conversion performance of the novel solar 

cells. These results demonstrate solar cell performance enhancements from light-trapping 

by periodic NP arrays with an unambiguous contribution of plasmonic effects. Chapter 5 

includes additional experimental and simulation results designed to provide insight into the 

enhancement mechanisms intrinsic to the main results in Chapter 4. Chapter 5 is structured 

to bridge the Chapter 4 results to the satisfaction of objectives 1 and 2.   Chapter 6 is a 

conclusion to give context the results presented in Chapters 4 and 5 in terms of general 

solar cell and renewable energy research.   
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3. Research Details 
 

3.1. Experimental 

3.1.1. Optical Cavity Solar Cell Fabrication 

 

The solar cell structure used in this work was developed by our collaborators at the 

DLR Institute of Networked Energy Systems in Oldenburg, Germany [33-35]. As shown 

in Figure 3.1 (a), the p-i-n diode framework of the solar cell co-served as an optical resonant 

cavity. The optical-cavity light-trapping mechanism is described in detail by Steenhoff et 

al. [33].  

The solar cell stack with the materials and their respective thicknesses is shown in 

Figure 3.1 (b). Commercially available glass substrates with RMS surface roughness of 37 

nm from Nippon Sheet Glass Co., Ltd. were used in all experiments. The Ag back reflector 

was deposited via electron-beam evaporation and the indium-doped tin oxide (ITO) and 

aluminum-doped zinc oxide (AZO) transparent conducting layers were deposited via 

magnetron sputtering. The germanium and silicon layers were grown by plasma-enhanced 

chemical vapor deposition (PECVD) with H2-diluted GeH4 and SiH4 used as precursor 

gases, respectively. Furthermore, B2H6 and PH3 were added to achieve p- and n-doping of 

the silicon layers, respectively.  

The ultra-thin (25 nm) intrinsic a-Ge:H layer placed in the center of the optical 

cavity is used as the main absorbing layer due to its high absorption coefficient of up to 

106 cm-1 and low indirect-bandgap at 1.1 eV (~1130 nm) [113]. The undoped silicon layers 

directly adjacent to the a-Ge:H absorber act as buffer layers to match the band edges of the 

doped silicon layers with the a-Ge:H, which has been demonstrated to increase open-circuit 
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voltage [114]. Furthermore, the relatively thick (50 nm) i-a-Si:H buffer layer below the a-

Ge:H acts as a secondary absorbing layer in the device to take further advantage of the 

optical cavity light-trapping effect. μc-Si:H is used above the a-Ge:H due to its relatively 

low absorption coefficient compared to a-Si:H at wavelengths in the range 400 to 600 nm 

to minimize photon absorption before incident light reaches the a-Ge:H main absorber. The 

absorption coefficients of all solar cell layers used in this work are shown in Figure 3.2. 

 

 

Figure 3.1 (a) Illustration of the optical cavity solar cell concept showing the Fabry-Pérot 

standing waves. (b) Solar cell layer stack showing materials, doping (in brackets), thickness, 

and deposition method. (c) Photograph of substrate showing individual solar cells. 

 

All solar cell layers were deposited on 5 x 5 cm glass substrates. A grid of 36 

individual solar cells each of approximate area 0.25 cm2 were then defined on each 
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substrate using a marker lift-off process, as shown by the photograph in Figure 3.1 (c), This 

process began with drawing the 0.25 cm2 area squares by hand using a general marker-pen 

after the p-μc-Si:H deposition. Following the top ITO deposition, the samples were 

sonicated in acetone to remove the marker-pen along with the portion of the ITO above the 

markings such that the remaining ITO within each 0.25 cm2 area was electrically isolated 

from the rest of the sample, thus defining the solar cell area. 

 

Figure 3.2 (a) Absorption coefficients and (b) Real parts of refractive index of the materials 

used in this work. Data taken from the literature (Ag/SiO2 [120], a-Ge:H [113], ITO [121], 

AZO [122]) or obtained from spectroscopic ellipsometry and subsequent modeling (a-Si:H, 

µc-Si:H) done previously by colleagues at the DLR Institute of Networked Energy Systems in 

Oldenburg, Germany. 
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3.1.2. Nanostructure Fabrication 

 

Nanosphere lithography (NSL) is a commonly used nanofabrication method in 

various research areas [63, 115, 116]. NSL has many benefits including choice of NP 

material, tunability of NP size and interparticle spacing, and is low-cost compared to direct-

write methods such as electron beam lithography and focused ion-beam milling.  

Furthermore, new developments in the NSL technique show that it can be easily scaled to 

solar-module sized areas [117].  

NSL was used to fabricate the periodic arrays of metallic and dielectric NPs in this 

work. Our NSL procedure is based on previously reported methods [115, 118] and is shown 

schematically in Figure 3.3.  Polystyrene nanospheres with diameter 607 ± 15 nm (unless 

otherwise stated) in aqueous colloidal solution, obtained from microParticles GmbH©, 

were mixed with ethanol in a 1:1 volume ratio for better self-assembly, as suggested by 

reference [119]. After polystyrene nanosphere deposition, the spheres self-assemble into a 

hexagonal close-packed (HCP) monolayer, as can be seen in the inset scanning electron 

micrograph in Figure 3.3. The photographs of the nanosphere monolayers clear show the 

optical diffractive effects of the 2D array. Evaporating the NP material through the 

nanosphere monolayer followed by the removal of the nanospheres by sonication in toluene 

and ethanol (approximately 2 minutes each) produces a 2D HCP array (P6mm symmetry) of 

3-sided pyramidal NPs on the substrate.  
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Figure 3.3 Step-by-step NP deposition by NSL. First, the substrate is submerged in water 

within a petri dish. A micropipette is then used to add the colloidal polystyrene suspension 

drop-wise of the surface of the water. A monolayer of polystyrene beads self-assembles and 

falls onto the top of the substrate after the water is left to evaporate. The monolayer of beads 

is then used as an evaporation mask for the NP material. Upon removal of the beads, an array 

of pyramidal NPs is left.   

 

One of the novel aspects of this work is the location of the NP array within the solar 

cell layer stack. Nanostructured solar cells were fabricated in one of two configurations, 

namely NPs above or below the a-Ge:H absorber, as depicted in Figure 3.4 (a). Both 

configurations consisted of NP arrays embedded in the intrinsic silicon buffer layers 

adjacent to the a-Ge:H. This was accomplished by interrupting the PECVD growth intrinsic 

silicon buffer layers to perform the NSL process.  

A control experiment was conducted to confirm that interrupting the PECVD growth 

and removing the solar cell from the PECVD chamber had no effect on cell performance. 

In this experiment, two cells were fabricated and performance was compared. One of the 

cells was grown as a typical flat reference cell in which the PECVD deposition of the 
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semiconducting layers was done in succession without removing the cell from the 

evacuated PECVD chamber. The other cell was grown in an identical manner except during 

the PECVD growth of the intrinsic a-Si:H layer, the cell was removed from the PECVD 

chamber and placed in a petri dish followed by sonication in toluene and ethanol, as to 

simulate the NSL process, before being placed back into the PECVD chamber to resume 

growth. The two cells showed negligible performance variations thus confirming that the 

NSL process itself does not hinder cell performance. 

 

Figure 3.4 (a) Middle portion of the solar cell stack showing the vertical placement of NP 

arrays. (b) The structure of encapsulated Ag NPs (left) and SiO2 NPs (right). 

 

Another novel aspect of this work is the structure of the individual plasmonic Ag 

NPs.  As shown in Figure 3.4 (b), the Ag NPs were encapsulated on the top and bottom by 

insulating SiO2, which was accomplished by evaporating is a sequence SiO2, Ag, SiO2 

through the polystyrene nanosphere mask.   Encapsulating the Ag NPs reduces the 

probability of cell shunting caused by the metallic NP [43] and reduces the Ag diffusion 

into the surrounding material. To the best of our knowledge, this kind of NP encapsulation 

has not been utilized previously, and it is one of the essential details that explains the novel 

results that will be discussed in Chapters 4 and 5.  

3.1.3. Solar Cell Structure 
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Figure 3.5 (a) shows a top-view SEM image of the NP array directly following the 

NSL process. The hexagonal lattice of triangular NPs is clearly seen. Figure 3.5 (b) shows 

a similar region as Figure 3.5 (a) after the deposition of the remaining cell layers. The 

hexagonal array of bright circles arises from the conformal growth of the cell layers over 

the NP array.  Figure 3.5 (c) shows a tilted SEM image of a cell with NPs deposited above 

the a-Ge:H layer. The bottom 1/3 of the image is a cross-sectional view of the cell layers 

and NP placement, as prepared using focused ion-beam milling, while the top 2/3 show a 

tilted view of the top surface of the cell. This image explicitly shows that conformal layer 

growth over the pyramidal NPs results in hemispherical, or dome, structures protruding out 

of the cell’s top surface. Figure 3.5 (d) shows an SEM image of a cell with NPs deposited 

below the a-Ge:H layer. Both Figure 3.5 (c) and (d) reveal that all films were grown 

relatively uniformly to create closed-layers and shadowing effects from the NPs are 

insignificant. All simulations were set-up using dimensions taken from Figure 3.5. 
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Figure 3.5 SEM images of (a) the NP array following the NSL process, (b) the top surface of 

the completed solar cell showing the conformal dome structures above the NPs, (c) cross-

section of the completed solar cell with NPs above the a-Ge:H absorber, and (d) cross-section 

of the completed solar cell with NPs below the a-Ge:H absorber 

 

3.1.4. Solar Cell Characterization 

 

Electron micrographs were taken with a Hitachi S-4800 FESEM and cross-sectional 

specimens were prepared using a Hitachi FB-2100 FIB. Illuminated JV curves were 

measured under standard test conditions using a WACOM dual lamp solar simulator 

(AM1.5g spectrum, 1000 W m-2). Photographs, like the one seen in Fig. 3.1 (c), along with 

ImageJ software were used to determine the true area of each solar cell to correctly scale 
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JV curves. VIS-IR reflectance spectra were measured using a PerkinElmer Lambda 1050 

UV/Vis Spectrophotometer with integrating sphere. 

Quantum efficiency (QE) spectra were determined from differential spectral 

response measurements. As the focus of this work is to probe the optical effects of NPs 

embedded in the optical resonant cavity, a reverse bias voltage was applied during QE 

spectral measurements to maximize charge carrier extraction. If the current generated by 

the cell showed low stability at reverse bias, the QE spectra was measured at short-circuit 

conditions and then scaled to the short-circuit current density obtained from the measured 

J-V curve. 

3.2. Simulation 

 

3D Optical simulations of the solar were done using the commercially available 

Lumerical FDTD (finite-difference time domain) Solutions software. The FDTD 

electromagnetic computational technique solves Maxwell’s equations on a discrete spatial 

and temporal grid. The Lumerical FDTD Solutions software is designed to accurately 

simulate wavelength-scale photonic devices and is commonly used to simulate 

nanostructured solar cells in the scientific literature.  

The geometric shapes and dimensions used to construct the simulated solar cells were 

based on the planar and cross-sectional SEM images of the real solar cells in Figure 3.5. 

Optical constants data (refractive index and extinction coefficient, n & κ) were taken from 

the literature (Ag/SiO2 [120], a-Ge:H [113], ITO [121], AZO [122]) or obtained from 

spectroscopic ellipsometry and subsequent modeling (a-Si:H, µc-Si:H) done previously by 

colleagues at the DLR Institute of Networked Energy Systems in Oldenburg, Germany. 
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The mesh dimensions (spatial discretization) used for the simulations were 2 nm in the z-

direction and 3 nm in both the x and y-directions. A top-view of the simulated region is 

shown in Figure 3.6 overlaid on an SEM image. The horizontal boundary conditions, as 

described in Figure 3.6, utilize the symmetry of the lattice and light source to minimize 

computation time. Perfectly matched layers (i.e. perfectly absorbing) were used for the 

bottom and top boundary planes.  A plane wave source linearly polarized along the 

direction indicated in Figure 3.6 was used in all simulations. The simulated QE was 

calculated as the sum of the electromagnetic energy absorbed in all the intrinsic layers of 

the solar cell (25 nm a-Ge:H, 50 nm i-a-Si:H, 10 nm i-μc-Si:H) as a fraction of the total 

incident electromagnetic energy from the plane wave source and thus assumes full charge 

carrier extraction. 
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Figure 3.6 A 2D top view of the simulation set up overlaid on an SEM image of the NP array. 

The polarization of the source is indicated along with the behaviour of the electric and 

magnetic fields at the boundaries of the simulation region. 
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4. Results 
 

Figure 4.1 (a) shows measured J-V curves of cells with SiO2 and Ag NPs placed above 

the a-Ge:H along with a flat reference cell. A table listing the solar cell parameters is 

included as an inset. The cell with the Ag NP array has increase in Jsc by 33% over the cell 

with the SiO2 NP array. Because these cells are identical in every regard except for the NP 

material, this Jsc enhancement can be attributed to plasmonic-based light-trapping. To our 

best knowledge, this result is currently the largest unambiguous plasmonic enhancement 

demonstrated in nanostructured thin-film inorganic solar cells. There are many reports of 

similar enhancements, however these as are ambiguous as whether they arise from 

plasmonic or geometric mechanisms [51, 64, 77, 123-125].  Our results are unique as the 

Jsc enhancement undoubtedly arises from the plasmonic material.  

 

 

Figure 4.1 (a) Measured J-V curves of nanostructured solar cells showing increased Jsc and 

Voc from plasmonic NP arrays above the a-Ge:H absorber. The inset table shows the 

performance parameters of each cell. (b) Measured QE spectra of the cells in (a) with an inset 

image showing the NP placement of these cells. 
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Figure 4.1 (a) additionally shows that the cell with the Ag NP array gives a 30 mV 

increase in Voc compared to the flat reference. This result can, at least in part, be attributed 

to the higher 𝐽𝑝ℎ as shown in Equation (1.3) for Ag NPs compared to the flat reference. 

This result may also be in part due to a decrease in the Fermi-level of the p-uc-Si:H layer 

resulting from Ag diffusion from the NP. Ag diffusion is likely to happen through the sides 

of the NP where there is no SiO2 encapsulation. Furthermore, the cell with the Ag NP array 

shows a significant reduction in FF relative to the flat reference and cell with the SiO2 NP 

array. This is likely not a result of a lower shunt resistance (a common cause of low FF) as 

that would additionally decrease Voc, nor is it likely a result of a higher series resistance 

(another common cause of low FF) as the slope of the J-V curve at the Voc is not 

significantly different than the other two cells (series resistance ~ (𝑠𝑙𝑜𝑝𝑒 @ 𝑉𝑂𝐶)
−1). The 

exact causes for both the Voc and FF variations shown in Figure 4.1 (a) can only be 

speculated at this time.  

Figure 4.1 (b) shows the measured QE spectra of the cells shown in Figure 4.1 (a). 

The improved current generation for the Ag NP seen in Figure 4.1 (a) clearly arises from 

the increase in QE between 650 and 900 nm. This enhancement region is decorated by 

distinct features at approximately 700 and 770 nm.  

Figure 4.2 (a) shows the measured QE spectrum of a cell with an Ag NP array 

below the a-Ge:H absorber along with a flat reference. Similarly to Figure 4.1 (a), the Ag 

NP cell shows significant QE enhancements between 650 and 900 nm. Figure 4.2 (b) shows 

that SiO2 NPs in the same configuration have only minor QE enhancements in the same 

wavelength range relative to the flat reference. Thus, we can conclude cells with NPs below 

the a-Ge:H absorber also benefit from plasmonic light-trapping mechanisms.  
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Chapter 5 is devoted to further investigate and analyze the origin of the features 

present in the spectra in Figure 4.1 (b) and Figure 4.2 (a) and (b).  Through the combination 

of further experiments and simulations, each feature is assigned to a unique light-trapping 

mechanism. It is shown that these nanostructured solar cells are combining optical cavity 

and diffraction/waveguide excitation light-trapping mechanisms with localized charge 

carrier generation from the plasmonic nanoparticles. Thus, these devices simultaneously 

satisfy objectives (1) and (2) Chapter 2.   

 

 

Figure 4.2 (a) Measured QE spectrum of a cell with plasmonic NPs below the a-Ge:H 

absorber with a flat reference. (b) Measured QE spectrum of a cell with dielectric NPs below 

the a-Ge:H with a flat reference. Inset shows placement of the NPs within the solar cell stack.  
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5. Analysis and Discussion 
 

5.1. Flat Optical Cavity Solar Cells 

 

In the measured QE spectra in Figure 4.1 and Figure 4.2 there are large peaks at 

approximately 600 and 925 nm. Because these peaks are present for the flat reference cells, 

they can be attributed to single pass absorption within the intrinsic germanium and silicon 

layers and/or light-trapping by Fabry-Pérot (FP), or optical cavity resonant, modes. Figure 

5.1 (a) shows the measured QE spectra of flat optical cavity solar cells with various cavity 

thicknesses. The a-Ge:H was 25 nm thick for all samples and the thickness of the cavity 

was changed by changing the thicknesses of the a-Si:H and μc-Si:H intrinsic and doped 

layers. Results agree well with those published by our collaborators, Steenhoff et. al. [33-

35], who first demonstrated these a-Ge:H optical cavity solar cells. Figure 5.1 (b) shows 

the simulated QE spectra of the same cells as Figure 5.1 (a). There is good agreement 

between the experiment and simulations in terms of the overall shape of the spectra and 

the trends with cavity thickness. The overall QE is higher in the simulation, which is an 

expected outcome from the assumption that all photo-generated charge carriers are 

extracted, as discussed in section 3.1.4. 

Figure 5.1 (c) shows the simulated field profile (|E|2) as a function of incident light 

wavelength for the 220 nm optical cavity solar cell. The generation rate of electron-hole 

pairs per unit volume at angular frequency 𝜔 and position 𝑟  is proportional to |E|2 according 

to 

                               𝑔(𝑟 , 𝜔) =  
𝑃𝑎𝑏𝑠(𝑟 , 𝜔)

ℏ𝜔
= −

𝜋

ℏ
|�⃗� (𝑟 , 𝜔)|

2
Im[𝜀(𝑟 ,𝜔)]                          (5.1)  
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where 𝑃𝑎𝑏𝑠 is power absorbed per unit volume and 𝜀(𝑟 ,𝜔) is the complex permittivity at 

position 𝑟  and angular frequency 𝜔. Figure 5.1 (c) shows that the m = 3 and m = 2 FP 

resonant modes develop around 650 nm and 925 nm, respectively. The m = 1 FP mode is 

at a higher wavelength and thus not visible.  

 

Figure 5.1 (a) Measured QE spectra of flat optical cavity solar cells with different cavity 

thicknesses. (b) Simulated QE spectra corresponding to the experimental results in (a). (c) 

Simulated electric field intensity profile as a function of wavelength for the 220nm optical 

cavity cell. (d) Measured QE of the cells shown in (a) along with the measured 1-R. (e) 

Measured J-V curves of the cells shown in (a). 

In Figure 5.1(c), the m = 2 FP mode shows strong |E|2 overlap with the a-Ge:H layer 

and thus we can attribute the 900 nm peak in all spectra in Figure 4.1 (b), Figure 4.2, and 
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Figure 5.1 (a) and (b) to this FP resonance. It then follows that this peak red-shifts with 

increasing cavity thickness as shown in Figure 5.1 (a) and (b). The reason for the peak 

intensity reduction with increasing cavity thickness can be found in Figure 5.1 (d), which 

shows the measured QE spectra from Figure 5.1 (a) along with the total measured optical 

absorption (1-R). The total absorption corresponding to this high-wavelength peak is 

approximately constant with cavity thickness. This suggests that the decrease in QE with 

increasing cavity thickness at the m = 2 FP resonant mode is a result of increased parasitic 

absorption. In these cells, parasitic absorption is most likely caused by absorption within 

the doped silicon layers which is expected to change magnitude with cavity thickness as 

the positions of the standing wave electric field peaks will shift in space.  

As both a-Ge:H and a-Si:H have high absorption coefficients at the ~600 nm QE peak, 

which is present in all spectra in Figure 4.1 (b), Figure 4.2, and Figure 5.1 (a), (b), and (d),  

single pass absorption must have a significant impact.  Furthermore, this ~600 nm peak 

corresponds slightly to the wavelength of m = 3 FP resonant mode in Figure 5.1 (d), which 

shows strong field overlap with the i-a-Si:H layer. Thus, we can conclude the ~600 nm 

peak results from the combination of single pass absorption and the m = 3 FP resonant 

mode. 

The high parasitic absorption at wavelengths ≤ 600 nm for all spectra in Figure 5.1 (d) 

likely results from single pass absorption within the p-μc-Si:H layer. Figure 5.1(e) shows 

the measured J-V curves of the cells shown in Figure 5.1 (a). Figure 5.1 (e) agrees well 

with Figure 5.1 (a) as the Jsc is approximately equal to the area below the QE spectra.  

The width of the FP peaks in Figure 5.1 (a) through (c) are determined by Heisenberg’s 

uncertainty principle, namely ∆𝑡 ∆𝐸 ≥  ℏ 2⁄ , where in this case ∆𝑡 is the lifetime of the FP 
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resonant mode and ∆𝐸 is the peak width in photon energy, which is proportional to the 

peak width in photon wavelength. Figure 5.1 (a) through (c) show that the peak widths are 

~ 102 nm in the visible range, which indicates that these optical cavities are “low-quality” 

resonators. The large widths of the FP resonances are representative of low lifetime (low 

∆𝑡)  resonance modes, which are mainly a result of losses, such as photon absorption, 

within the optical cavity. 

5.2. Nanoparticles Above the a-Ge:H Absorber 

 

Figure 5.2 (a) shows the measured QE spectra of cells with NPs above the a-Ge:H 

layer as previously shown in Figure 4.1 (b). Here, they serve as comparables for the 

simulated spectra shown in Figure 5.2 (b). Figure 5.2 (a) and (b) generally show good 

agreement. The distinct QE peaks, labeled as 𝑃𝑖, for both the Ag and SiO2 NP cells seen in 

the experiment are reproduced effectively in the simulation. In particular, the experiment 

and simulation coincide in that features 𝑃1 and 𝑃3 are present in both the Ag and SiO2 NP 

cells while feature 𝑃2 is present only in the Ag NP cell.  
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Figure 5.2 (a) Measured QE spectra of cells with NPs above the a-Ge:H absorber. (b) 

Simulated QE spectra of the cells shown in (a). 

 

Figure 5.3 (a) shows a normalized close-up of 𝑃1 for cells nanostructured with 

polystyrene nanospheres of different diameters. The diameter of the polystyrene 

nanospheres can be considered the effective period of the 2D NP array. Figure 5.3 (a) 

clearly shows that 𝑃1 red-shifts with an increase in NP array period; suggesting that 𝑃1 

arises from periodicity based light-trapping effects. The different peak shapes/widths 

shown in Figure 5.3 (a) result from sample-to-sample variations in the NP lattice quality 

intrinsic to the NSL process. For example, the narrow peak for the 625 nm diameter spheres 

suggests that the NSL process gave large crystal domains with few defects. The NSL 

process is dependent on many factors, such as temperature and humidity, and sample-to-

sample variations are unavoidable. An equivalent plot as shown in Figure 5.3 (a) at 𝑃3 

could not be produced from the measured spectra because 𝑃3 is not well-defined like 𝑃1, 

as can be seen in Figure 5.2 (a). To confirm that 𝑃3 also originates from periodicity-based 

effects, the simulated spectra for cells with SiO2 NP arrays of different periodicities are 

shown in Figure 5.3 (b). These simulated spectra show the expected peak shift for 𝑃3. As 
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discussed in Chapter 1 and shown by [25], distinct QE peaks arising from the periodic 

lattice are a result of diffracted beams coupling into horizontally propagating waveguide 

modes within the solar cell absorbing layers.  

 

Figure 5.3 (a) Measured normalized P1 peaks for cells with Ag NP arrays above the a-Ge:H 

layer fabricated using polystyrene nanospheres of different diameters, as labeled. (b) 

Simulated QE spectra focused on the P3 peaks for cells with SiO2 NP arrays above the a-

Ge:H. The periodicity of the NP array is labeled.    

Figure 5.4 (a) and (b) show the electric field intensity distributions within the 

horizontal plane of the a-Ge:H for the illuminated SiO2 and Ag NP cells, respectively, at 

𝑃1. The dashed ovals in the field profiles represent the projected NP positions. Recall that 

the polarization of the simulated light source is in the ±y-direction. Due to momentum 

conservation, the excited waveguide modes additionally propagate in the ±y-directions. 

Due to the similarities of these two field profiles, both the Ag and SiO2 NP arrays can be 

considered to excite the same waveguide mode.  This is a surprising result as the different 

NP arrays are expected to generate diffracted beams at different angles due to their different 

refractive indices and thus are not expected to excite the same waveguide mode at the same 

wavelength.   
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Figure 5.4  Electric field profiles in the plane of the a-Ge:H layer for cells with (a) SiO2 and 

(b) Ag NP arrays above the a-Ge:H absorber. The dashed ovals represent the projections of 

the NP positions. 

 

To shed some light on the similarities between Figure 5.4 (a) and (b), Figure 5.5 

shows simultaneous animations of identical light pulses, all at 𝑃3, incident on three 

different cells; a flat cell, a cell with a SiO2 NP array and the conformal growth of the cell 

layers (domes), and a cell without a NP array but with the conformal growth of the cell 

layers (as if the NP array was in the cell). The animations show the simulated cross 

sectional electric field profiles at the intensity same scale for all three cells. Because this 

simulation is at 𝑃3, which is off wavelength from a FP resonant mode, no light is trapped 

via cavity standing waves and thus the light energy not absorbed over single/double pass 

through the absorbing layers is completely reflected out of the flat reference cell soon after 

the light pulse initially reaches the cell. The cell with the NP array and the conformal dome 

structures explicitly shows the concept of light-trapping by waveguide mode excitation 

which permits the light energy to remain in the cell long after the time it took to completely 

escape the flat reference. The intensity of the trapped-light decreases over time mainly 
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because it is slowly absorbed by the cell and because the waveguide mode is leaky. The 

insightful result shown in Figure 5.5 is that the field profile of the cell with no NPs but with 

the conformal dome structures is almost identical to the field profile of the cell with NPs 

and conformal dome structures. This proves that the array of the conformal dome structures 

above the NPs acts as the main 2D grating coupling incident light to diffraction modes. 

This contradicts the original assumption that the NP arrays were the structures causing the 

diffraction. Furthermore, it explains why the field profiles in Figure 5.4 (a) and (b) are 

similar. The minor differences in the field profiles in Figure 5.4 likely do arise from the 

NPs themselves as the different NP materials slightly change the effective refractive index 

of the optical waveguide. 

 

 
 

Figure 5.5 Simultaneous animations showing a light pulse incident on 3 different cells, as 

indicated. The electric field intensity has the same scaling in each animation. The cell is 

outlined in white at the bottom of each animation. Note that the scale was chosen to clearly 

illustrate light-trapping by waveguide mode excitation, which causes the initial light pulse to 

completely saturate the video player. The light pulse enters view at 00:06.  
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Figure 5.6 shows the QE spectra between 650 and 950 nm of cells with NPs above 

the a-Ge:H with different Ag:SiO2 ratios along with a flat reference. Sketches of the 

different NP configuration with dimensions are included as insets. The experiment was 

designed to hold the cell geometry constant (i.e. all NPs are approximately the same size) 

while systematically changing the plasmonic portion of the NP. The cells in Figure 5.6 

were all fabricated with the same NP periodicity. Although the reference cell for this 

experiment coincidentally shows a peak overlapping with 𝑃1, it is clear that 𝑃1 does not 

experience a wavelength shift with changing Ag:SiO2 ratio, as expected from the previous 

discussion about the origin of 𝑃1. Note that variations in the reference cell are expected 

between experiments, as small changes in layer thickness can significantly change optical 

cavity resonant mode properties.  

Figure 5.6 shows that 𝑃2 is significantly reduced in intensity and red-shifts with 

decreased Ag:SiO2 ratio. This is a good indication that 𝑃2 arises from single NP plasmonic 

light-trapping effects.  Primarily, a wavelength shift in the LSPR of plasmonic NPs is 

expected with a change NP size, shape, and surrounding material, all of which are varied 

by changing the Ag:SiO2 ratio. Furthermore, small plasmonic NPs and NPs with sharp 

features tend parasitically absorb a large portion of the incident light [26] which agrees 

with the trend of decreased QE with decreased Ag proportion in Figure 5.6. 
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Figure 5.6 Measured QE spectra of multiple cells with NPs above the a-Ge:H. The NP 

configurations are shown schematically 

 

Figure 5.7 (a) and (b) show cross-sectional simulated electric field intensity profiles 

within the SiO2 and Ag NP solar cells, respectively, at 𝑃2. The overall electric field 

intensity is significantly higher within the optical cavity, and in particular within the a-

Ge:H absorber, of the Ag NP cell compared with the SiO2 NP cell. This suggests that the 

Ag NPs scatter a higher fraction of the incident light energy. As discussed in section 1.2.4, 

Mie scattering theory states that plasmonic NPs generally have higher scattering cross-

sections than dielectric NPs, particularly at the LSPR wavelength where the scattering 

cross-section of plasmonic NPs can far exceed their geometric cross section [54]. 

Furthermore, the field profile in Figure 5.7 (b) shows an area of high electric field intensity 

directly above the Ag NP which we can tentatively assign to the localized plasmon induced 

evanescent wave, or “hot-spot”. In this configuration, this bright region contributes little to 
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the overall current generation as it overlaps mostly with the poorly absorbing μc-Si:H. As 

shown later in this report, we have fabricated cells with the a-Ge:H above the Ag NPs to 

try and exploit this hot-spot region.  

The field profile in the Ag NP cell in Figure 5.7 (b) additionally shows a uniformly 

high intensity region which spreads with increasing distance (~ 0 → 200 nm) away from 

the base of the NP. This shape resembles that of a source of wavelets which generally 

spread out in the forward direction. Plasmonic NPs act as effective light sources as they 

absorb and re-emit incident radiation. Furthermore, plasmonic NPs tend to scatter with a 

high angular distribution in the general direction of the surrounding material with the 

highest refractive index, which in this case is the a-Ge:H below the NP [55, 96]. It is 

additionally likely that the light emitted from the base of the NP is trapped between the 

reflective back contact and the NP, an area which includes the a-Ge:H absorber. 
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Figure 5.7 Simulated cross-sectional electric field profiles at the P2 wavelength of the cell with 

SiO2 NPs (a) and Ag NPs (b) above the a-Ge:H absorber. Images in (c) and (d) show the 

corresponding field profiles within the horizontal plane of the a-Ge:H layer. The dashed ovals 

represent the projections of the NP positions. 

 

Figure 5.7 (c) and (d) show the corresponding electric field profiles to Figure 5.7 

(a) and (b), respectively, within the horizontal plane of the i-a-Ge:H layer. As expected, 

these profiles explicitly show that the highest field intensity regions within the i-a-Ge:H 

are directly below the plasmonic NPs, as marked by the dashed white ovals. The SiO2 NP 

cell on the other hand shows low electric field intensity throughout the a-Ge:H absorber 

and no enhancements directly below the NPs. Thus, we can confidently assign 𝑃2 to 

plasmonic light-trapping effects 
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5.3. Nanoparticles Below the a-Ge:H Absorber 

 

Figure 5.8 (a1) and (b1) show the measured QE spectra of cells with an SiO2 and 

Ag NP array, respectively, below the a-Ge:H absorber as previously shown in Figure 4.2. 

Here, these spectra serve as comparable spectra for the simulations shown in Figure 5.8 

(a2) and (b2). All spectra for all NP configurations in Figure 5.2 and Figure 5.8 show 𝑃1 at 

approximately 700 nm. This further supports the conclusion that 𝑃1 is a result of waveguide 

mode excitation via diffraction off the periodically varying interfaces above the NP array, 

as discussed previously. 

The peak intensities at 𝑃1 and 𝑃3 are significantly higher in the simulated spectra 

compared with the measured spectra in Figure 5.8. This peak intensity difference is also 

present for 𝑃3 in Figure 5.2. The same cannot be said about 𝑃1 for the Ag NP cell in Figure 

5.2 because the peak intensity in the experiment is higher than in the simulation. It is 

necessary, however, to acknowledge that the presence of 𝑃2 will enhance the intensity of 

𝑃1 and that 𝑃2 is closer to 𝑃1 in the experimental spectrum. Nonetheless, there are multiple 

possible causes for the higher peak intensities in the simulation. One cause may the linearly 

polarized light-source in the simulation compared to the unpolarized light source in the 

experiment. The linear polarized light will concentrate its energy to excite the diffraction 

modes which specifically arise from the periodic lattice along the polarization direction. 

For this reason, the next step of this work is to simulate different polarizations and monitor 

how 𝑃1 and 𝑃3  intensities change. Another cause for the difference in peak intensity may 

the quality of the periodic NP array. The simulation assumes a NP with no defects over the 

entire cell while the experimental NP array does not go more than 4-5 periods before some 
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sort of lattice defect. Thus, diffraction features in the simulated spectra are expected to be 

sharper and more intense than the measured features.  

Comparing the measured QE spectra of cells with SiO2 NPs above and below the 

a-Ge:H absorber, namely Figure 5.2 (a) and Figure 5.8 (a1), reveals that NPs below the 

absorber give better performance relative to the flat reference. In particular, Figure 5.8 (a1) 

shows broadband enhancements from 700 to 950 nm not seen in Figure 5.2 (a). Recall that 

most of the incident light is scattered from the various periodically varying interfaces which 

arise from depositing the various materials over the NPs. Placing the NPs below the a-

Ge:H layer as opposed to above the a-Ge:H layer adds an additional periodic scattering 

interface in the device above the NP array which will increase the scattering efficiency. We 

expect this type of enhancement to occur between the m = 2 and m = 3 FP resonant modes 

as this region relies on single pass absorption within the intrinsic layers and thus can 

significantly benefit from oblique angle scattering. 
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Figure 5.8 The measured (a1) and simulated (a2) QE spectra of a cell with an SiO2 NP array 

below the a-Ge:H absorber. The measured (b1) and simulated (b2) QE spectra of a cell with 

an Ag NP array below the a-Ge:H absorber. 

 

Comparing Figure 5.8 (b1) to (b2), it appears that the simulation Ag NPs below the a-Ge:H 

reproduce the experiment well except for wavelength range around the m = 2 FP mode (~ 

900 nm). The simulation shows a feature, labeled 𝑃4, to the left of the m = 2 FP mode. The 

experiment additionally shows a peak in the same area; however, it is unclear if this peak 

is reminiscent of 𝑃4 or is simply a blue-shift in the m = 2 FP peak, as indicated by the red 

arrows. Upon closer inspection, it is evident that all measured NP cell spectra in Figure 5.2 

and Figure 5.8 show a slight blue-shift in the m = 2 FP peak compared to the flat refence, 

and that the shift is larger for the Ag NP cells. This shift is not seen in any of the simulated 
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curves and thus is not likely a photonic effect of the NP array. In general, a blue-shift in a 

FP mode is indicative of an effective optical cavity thickness reduction. It can then be 

concluded that the presence of the NPs changes the optical properties and/or thicknesses 

of the deposited materials. In other words, the NPs arrays on the substrates are affecting 

the PECVD process. It is possible that the sharp NPs, particularly the Ag NPs, are affecting 

the local plasma concentration and thus affecting the local deposition rate and film quality. 

Unfortunately, SEM does not have the resolution required to characterize any thickness 

variations discussed above, which would be < 10 nm.  

In any case, the performance of the measured cell in Figure 5.8 (b1) near the m = 2 

FP peak mode (~ 900 nm) is significantly reduced compared with the simulated cell in 

Figure 5.8 (b2). Figure 5.9 (a) and (b) show the electric field intensity profiles at the 𝑃4 

wavelength for the SiO2 and Ag NP cells. Note that the SiO2 NP cell shows no evidence of 

the 𝑃4  feature. Figure 5.9 clearly shows that 𝑃4 originates from plasmonic high-intensity 

near-field effects and that the increased simulated QE is a result of increased absorption in 

the a-Ge:H layer near the side edges of the NP. Recall that these NPs are encapsulated in 

SiO2 on the top and bottom only. In other words, there is direct contact between the 

absorbing semiconducting layers and Ag along the sides of the NP, where the absorption 

enhancement is occurring. As discussed previously, any charge carriers absorbed in this 

region are likely to recombine before being extracted from the device and thus are 

parasitically absorbed.   
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Figure 5.9 Simulated cross-sectional electric field intensity profiles of cells with an (a) Ag NP 

array and (b) SiO2 NP array below the a-Ge:H absorber at the wavelength of feature P4. 

 

Figure 5.10 shows the measured parasitic absorption within the solar cell for NPs 

below the a-Ge:H. The parasitic absorption is defined as the difference between the 

measured QE and the measured total absorption, and can be considered as a measure of the 

fraction of electro-hole pairs generated but not extracted to the total number generated. The 

technique used to obtain parasitic absorption data is shown visually in Figure 5.10. Because 

the absorption and QE measurements were made using different equipment, the 

wavelengths measured for the two spectra do not directly coincide and thus taking the 

difference cannot be done directly. Therefore, the area between the curves was shaded 

using Origin Pro software and ImageJ was then used to determine the ratio of shaded to 

white area over each column of pixels. This ratio was then directly used to calculate the 

fraction of incident light that is parasitically absorbed.  Figure 5.10 shows that there is a 

large peak in the parasitic absorption for the cell with Ag NPs below the a-Ge:H absorber 

directly at the 𝑃4 wavelength, which is not present for SiO2 NPs in the same configuration. 

This supports the suspicion that there is an increased absorption from plasmonic near-field 
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effects but the increased absorption is not translated to extracted current but is rather 

parasitically absorbed.   

Figure 5.10 additionally reveals, in the inset, that there is no peak in parasitic 

absorption in the region of QE enhancement for the cell with Ag NPs above the a-Ge:H 

absorber. As discussed previously and shown in Figure 5.7 (b), this increased absorption 

is either away from the NP or directly below the NP, where the semiconducting layers are 

buffered from the Ag of the NP by the SiO2 encapsulation.  Thus, the Ag NP encapsulation 

in SiO2 is a vital aspect of the cell design and one of the main reasons for the large 

plasmonic enhancements seen in Figure 5.2 (a). 

Furthermore, upon comparison of wavelengths of the observed plasmonic effects, 

namely 𝑃2 in Figure 5.2 (b) and 𝑃4 in Figure 5.8 (b2), the plasmonic resonance shifts from 

~800 to 900 nm when NPs are moved from above to below the a-Ge:H absorbing layer. 

Mie scattering theory indicates that a general red-shift in the LSPR occurs when the 

plasmonic NP is surrounded with a higher index material. As explicitly seen in Figure 3.5 

(c) and (d), NPs below the a-Ge:H are mostly enclosed by the higher-index a-Ge:H film 

while NPs above the a-Ge:H are mostly surrounded by the lower-index μc-Si:H film.  Thus, 

the observed wavelength shift is expected. 
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Figure 5.10 Top is an example plot showing the measured QE and 1-R (total absorption) of a 

flat optical cavity solar cell. ImageJ image processing software was used to determine the area 

between the two curves (parasitic absorption) as a function of wavelength. The resulting 

calculated parasitic absorption for all NP cells is shown on the bottom. 
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6. Conclusion 
 

6.1. Summary 

 

Metallic nanostructures can be used to confine light within photovoltaic absorber 

layers to enhance absorption and increase electricity generation. Although metallic 

nanostructures can incorporate many light-trapping mechanisms, plasmonic NPs are of 

great interest due to their high scattering cross section at the LSPR and ability to localize 

electron-hole pair generation. Many attempts at employing plasmonic NPs in inorganic 

thin-film PV exist in the scientific literature, however there has been little success in 

demonstrating significant plasmonic enhancements. 

In this work, a literature review was conducted to identify the main obstacles of 

demonstrating plasmonic enhancements in thin-film inorganic solar cells. The identified 

obstacles were then used to guide the design and fabrication of novel PV devices. The 

fabricated devices consisted of plasmonic NP arrays embedded directly adjacent to the 

absorbing layer in ultra-thin optical cavity solar cells. Amorphous germanium was used as 

the main absorber due to its high absorption coefficient and plasmonic NPs were 

encapsulated in insulating material to minimize carrier recombination near the NP.  

The ultra-thin-film solar cells fabricated directly compared the role of SiO2 and Ag 

NP arrays above and below the a-Ge:H absorbing layer. In all cells fabricated, the NP 

arrays achieved light-trapping via diffractive incoupling. Some of the diffracted light 

coupled into horizontally propagating waveguide modes of the solar cell absorbing layers, 

which showed up as a distinct feature in the QE spectra. Furthermore, it was found that the 

conformal growth of the cell layers above the NPs were the main scattering centers causing 
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the diffractive incoupling as opposed to the NPs themselves. For NPs above the a-Ge:H 

absorber, the metallic (Ag) NPs showed additional features in the QE spectrum that were 

attributed to plasmonic light-confinement effects. These plasmonic mechanisms enhanced 

Jsc by 33% relative to the identical cell with SiO2 NPs, thus satisfying objective 1 of this 

work. To our best knowledge, this result is currently the largest unambiguous plasmonic 

enhancement demonstrated in nanostructured thin-film inorganic solar cells. In addition, 

to our best knowledge, this is the only demonstration of performance enhancements from 

plasmonic NPs embedded within the intrinsic absorbing layers. Furthermore, objective 2 

was satisfied through the identification of light-trapping by a combinations of optical cavity 

resonances, waveguide mode excitation, and plasmonic effects in these cells.  

The measured QE spectra revealed that highest performance enhancements were 

obtained from placing plasmonic NPs above the a-Ge:H absorber while the simulated QE 

spectra showed that highest performance enhancements were obtained from placing 

plasmonic NPs below the a-Ge:H absorber. This disagreement arises from the simulation 

assumption that all photo-generated carriers are extracted from the device. Experiments 

showed that NPs placed below the a-Ge:H resulted in significantly higher parasitic 

absorption compared to NPs placed above the a-Ge:H. Evidence suggested that this 

parasitic absorption originated from electron-hole pair recombination around the 

plasmonic NPs due to direct contact between the Ag plasmonic material and the intrinsic 

silicon layers. Although the area of the interface between the Ag and the intrinsic silicon 

layers was limited by the SiO2 buffer layers below and above the plasmonic NPs, there are 

methods to potentially achieve more complete Ag NP encapsulation. For example, the 

evaporation of SiO2 buffer layers during the NP fabrication process can be done with the 
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substrate tilted on an angle on a rotating stage as opposed to only in the normal direction 

to the substrate. This could more effectively encapsulate the sides of the NPs to further 

reduce the interface area between the Ag and the semiconducting layers and thus further 

reduce electron-hole pair recombination around the NP.  

6.2. Future Research Directions 

 

The novel results demonstrated in this work function primarily for their 

implications for light-trapping in next generation two-dimensional TMDC solar cells. Our 

solar cell design, which effectively localizes charge carrier generation by plasmonic NPs, 

can be directly translated to these new solar cell concepts.  Furthermore, the in-depth results 

analysis presented in Chapter 5 can be used as a guideline to identify light-trapping 

mechanisms in pre-existing solar cell technologies.  

Another future direction for this research is the electron microscope project as 

discussed in Chapter 2. In particular, the cells fabricated in this work will be used for the 

development of a holder for the in situ electrical bias and optical excitation of 

optoelectronic specimens in electron microscopes. These cells will play a crucial roll in the 

validation of the holder as they demonstrate interesting optical properties in the form of the 

various light-trapping mechanism, they include many different materials to study the 

electrical properties of various interfaces, and the NP arrays themselves induce unique 

structural and geometric characteristics of the cell layers. This holder will eventually be a 

commercial product to support and further accelerate ground-breaking research in the field 

of alternative solar cell technologies.  
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Appendix 1 
 

Starting with definition of the atomic dipole moment (𝑝 ), 

                                                                    𝑝 = 𝛼�⃗�  𝑒𝑥𝑡                                                               (𝐴. 1) 

where 𝛼 is the atomic polarizability and �⃗�  𝑒𝑥𝑡 is the external electric field causing the 

polarization. When considering an object in an external electric field, the individual atomic 

dipoles will align and generate an effective polarization (�⃗� = dipole moment per unit 

volume) of the form 

                                                                  �⃗� = 𝑁𝛼�⃗�  𝑒𝑥𝑡                                                             (𝐴. 2) 

where 𝑁 is the number of dipoles per unit volume. This polarization will generate its own 

electric field around the polarized object (�⃗� 𝑃) and thus the total electric field surrounding 

the object will be    �⃗�  𝑡𝑜𝑡 = �⃗�  𝑒𝑥𝑡 + �⃗�  𝑃. The polarization in Equation (A.2) can be related 

to the total electric field using a proportionality constant known as the electric 

susceptibility, 𝜒𝑒, by 

                                                           �⃗� = 𝜀0𝜒𝑒(�⃗�  𝑒𝑥𝑡 + �⃗�  𝑃)                                                 (𝐴. 3) 

Using a quasi-static approximation of a spherical NP under illumination with visible light, 

the polarized NP will generate an electric field of the form 

                                                                 �⃗�  𝑃 = 
1

3 𝜀0
�⃗�                                                                (𝐴. 4) 

Combining Equations (A.2-A.4) along with the relationship between the electric 

susceptibility and permittivity, namely 𝜀 =  𝜀0(1 + 𝜒𝑒), gives an expression for the 

polarizability of a spherical NP of the form 



 

 

83 

                                                   𝛼 = 3 𝑉𝑁𝑃 𝜀0 (

𝜀𝑁𝑃
𝜀𝑚

⁄ − 1
𝜀𝑁𝑃

𝜀𝑚
⁄ + 2

)                                                (𝐴. 5) 

 

which is equivalent to Equation (1.5) in the text. 

 

 

 




