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Abstract 

Despite offering advantages such as physical flexibility and cost-effectiveness, thin-film 

optoelectronic devices are held back by their lackluster efficiency in competition with their 

traditional counterparts. Since one major factor in low performance of these devices is known to 

be their deficiency in light absorption or extraction which is the result of their thin-film materials’ 

properties, seeking for better light management is an intuitive approach to boost their 

performance. This thesis is focused on leveraging nanotechnology to develop simple and low-cost 

solutions for addressing light management deficiencies in thin-film photovoltaic devices and light 

emitting diodes using hierarchical nanostructures by taking advantage of theory, simulation and 

experimental design, fabrication and characterization. 

First, the application of nanostructured indium-doped tin oxide (ITO) electrodes as diffraction 

gratings for light absorption enhancement in thin-film solar cells is studied using finite-difference 

time-domain (FDTD) simulation. Resonant coupling of the incident diffracted light with 

supported waveguide modes in light absorbing layer is shown to provide superior light trapping 

for nanostructured devices as compared to a planar structure. Among various technologically 

feasible nanostructures, a two-dimensional nano-branch array is demonstrated as the most 

promising structure and proven to be able to maintain its performance despite structural 

imperfections common in fabrication. 

Additionally, a stretchable hexagonal diffraction grating, which has the potential to act as an 

optical diffuser, is proposed. Leveraging the simplicity of self-assembly, the photon manipulation 

capability of polystyrene nanospheres, and elastomeric properties of polydimethylsiloxane 

(PDMS), the proposed device is capable of in-situ tuning of both diffraction efficiency and spectral 

range and displays highly efficient and broadband light diffusion independent of incident light 

polarization and angle of incidence which enables integration of cheap and widely used materials 

with simple cost-effective fabrication for light management in optoelectronic devices.  
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Furthermore, I will leverage a modeling approach for optoelectronic engineering of colloidal 

quantum-dot (CQD) thin-film solar cells. The presence of a strong efficiency loss mechanism, 

called the “efficiency black hole”, that can hold back the improvements achieved by any efficiency 

enhancement strategy is demonstrated. The results suggest that for CQD solar cells to come out 

of the mentioned black hole, incorporation of an effective light trapping strategy and a high quality 

CQD film at the same time is an essential necessity. Using the developed optoelectronic model, 

the requirements for this incorporation approach and the expected efficiencies after its 

implementation are predicted as a roadmap for solar cell community. 

Ultimately, a novel volumetric optical diffuser based on cellulose nano-crystals (CNCs) embedded 

in PDMS is reported. By offering a very simple and low-cost fabrication process as well as 

compatibility with large-scale production using an earth-abundant material, the proposed optical 

diffuser is an ideal choice for integration into optoelectronic devices due to the lack of requirement 

for an index-matching layer. It is demonstrated that CNCs can provide broadband and highly 

efficient light diffusion at very low concentrations while maintaining a high degree of 

transparency. Finally, light management capabilities of CNP hybrid optical diffusers are leveraged 

to show their potential for light absorption enhancement in thin-film solar cells and light 

extraction improvement in thin-film LEDs. 
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1 

Introduction 

1.1. Thin-film optoelectronic devices 

Optoelectronic devices have become an indisputable part of modern life when it comes to 

applications such as lighting, sensing, and energy harvesting. Generally, optoelectronic devices 

can be divided into two comprehensive categories based on their way of interaction with light. The 

first category involves light harvesting devices including photovoltaic devices (solar cells) and 

photodetectors which take advantage of the photoelectric effect [1] as an optical-to-electrical 

transducer for energy production or sensing applications. Both photovoltaic and photodetector 

devices operate based on the emission of charge carriers when illuminated with light with the only 

difference being that photodetectors require a bias or input power for operation while 

photovoltaic devices do not need a bias to generate electricity. The second category, which can be 

considered as an electrical-to-optical transducer, is called light emitting devices and comprises 

semiconductor lasers and light emitting diodes (LEDs), leveraging stimulated emission [2] and 

radiative recombination [3] to emit light as a source, respectively. In the case of LEDs, a 

semiconductor junction is forward biased leading to photon emission from charge carriers 
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recombination inside the junction. On the other hand, the high intensity narrow band beam of 

photons from laser diodes is generated by phase-matched emission from the semiconductor 

junction due to multiple back and forth reflections of previously emitted photons which enables 

amplified radiative recombination inside the junction. 

While traditional optoelectronic devices have been imposing their dominance on the market for a 

few decades, the motivation to drive down the production cost and boost the market penetration 

of optoelectronic devices has led to the formation of an emerging technology referred to as thin-

film optoelectronics [4]-[7]. Thin-film optoelectronic devices are considered as a more modern 

sub-division of optoelectronic devices in which the active layer in charge of light absorption or 

emission is composed of one or more films of usually semiconductor materials which are very thin 

in thickness (in the order of a few hundreds of nanometers to a few micrometers). Furthermore, 

the whole device is normally made of a stack of thin layers of different materials. This has led to 

the application of new low-cost emerging materials in optoelectronics devices including but not 

limited to organic semiconductors [8]-[12], quantum dots [13]-[17] and perovskites [18]-[22]. In 

addition to lowering the ultimate fabrication price of optoelectronic devices due to less 

requirement for high quality semiconductor materials, thin-film technologies have enabled light 

emitting devices to be fabricated at larger chip sizes (in the order of several millimeters as opposed 

to several hundreds of microns for traditional devices) with better heat dissipation, thereby 

providing higher light output from a single chip thanks to the simple architecture provided by 

thin-film technology. More importantly, the possibility of using thin films of materials in the 

structure of these devices has provided compatibility with flexible substrates. Light harvesting 

devices have also benefitted from the cost reduction and physical flexibility potential of thin-films.  

1.1.1. Photovoltaic devices 
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A photovoltaic device, or a solar cell, is defined as a device capable of converting light into 

electricity. Such device is typically made of light absorbing semiconductors forming a p-n 

junction. The junction itself can be formed by one material with different doping levels (a 

homojunction) or the materials on the either side of the junction could be different (a 

heterojunction). As illustrated in figure 1-1, upon the formation of the junction, due to the 

establishment of a depletion region free of charge carriers at the junction’s interface, a built-in 

potential will be established, the amount of which is equal to the difference between fermi levels 

of the materials forming the junction. This built-in potential will in turn lead to formation of an 

electric field across the depletion region which contributes to separating photo-generated charges.  

In devices with high diffusion lengths such as silicon-based, Cadmium Telluride (CdTe) and 

compound semiconductor solar cells, most of the charge transport is done by diffusion inside 

regions without any built-in field (quasi-neutral regions), where as in the case of some other 

technologies (emerging thin-film solar cells, for example), drift driven transport due to the built-

in field significantly contributes to charge transport since materials used in these types of devices 

suffer from low diffusion lengths and high trap states density. 

 

Figure 1-1: The band diagram of a p-n junction and its charge distribution regions. Reprinted by permission 

from Macmillan Publishers Ltd: Nature [23], copyright (2012).      
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A solar cell cannot be made of a sole p-n junction. The most basic photovoltaic device requires at 

least three main components including a light absorbing layer, a charge separator and/or 

transporter, and electrical contacts. In some cases, a material might play the role for more than 

one of these components at the same time. For instance, a light absorbing layer, also called active 

layer, can also act as a charge transport component for electrons or holes or even both. Figure 1-

2 depicts the structure of a basic photovoltaic device. The light penetrates through the front 

contact and is absorbed by the active material. The junction is located inside the active area and 

photo-generated charge carriers are collected at the contacts. In most cases, the front contact is 

made of an optically transparent material to facilitate light absorption inside the active material. 

The back contact is often chosen from an optically reflective material which can recycle photons 

not absorbed by active material when they pass through the device for the first time. 

The amount of light absorbed by the device relies heavily on the bandgap of the light absorbing 

material. All the photons whose energy is lower than the bandgap will not be absorbed and in the 

case of photons with energy greater than the bandgap, although at first the generated exciton 

(electron-hole pair firmly bound together) possesses an energy equal to the energy of the absorbed 

photon, its energy quickly relaxes to the bandgap of the active material and the extra energy will 

be wasted. Therefore, a single-junction photovoltaic device cannot utilize all the energy available 

in the sun's broad spectrum.      
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Figure 1-2: The structure of a basic photovoltaic device. Reprinted by permission from Macmillan Publishers 

Ltd: Nature [23], copyright (2012).   

Upon the generation of an exciton, it must be separated into a free electron and a free hole by 

some mechanism. This is typically accomplished by the existence of band offsets at the junction’s 

interface, the presence of an electric field or thermionic emission. If this charge separation 

mechanism does not happen quick enough, charge recombination will greatly hurt the output 

current of the device. After separation, the carriers will be transported to their respective contacts 

through a combination of drift and diffusion transport mechanisms.  

The maximum current a device can deliver under solar illumination can be obtained when the p-

n junction is at zero-volt bias. This value, which relies on the number absorbed photons and the 

efficiency of charge extraction, is called short-circuit current and is usually reported in the form 

of short-circuit current density or current per device unit area (JSC) to eliminate the variations in 

device surface area. Upon the application of a bias to the device, majority carriers start to diffuse 

across the junction. As the bias voltage gets close to the built-in potential of the junction, this bias 

driven current (alongside the other recombination currents existent in the device layers) is 

balanced with the photo-generated current. As a result, no net current flow exists across the 

device. This condition is called the open-circuit condition and the voltage at which it happens is 

known as the open-circuit voltage (VOC). Any point between the open-circuit and the short-circuit 

conditions will lie on the J-V curve of the solar cell, as illustrated in figure 1-3. The point at which 

the device can deliver maximum possible output power is called the maximum power point (MPP) 

and is considered the optimal operating point for a solar cell. The corresponding current and 

voltage of this point are shown as JMPP and VMPP, respectively. 

One important performance metric for a solar cell is known as the fill factor (FF) and can be 

considered as a measure of proximity of the J-V curve to a curve from an ideal solar cell. The fill 

factor can be defined using the following equation: 
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𝐹𝐹 =
ಾುುಾುು

ೄೀ
                                                                 (1-1) 

 

Figure 1-3: Current-voltage characteristics of a typical solar cell. Reprinted by permission from Macmillan 

Publishers Ltd: Nature [23], copyright (2012). 

The ultimate figure of merit for a photovoltaic device is its power conversion efficiency (𝜂) which 

can depict the percentage of solar power input (Pin) that is successfully converted into electrical 

energy by the device and can be calculated using the following relation: 

𝜂 =
ಾುುಾುು


=

ிிೄೀ


                                                    (1-2) 

Another performance metric of a solar cell is an evaluation of the device’s internal resistance to 

the generated photocurrent and is called the series resistance (RS). This resistance usually arises 

from non-ideal contacts established to the p-n junction or transport barriers present for carriers 

and can roughly be estimated from the inverse of the slope of the J-V curve close to the open-

circuit point as illustrated in figure 1-3. Similarly, the shunt resistance (RSH) which is a measure 

of the device’s resistance to leakage current can be roughly calculated from the inverse of the slope 

around the short-circuit point. The mentioned leakage current, which may be due to the 

conducting channels formed between the n- and the p- side as a result of the film’s morphology 

imperfections, can annihilate the carriers before they get a chance to contribute to the output 
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power generation. Ultimately, for a best performing cell, it is desired to have the minimum series 

resistance and maximum shunt resistance possible.     

While the power conversion efficiency is the ultimate performance metric for a photovoltaic 

device, it does not provide detailed information about the regions of solar spectrum at which the 

device is performing well and how those regions contribute to the overall efficiency. For this 

purpose, another figure of merit known as external quantum efficiency (also called incident 

photon conversion efficiency or IPCE) is defined as the ratio of the number of extracted electrons 

to the number of incident photons at each wavelength described as a percentage:  

  𝐸𝑄𝐸(%) =
ೄ

/௩
× 100 =

ೄ 

 ఒ
× 100                                             (1-3) 

In summary, for the best performance, a photovoltaic device should optimally capture the 

incident light, convert the incident photons to free charge carriers and extract the generated 

carriers as useful electrical power. As will be discussed in the following sections, this thesis is 

focused on the first requirement to optimize light capturing performance of photovoltaic devices, 

specifically in colloidal quantum dot (CQD) solar cells. 

Colloidal quantum dots (CQDs) are semiconducting nanoparticles with diameters ranged at 

around a few nanometers. One main advantage of CQDs over other traditional semiconductors 

such as silicon is their facile fabrication through solution processing which eliminates the need 

for costly fabrication processes under high vacuum. The other significant advantage of CQDs is a 

phenomenon known as the quantum size effect [24].  As soon as a quantum dot size becomes 

lower than its Bohr exciton radius (the average distance between an electron-hole pair generated 

by photon absorption) the material undergoes a quantum confinement which means in contrast 

with a bulk material, its density of states is not continuous anymore. Thus, by changing the size 

of the nanoparticle, its electronic bandgap can be tuned. The smaller the quantum dot size is, the 

greater is the bandgap. Figure 1-4 shows the absorbance spectra for different sizes of PbS CQDs 
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resulting from different bandgap sizes. Because of the above-mentioned properties, CQDs have 

found their way to emerging optoelectronic devices including solar cells [25], [26], photodetectors 

[17], [27], and light emitting diodes [15], [28]. Because of their low-cost fabrication by solution 

processing which enables commercialization through roll-to-roll fabrication and the compatibility 

with flexible photovoltaic technologies, CQD materials have attracted great attention for solar cell 

application. 

 

Figure 1-4: Absorbance spectra of PbS colloidal quantum dots for different diameter sizes from 3 to 10 nm. 

Reprinted with permission from [29]. Copyright (2011) American Chemical Society. 

1.1.2. Light emitting diodes  

Figure 1-5 illustrates the schematic of the basic structure of a thin-film light emitting diode. The 

device is usually fabricated on a transparent substrate such as glass which is coated with a 

transparent anode layer (normally made of indium-doped tin oxide) which supplies positive 

charge carriers (holes) to the device. On the other side of the device, a usually metallic cathode 

electrode is in charge of providing negative charge carriers (electrons). As shown in the figure, the 

structure also includes an electron transport layer and a hole transport layer which as their names 

suggest are responsible for transporting charges from the electrodes on the either sides of the 

device to the emissive layer. The emissive layer is made of materials capable of photon emission 



9 
 

upon charge injection which includes organic polymers, semiconductor quantum dots, 

perovskites and so on. The presented figure illustrates a monolayer of quantum dots (QDs) as the 

forming material of the emissive layer. After photon emission, the emitted light with get extracted 

from the transparent anode side of the device. 

 

Figure 1-5: A typical thin-film LED structure with a monolayer of quantum dots as the emissive layer. Reprinted 

by permission from Macmillan Publishers Ltd: Nature photonics [15], copyright (2013). 

The working principle of a typical thin-film LED with a monolayer of quantum dots as the 

emissive layer is depicted in figure 1-6. As is illustrated in the figure, the electrons provided by the 

cathode electrode will be transferred to the emissive layer (here made of QDs) through the 

electron transport layer (ETL) and the holes supplied by the anode electrode will be transported 

to the emissive layer through the hole transport layer (HTL). In order for the photon emission to 

happen, an electron-hole pair should be recombined inside the emissive layer through a radiative 

recombination process. The energy band alignments for all layers should be designed such that 

the electrons could be easily transferred from the cathode to the emissive layer and the holes could 

be simply transported from the anode to the emissive layer. In addition, the conduction band 

energy level for the hole transport layer and valence band energy level for the electron transport 

layer would be such that both the electrons and holes will be most likely trapped inside the 

emissive layer after reaching it thereby increasing the chance of electron-hole recombination. 
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Figure 1-6: Working principle of a typical thin-film LED with a monolayer of quantum dots as the emissive layer. 

Reprinted by permission from Macmillan Publishers Ltd: Nature photonics [15], copyright (2013). 

The most important figure of merit for measurement of the performance of a light emitting diode 

is its external quantum efficiency (EQE) which is defined in the exact opposite of way its definition 

for a photovoltaic device. For a light emitting diode. the external quantum efficiency is defined as 

the ratio of the total number of photons emitted by the device into the viewing direction to the 

total number of electrons injected into the device. Similarly, the internal quantum efficiency (IQE) 

of the device is defined as the ratio of the total number of photons emitted by the emissive layer 

to the total number of electrons injected into the device. The EQE of a light emitting diode is 

related to its IQE through the following equation: 

𝜂௫௧ = 𝜂௧𝜂௨                                                   (1-4) 

Where 𝜂௫௧ is the external quantum efficiency, 𝜂௧ depicts the internal quantum efficiency and 

𝜂௨ represents the light coupling efficiency of the device which is defined as the ratio of the 

total number of photons emitted by the device in forward direction to the total number of photons 

emitted by the emissive layer.  
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The internal quantum efficiency of thin-film LED devices is mainly affected by the non-radiative 

electron-hole recombination loss which is not highly likely to happen for most of the emissive 

layer materials. In fact, a variety of thin-film LED devices have been able to achieve IQE values of 

close to 100% [30]. However, the measured external quantum efficiency from all the thin-film 

LED devices remains very low which denotes that light coupling efficiency of thin-film LED 

devices is the major bottleneck for their external quantum efficiency values. It has been argued 

that by assuming an isotropic emission from the emissive material and a perfectly reflective 

cathode electrode, the light coupling efficiency of a thin-film LED device can be estimated using 

the following relation [31]: 

𝜂௨ =
ଵ

కమ                                                                   (1-5) 

Where n is the refractive index of the emissive material and  is a constant that is dependent on 

the emissive molecules alignment and the geometry of the device. Given the high refractive index 

values of the emissive materials in most thin-film LEDs (about 2~3), the light coupling efficiency 

of the thin-film LEDs could be very low.  

Based on the definition of external quantum efficiency for LED devices, one can measure the value 

of EQE for a device using the following equation [31]: 

𝜂௫௧ =
 ∫ ఒூ(ఒ)ௗఒ

ூಽಶವ ∫ ோ(ఒ)ௗఒ
                                                              (1-6) 

Where q is the charge of an electron,  depicts the wavelength of light at which the measurement 

is being done, Idet represents the photocurrent from the photo-detector used for measurement, h 

describes the Planck’s constant, c is the speed of light, ILED depicts the current drawn by the LED 

device and R represents the responsivity of the photodetector.  
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A secondary criterion for evaluating the performance of LED devices is known as the power 

efficiency which is defined as the ratio of the power of light output from the device to the electrical 

power consumed by the device. The power efficiency of an LED device can be determined using 

the following equation:  

𝜂௪ =
ಽಶವ

ூಽಶವ
                                                                      (1-7) 

Where PLED is the measured output power by a power detector, ILED depicts the current drawn by 

the device and V represents the bias voltage.     

1.2. The need for light management in thin-film optoelectronic 

devices 

Despite their massive success in realization of cost-effective and flexible optoelectronic devices 

fabrication, thin-film optoelectronics have not been exploited to their full potential in the market 

so far. The main reason behind their lackluster existence in the market is believed to be their lower 

efficiencies when compared to their traditional counterparts. Although a variety of factors such as 

low quality of emerging thin-film materials for charge carrier transport and extraction have been 

identified as the reasons behind their unimpressive performance, a major bottleneck for the 

efficiency of thin-film optoelectronic devices is considered to be their deficiency in light 

absorption or extraction, especially in the case of thin-film photovoltaic devices and LEDs.  

In the case of thin-film solar cells, non-silicon based materials have been of great interest for 

research in recent years, mainly due to the desire to lower the production cost of solar energy and 

to make it economically competitive with other energy resources. Extensive efforts for this 

objective included research and development of organic [32], dye-sensitized [33], perovskite [34] 

and colloidal quantum dot solar cells [24]. Recent progress in development of thin-film solar cells 
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has demonstrated that this type of solar cells can be considered as a promising candidate for 

photovoltaic application. 

Despite all the efforts put into the development of thin-film solar cells, the best power conversion 

efficiencies obtained are still way inferior to that of traditional silicon solar cells. The main reason 

behind this limitation in efficiency is the existence of a big mismatch between photo-generated 

carriers diffusion length and light absorption depth for light absorbing layer in this type of solar 

cells. The direct consequence of this mismatch, as shown in figure 1-7, would be that choosing a 

large thickness for the active layer (figure 1-7-a) will contribute to absorption of all the incident 

light to a great extent but at the same time will prevent the photo-generated charges to be 

extracted efficiently due to their limited diffusion length. On the contrary, a thin active layer would 

allow efficient charge extraction towards the electrodes (figure 1-7-b) while not being able to 

absorb all the available light because of its limited thickness. For instance, in the case of quantum 

dot solar cells, the best solar cells reported so far still have low carrier mobility (~10-4-10-3 

cm2/V.s) in quantum dot layer [35]. This imposes a limit of 200-300 nm for the thickness of active 

layer in quantum dot solar cells for optimum carrier collection efficiency which is far away from 

the optimum thickness for complete light absorption and leaves many of the incident photons 

uncollected. 
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Figure 1-7: Light absorption/charge extraction trade-off in thin-film photovoltaic devices. (a) The large thickness for 

the active layer (red) will contribute to absorption of all the incident light to a great extent but at the same time will 

prevent the photo-generated charges to be extracted efficiently due to their limited diffusion length. (b) A thin active 

layer would allow efficient charge extraction towards the electrodes (green and yellow) while not being able to absorb 

all the available light because of its limited thickness. 

One way to overcome the above-mentioned limitation is to increase the chance of light absorption 

inside the active layer by increasing the optical path length of incident light inside solar cell 

without increasing the thickness of the light absorbing layer. This concept, as illustrated in figure 

1-8, is usually referred to as light trapping or light management technique for photovoltaic devices 

[36] and is possible through manipulation of the structure of the device by exploiting engineered 

materials and structures.  

 

Figure 1-8: Light management in thin-film photovoltaic devices through light path length increment inside the active 

layer (red) by (a) back reflector (b) textured back reflector (c) textured front electrode 

As for thin-film LEDs, the problem of light management applies in the exact opposite way. The 

basic structure of a thin-film LED is composed of a glass substrate coated with a transparent 

conductive oxide and a light emitting layer which is sandwiched between two charge transport 

layers topped by a usually metallic back electrode. As is illustrated in figure 1-9 for an organic LED 

(OLED) as an example, due to the contrast in refractive indices for different layers that form the 
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device, total internal reflection can easily occur which in turn will lead to light trapping or 

undesirable emission from the edge and can cause difficulties in extracting the emitted light from 

the device’s front side [30]. Each layer can have its own contribution to the light trapping and only 

the portion of light that is emitted within a certain angle with the normal to the device’s surface 

at each interface can escape towards the front of the device. The higher the refractive index 

contrast between two layers, the smaller the amount of the escape angle will be.  

The problem is even more intense in the case of quantum dot and perovskite based LEDs due to 

the high refractive index (~2-3) of their light emitting material [15], [19].  The remedy for light 

trapping problem in thin-film LEDs is of course light management through which the escape angle 

for light extraction can be extended and higher portion of light can be guided toward the front of 

the device. Just like thin-film photovoltaic devices, light management in thin-film LEDs is feasible 

by modifications in the structure of the device using specifically engineered materials and 

structures which will be briefly discussed in the following section. 

 

Figure 1-9: Schematic of the structure of a thin-film organic LED (OLED) and light propagation inside its layers after 

emission. A high portion of the emitted light will be trapped into different guided modes supported by various layers 

of the device. Reprinted from [30], Copyright (2009), with permission from Elsevier. 
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The problem of inefficient light absorption/extraction (or light management in general) is of less 

concern for thin-film photodetectors and lasers mainly due to the fact that the reverse bias applied 

to photodetectors enables efficient extraction of charge carriers generated by light absorption 

thereby providing the possibility for the thickness of light absorbing material to be optimized for 

maximum light absorption. As for thin-film lasers, due to their well-controlled light propagation 

which is an essential necessity for stimulated emission, further light management will not be the 

most effective way to improve the efficiency. As such, the efforts in this thesis have been focused 

on solutions for light management in photovoltaic devices and LEDs. 

1.3. Light management strategies in thin-film optoelectronic 

devices 

1.3.1. Photovoltaic devices 

To be able to take the best strategy for light management in photovoltaic devices, one must truly 

understand the optical modes supported by these devices. A solar cell can support a variety of 

optical modes that can be utilized for enhancing light absorption inside the cell’s active material. 

Figure 1-10-a illustrates the schematic of a sample thin-film solar cell structure with built-in light 

trapping nanostructures. Four of the most commonly occurring optical modes supported by a 

nanostructured solar cell are labeled as 1-4 in this figure. Resonant coupling of the incident 

sunlight with one or a multitude of these modes is believed to be responsible for light absorption 

enhancement in the light absorbing layer of the cell (semiconductor) [36] and is usually called 

resonance. Due to the different ways that these resonant modes manipulate the light propagation, 

each will cause different field distributions inside the cell’s structure which can help in 

identification of these modes. These field distributions are shown in figures 1-10-b through 1-10-

e. 
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The first mode is known as Mie resonance, which describes the scattering of electromagnetic 

waves by wavelength-scale spherical particles. The waves get scattered due to the electric charges 

in the particle being oscillated by the electric field of the incident wave. Accelerated charges 

radiate electromagnetic energy in all directions. This charge excitation and redirection of the 

energy constitutes scattering. In addition, the excited charges may absorb part of the energy and 

transform it into other forms. As is clear from the field distributions of this mode (figure 1-10-b), 

concentration of light inside the spherical particles denotes the existence of Mie resonance. The 

second mode, which its resulting field distribution is illustrated in figure 1-10-c, is known as 

Fabry-Perot resonance. This mode stems from the standing waves forming by confinement of light 

between the reflecting top surface of the semiconductor film and the metallic back-reflector. 

Periodic changes in field intensity between the semiconductor’s top surface and the back-reflector 

caused by constructive and destructive interferences are a clear sign of the existence of this mode 

of resonance. 

The third mode is referred to as guided mode resonance and it is supported when a periodic 

structure on top of the light absorbing film acts as a diffraction grating and can induce phase-

matched coupling of normally incident plane wave into a waveguide mode supported by the film. 

Periodic field intensity variations obvious in figure 1-10-d denote the occurrence of this type of 

resonance. The last type of supported optical mode by a solar cell is called the diffracted mode. 

Such mode can be excited when the incident light is redirected into the plane of the light-trapping 

nanostructure where, as shown in figure 1-10-e, most of the field is concentrated. This mode 

usually can extend into the underlying semiconductor layer where useful absorption can occur. 

Optimal broadband absorption enhancement can be reached by exciting as many of the above-

mentioned modes in each frequency.     
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Figure 1-10: Absorption enhancement caused by the excitation of supported optical modes in a thin-film solar cell. (a) 

Schematic of a model cell structure with definition of supported optical modes (1) Mie (2) Fabry-Perot (3) guided (4) 

lateral (b-e) Electric field intensity distribution inside the cell for different supported optical modes (b) Mie (c) Fabry-

Perot (d) guided (e) lateral. Reprinted by permission from Macmillan Publishers Ltd: Nature materials 

[36], copyright (2014). 

 

Figure 1-11: Light management architectures used in thin-film solar cells by accommodating nanostructures at front 

(a), middle (b), or back (c) of the device. Reprinted by permission from Macmillan Publishers Ltd: Nature 

materials [37], copyright (2010). 
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Nanostructures designed for light management in solar cells can be categorized into three 

different types in terms of the location inside the cell’s structure at which they are accommodated. 

As is illustrated in figure 1-11, nanostructures can be placed in front of, inside of, or back surface 

of the solar cells. When the nanostructures are located on the front face (figure 1-11-a), they can 

increase the effective path-way of light inside the light absorbing layer by coupling the incident 

light into the semiconductor layer and also they can reduce the reflection from the front surface. 

If the nanostructures are inside the cell’s light absorbing layer (figure 1-11-b), or in other words, 

the light absorbing layer is nanostructured, both electronic and optical properties of the cell can 

benefit from it. This is because these nanostructures can be designed such that both light 

absorption and charge extraction of this layer are improved. This enables the usage of cost-

effective materials with shorter carrier diffusion lengths inside the cell’s structure.  Finally, in case 

the nanostructures are implemented at the back surface of the cell (figure 1-11-c), they are usually 

designed such that the performance of the back reflector is increased by redistributing light into 

guided or diffracted modes without any parasitic absorption of commonly used metallic back 

reflectors. 
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Figure 1-12: Demonstration of the leaky optical modes supported by basic high refractive index nanostructures: (a-

c) Basic arrays of nanostructures suitable for light management in thin-film photovoltaic devices (a) zero-

dimensional nanoparticle (b) one-dimensional horizontal nanowire (c) one-dimensional vertical nanowire. Under 

suitable conditions, all these structures can cause light scattering inside the layer underneath. (d) Lowest order 

transverse magnetic optical modes (m=0,1,2,3 from left to right) supported by a one-dimensional nanowire with 

circular cross-section. (e) Electric-field distribution for first order (m=1) transverse magnetic optical mode supported 

by nanowires with different cross-sectional shapes. (f) E-field distribution of fundamental optical mode supported by 

a sub-wavelength (45 nm radius) for a 547 nm illumination wavelength. Reprinted by permission from 

Macmillan Publishers Ltd: Nature materials [36], copyright (2014).            

For the purpose of light manipulation at nanoscale, dielectric or semiconductor nanostructures 

with high values of refractive index provide a better opportunity [36]. This is because their high 

refractive index can lead to stronger interaction with incident light. When having a specific size 

and shape, they can support the above-mentioned optical modes which can further boost their 

light management capability. Excitation of these modes can directly enhance light absorption in 

a solar cell if the nanostructure is an integral part of the cell’s active layer. If not, they can 

indirectly improve the light absorption by excitation of another mode inside the active layer.  

Figure 1-12-a-c show the basic types of nanostructures that are suitable for light management in 

thin-film solar cells. These include nanostructures that zero-dimensional like a nanoparticle 

(figure 1-12-a) or one-dimensional similar to a nanowire (figure 1-12-b,c). Assuming that the 

structures are illuminated from the top, in the case of nanoparticles and horizontally oriented 

nanowires, localized optical resonances can be excited inside the structure itself. As for vertically 

oriented nanowires, light can couple into the supported waveguide modes from the top. Naturally, 

these structures can confine light in its propagation direction (normal to the device’s surface) and 

also one lateral direction.  

As an example, in the case of one-dimensional nanostructures, assuming a top side illumination, 

the potentially supported resonances can be purely transverse electric (electric field perpendicular 

to the axis of one-dimensional structure) or transverse magnetic (electric field parallel to the axis) 

[36]. Each mode can be assigned an integer number (m) which describes the azimuthal phase 
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dependence (eim) of the fields. For instance, figure 1-12-d shows the field distribution for lowest 

order transverse magnetic optical resonances supported by nanowires with circular cross-

sections. Light trapping in this case is possible due to multiple total internal reflections happening 

at the periphery of the structure. This particular optical mode is called a whispering gallery mode. 

So, in this case, the resonance occurs when an integer (m) of number of wavelengths can be fit 

around the circumference of the wire.     

The aforementioned resonances are a general feature of high refractive index structures and thus 

their observation is not confined to structures with perfectly circular cross-sections or spherical 

shapes. As is illustrated in figure 1-12-e, such resonances can be excited in structures with 

different shapes in cross-section. Even for sub-wavelength structures with dimensions smaller 

than the incident light’s wavelength, as demonstrated in figure 1-12-f, there are fundamental 

modes that can be excited. Generally, the mentioned modes can be supported by any 

semiconductor material and transparent oxide with medium to high refractive index. It is even 

possible to exploit nanoscale cavities in a high refractive index structure for light trapping 

purposes in photovoltaic devices. The generality of the conditions under which these optical 

modes can be excited gives a great deal of freedom to the community in terms of the material of 

choice, shape, size and fabrication methods used for realization of light management in thin-film 

photovoltaic devices, providing a highly flexible platform for light trapping.            

Although they are applicable to almost all the available thin-film solar cell technologies, all the 

light management efforts pursued in this thesis for photovoltaic devices are focused on colloidal 

quantum dot (CQD) solar cells which will be discussed in detail in the following sections. As such, 

a brief review of light management techniques explored recently for CQD solar cells will be 

presented in the following.  
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CQDs have strong absorption in visible wavelengths of light due to their high absorption 

coefficients in this region. However, when it comes to infrared wavelengths near their bandgap 

energy, the aforementioned absorption-extraction trade-off comes into play since the absorption 

lengths exceed the charge transport lengths inside CQD films. Light management by increasing 

the optical path lengths in the CQD film through nanostructures is considered one approach to 

overcome this trade-off.  

Most of the light management techniques adopted for CQD solar cells rely on increasing the 

number of effective passes that a photon takes through the light absorbing material. The 

conventional planar CQD cell is referred to as a double-pass design, which means when a photon 

enters the cell, it passes through the CQD film, gets reflected at the back contact and passes 

through the CQD film once again before leaving the cell. As is illustrated in figure 1-13-a, it has 

been shown that by tilting the cell and using a folded light path design, the double-pass structure 

can be transformed into a multi-pass design [38].  

Another approach taken for light absorption enhancement in CQD cells involves nanostructures 

of pyramid-shaped in the bottom electrode [39]. This technique is demonstrated in figure 1-13-b. 

The pyramids are shown to increase the external quantum efficiency of the device at absorption-

limited wavelengths near the absorber band edge. Again, this is possible because of the increase 

light path length inside the absorbing film. 

Taking advantage of fabrication methods such as nanoimprint lithography [40] and nanosphere 

lithography [41] to fabricate periodic photonic structures which can induce absorption 

enhancement through light localization and waveguiding has also been demonstrated to be an 

effective light management method for CQD solar cells. As depicted in figure 1-13-c, nanoimprint 

lithography-fabricated ZnO trenches have been proved to be able to manipulate light path inside 

the CQD layer [40]. In addition, periodic nanostructuring of the CQD layer itself, as illustrated in 
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figure 1-13-d, has been successfully attempted and shown to enhance broadband absorption 

compared to a planar device without compromising charge extraction efficiency of the device since 

the CQD film thickness has not been changed in this new design. 

 

Figure 1-13: Light management techniques recently developed for CQD solar cells. (a) folded light pass design. 

Reprinted from [38] under creative commons license. (b) pyramid-shaped bottom electrode. Reprinted 

with permission from [39]. Copyright (2015) American Chemical Society. (c) ZnO nanostructures using 

nanoimprint lithography. Reprinted with permission from [40]. Copyright (2013) American Chemical 

Society. (d) nanostructuring of the CQD layer using nanosphere lithography. Reprinted from [41] under 

creative commons license. 

1.3.2. Light emitting devices 

As was mentioned previously, the undesirable light trapping happens at almost every layer inside 

the LED’s structure and thus light management strategies for light extraction enhancement in 

LEDs can be applicable to any of the layers forming the device. Here, we briefly review the most 

common light management techniques used in thin-film LED devices. 
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One of the most convenient and effective methods for light management in thin-film LEDs is 

substrate modification. The most basic way of substrate modification is the use of surface 

roughness on the outer side of the substrate [42], [43], as shown in figure 1-14-a. The rough 

surface can contribute to the extraction of waveguided modes at the substrate/air interface by 

locally manipulating the critical angle for total internal reflection at the surface. The waveguided 

at the other interfaces of the devices however will remain unaffected. Another popular technique 

for substrate modification is the use of backside patterned substrates in device fabrication [44], 

[45]. The shape of the pattern can be designed such that the escape cone from the substrate will 

be enlarged making it easier for light to couple out of the substrate. This concept for a spherical 

substrate pattern is depicted in figure 1-14-b.  

A different light management strategy applicable to thin-film LEDs is the use of scattering 

medium for light extraction. In this method, material and structures capable light scattering can 

be designed in a way that they are able to locally manipulate the refractive index contrast at the 

interface between two layers in the device and thus promote light extraction. This strategy 

provides the advantages such as maintaining a constant color over all viewing angles, uniform 

light distribution and symmetric illumination. One low-cost way of creating a scattering medium 

for light extraction purpose is the use of texturing meshed surfaces as illustrated in figure 1-15-a 

[46]. 

As depicted in the figure, due to random changes in refractive index inside the medium created 

by the mesh network, light scattering can easily occur which can increase the chance of light 

extraction as a result of light propagation direction redistribution attributed to the scattering 

medium. This method is proven to be independent of the emitted light wavelength as a direct 

consequence of its random structure.  
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Figure 1-14: Extraction of waveguided modes in thin-film LEDs by using substrate modification techniques (a) Rough 

outer surface. Reprinted from [47], Copyright (2011), with permission from Elsevier. (b) backside 

patterning. Reprinted from [30], Copyright (2009), with permission from Elsevier. 

 

Figure 1-15: Extraction of waveguided modes in thin-film LEDs by using scattering media (a) Texturing meshed 

surface (b) Ordered periodic structure. Reprinted from [30], Copyright (2009), with permission from 

Elsevier. 

Another way of formation of a scattering medium is fabrication of an ordered periodic structure 

as depicted in figure 1-15-b. Depending on the way it is ordered, the periodic structure can form a 
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one or two dimensional diffraction lattice which can act as a strong scattering medium due to the 

periodic change in refractive index at its interface. A vast variety of materials and structures such 

as ordered micro-lens arrays [48], [49], diffraction gratings [50], [51], pyramid arrays [52], [53]               

and micro-sphere arrays [54] have been exploited to leverage the light management capabilities 

of a scattering medium, just to name a few.   

A rather newer strategy for light extraction enhancement in thin-film LEDs involves the 

incorporation of photonic crystals in the structure of the devices. Thanks to their multi-

dimensional periodic structure which enables them to form a photonic bandgap, photonic crystals 

are capable of control and manipulation of the propagation of light at different directions for 

different wavelengths [55]. Photonic crystals can contribute to light management in thin-film 

LEDs in two ways. When the period of the photonic crystal is equal to the wavelength of the 

supported guided mode, the trapped light propagating parallel to the interface of the layers will 

be coupled to the direction normal to the device’s surface (radiation mode) since the Bragg 

diffraction condition is satisfied [30]. This concept is illustrated in figure 1-16-a. Furthermore, the 

photonic bandgap formed in the direction parallel to the interface can prohibit lateral light 

propagation, forcing light to couple to outward radiation modes. Photonic crystals can be 

exploited for light outcoupling from various interfaces inside the structure of thin-film LEDs 

including but not limited to charge transport layer/transparent conductive oxide interface [56] 

and substrate/transparent conductive oxide interface [57]. One major drawback of photonic 

crystals for light management is their tendency to modify the far-field radiation pattern as a result 

of their periodic structure [30]. 

Excitation of free electrons at the surface between a dielectric and a metal (surface plasmon) can 

also be exploited to enhance light extraction in thin-film LEDs [58]. Normally, the coupling 

between light emitting materials and surface plasmon modes supported by the smooth and flat 

metallic cathode in thin-film LEDs can cause loss in efficiency due to the excitation of non-
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radiative surface plasmons which will decay away from the metal-dielectric interface as an 

evanescent wave. As is shown in figure 1-16-b, by careful engineering of the structure of the 

cathode, it is possible to convert non-radiative surface plasmons into radiative modes. This has 

been proven to be feasible by periodic structures with a period in the same order as the emitted 

light wavelength [59].  

 

Figure 1-16: Extraction of waveguided modes in thin-film LEDs by using (a) photonic crystals (b) surface plasmons 

Reprinted from [30], Copyright (2009), with permission from Elsevier. 

In addition, recent advances in nanofabrication processes including interference lithography, 

electron-beam lithography and nano-imprinting has enabled researchers in the field of thin-film 

LEDs to incorporate numerous nanomaterials and nanostructures into these devices for the 

purpose of light management [60]-[75]. Both periodic and aperiodic nanostructures have been 

taken advantage of to promote light extraction capabilities of thin-film LEDs. Periodic 

nanostructures have the potential to convert guided waves traveling inside high refractive index 

layer of the device into external leaky waves. Non-periodic nanostructures, on the other hand, can 

act as scattering sites for light outcoupling at the interfaces inside the device. Their main 
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advantage over periodic nanostructures is that the LED’s emission color and light intensity will 

remain independent of viewing angle and their extraction performance remains insensitive to the 

emission wavelength.  

     

Figure 1-17: Examples of the use of dielectric and metallic nanostructures for light management in thin-film LEDs. 

(a) ZnO nanopillar arrays on quantum dot LEDs Reprinted with permission from [74]. Copyright (2014), 

Wiley-VCH. (b) Nanostructured transparent metal-dielectric composites for flexible organic LEDs. Reprinted 

with permission from [73]. Copyright (2016) American Chemical Society. (c) Organic LEDs fabricated on 

corrugated sapphire substrates Reprinted with permission from [75]. Copyright (2015) American 

Chemical Society. (d) Gold nanocavities on organic LEDs for plasmonic based enhancement. Reprinted with 

permission from [62]. Copyright (2014), Wiley-VCH. (e) Micro-cone and micro-lens arrays for transparent 

organic LEDs. Reprinted with permission from [76]. Copyright (2013), Wiley-VCH.   

Metallic nanostructures are rarely used for light management in thin-film LEDs due to their 

parasitic absorption along the light propagation direction. However, it has been shown that 

metallic nanostructures have larger scattering cross-section than their dielectric counterparts 

thanks to their localized electromagnetic enhancement [77]. This alongside the potential for 

excitation of surface plasmons has still kept metallic nanostructures inside the circle of interest of 
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LED research community. Dielectric nanostructures, on the other hand, are more popular for light 

extraction efficiency enhancement due to their lack of absorption over a wide range of 

wavelengths and have been used in the form of nanorods, nanowires, nanotubes, nanoparticles, 

nanocavities and a variety of other structures. Some recent examples of metallic and dielectric 

nanostructures incorporated into the structure of thin-film LEDs are shown in figure 1-17. Due to 

the large extent of degree of freedom available on shape, material, periodicity, and location for 

light extracting nanostructures used in thin-film LEDs, this light management strategy has 

continued to grow in popularity among the LED research community.     

1.4. Thesis objective 

As was described in previous sections, thin-film optoelectronic devices are held back by their 

lackluster efficiency in competition with their traditional counterparts, despite offering significant 

advantages such as physical flexibility and cost-effectiveness. Since one major factor in low 

performance of these devices is known to be their deficiency in light absorption or extraction 

(especially in the case of thin-film solar cells and light emitting diodes), seeking for better light 

management seems to be an intuitive approach to boost thin-film optoelectronic devices 

performance. Although various materials and structures have been studied for the purpose of light 

management in thin-film optoelectronic devices for more than two decades, only a small number 

of the proposed solutions (such as micro-lenses for light extraction in LEDs) have deemed to be 

commercialized. This is mainly attributed to the high cost of materials used in the proposed 

solution or the complexity of the fabrication process which can drive up the ultimate cost of the 

fabricated devices. 

In this thesis, the main objective is to seek simple and low-cost solutions at nanoscale for light 

absorption and light extraction deficiencies in thin-film photovoltaic devices and light emitting 

diodes, respectively. This objective was aimed to be accomplished using easily fabricable 
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hierarchical nanostructures by taking advantage of theory, simulation and experimental design, 

fabrication and characterization. Preference was given to light management solutions that require 

minimal or no change in the structure of the devices so that they can be applicable to any 

previously fabricated device which can increase the potential for commercialization. In addition, 

physical flexibility of the designed light management solutions was considered an important 

criterion for design in order to make sure that the solution is compatible with modern flexible 

optoelectronic devices as well as traditional ones.      

1.5. Thesis outline 

Chapter 2 is dedicated to the study of resonance-induced absorption enhancement in colloidal 

quantum dot solar cells using nanostructured electrodes.  Colloidal quantum dot (CQD) solar cells 

have been under the spotlight in recent years mainly due to their potential for low-cost solution-

processed fabrication and efficient light harvesting through multiple exciton generation (MEG) 

and tunable absorption spectrum via the quantum size effect [24]. In this chapter, the application 

of nanostructured indium-doped tin oxide (ITO) electrodes as diffraction gratings for light 

absorption enhancement in colloidal quantum dot solar cells is numerically investigated using 

finite-difference time-domain (FDTD) simulation. Resonant coupling of the incident diffracted 

light with supported waveguide modes in light absorbing layer at particular wavelengths predicted 

by grating far-field projection analysis is shown to provide superior near-infrared light trapping 

for nanostructured devices as compared to the planar structure. Among various technologically 

feasible nanostructures, the two-dimensional nano-branch array is demonstrated as the most 

promising polarization-independent structure and proved to be able to maintain its performance 

despite structural imperfections common in fabrication.  

In chapter 3, a stretchable transmissive hexagonal diffraction grating, which has the potential to 

act as an optical diffuser, is demonstrated. Leveraging the simplicity of the self-assembly 
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fabrication process, the photon manipulation capability of polystyrene nanosphere arrays, and 

elastomeric properties of polydimethylsiloxane, the proposed device is capable of reproducible in 

situ tuning of both diffraction efficiency and spectral range. While being able to achieve maximum 

diffraction efficiencies of about 80%, the device displays highly efficient and broadband light 

diffusion fairly independent of incident light polarization and angle of incidence. Due to its 

efficient and tunable diffraction capabilities, one potential application of the reported device can 

be broadband photon management in solar cells and photodetectors by significant increase of the 

light path length inside the light-absorbing thin films of these devices. As a proof of concept, the 

proposed optical diffuser is utilized for light absorption enhancement in colloidal quantum dot 

semiconductor thin films. The demonstrated devices enable integration of cheap and widely used 

materials with simple cost-effective fabrication for photon management in optics, photonics, and 

optoelectronics.   

Chapter 4 will leverage a modeling approach for optoelectronic engineering of colloidal quantum-

dot solar cells. Using comprehensive optoelectronic modeling and simulation, we demonstrate 

the presence of a strong efficiency loss mechanism, here called the “efficiency black hole”, that 

can significantly hold back the improvements achieved by any efficiency enhancement strategy. 

We prove that this efficiency black hole is the result of sole focus on enhancement of either light 

absorption or charge extraction capabilities of CQD solar cells. This means that for a given 

thickness of CQD layer, improvements accomplished exclusively in optic or electronic aspect of 

CQD solar cells do not necessarily translate into tangible enhancement in their efficiency. The 

results suggest that in order for CQD solar cells to come out of the mentioned black hole, 

incorporation of an effective light trapping strategy and a high quality CQD film at the same time 

is an essential necessity. Using the developed optoelectronic model, the requirements for this 

incorporation approach and the expected efficiencies after its implementation are predicted as a 

roadmap for CQD solar cell research community. 
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In chapter 5, I report on a novel volumetric optical diffuser based on cellulose nano-crystals 

(CNCs) embedded in Polydimethylsiloxane (PDMS) or as I call it “CNP hybrid optical diffuser”. 

By offering a very simple and low-cost fabrication process as well as compatibility with large-scale 

production using an earth-abundant material (cellulose) as filler, the proposed optical diffuser is 

an ideal choice for integration into optoelectronic devices for light management especially due to 

its insensitivity to physical damage at its surface and the lack of requirement for an index-

matching layer between the diffuser and the optoelectronic device thanks to the unique surface 

properties, mechanical flexibility and optical transparency offered by PDMS as the bulk material. 

I demonstrate that CNCs are an excellent candidate for filler material in a volumetric optical 

diffuser providing excellent capabilities for broadband light softening in visible and near-infrared 

range of light and highly efficient light diffusion at very low concentrations. It is shown that at its 

optimized form, a CNP hybrid optical diffuser is capable of achieving super-high haze values (up 

to 85%) while maintaining a high degree of transparency (~85%) at the same time. As a proof of 

concept, I leverage light management capabilities of CNP hybrid optical diffusers to demonstrate 

their potential for light absorption enhancement in thin-film silicon solar cells and light extraction 

improvement in organic LEDs. 

Finally, a summary of the key findings of the thesis and their potential impact on thin-film 

optoelectronic devices technology will be discussed in chapter 6. Furthermore, the possible future 

steps to extend the utility of the proposed light management solutions beyond the status quo are 

also elaborated.   
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2 

Resonance-induced absorption enhancement in 

colloidal quantum dot solar cells using 

nanostructured electrodes    

2.1. Background 

Periodic nanostructured gratings have shown great potential for light trapping in various types of 

thin-film solar cells. Metallic gratings have been employed for enhancing light harvesting 

performance by excitation of free electrons at the surface between a dielectric and a metal (surface 

plasmons) [37], [78], [79]. However, metallic gratings are prone to parasitic light absorption 

which competes against the absorption in active layer [80]. Dielectric nanostructured diffraction 

gratings have also been at the center of attention because of their properties of refraction and the 

ability to excite light trapping modes inside solar cell active layer. It has been shown that dielectric 

diffraction gratings are superior to metallic gratings when placed at the same place inside a solar 

cell’s structure [81]. 

In this work, various structures of indium-doped tin oxide (ITO) electrodes in colloidal quantum 

dot (CQD) solar cells as diffraction gratings have been investigated for light trapping. We show 
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that grating far-field projection analysis can be used for thin-film solar cells to predict the 

wavelengths at which guided-mode resonances responsible for absorption enhancement are 

excited. Also, a new type of nanostructured diffraction grating (two-dimensional ITO nano-

branch array) is proposed as the best performing and polarization-independent structure for light 

absorption enhancement in CQD solar cells. Finally, simulation results show that ITO nano-

branches performance is fairly insensitive to fabrication imperfections and flaws, therefore they 

seem to be promising in fabrication for light trapping inside CQD solar cells. 

There are several architectures introduced for CQD based photovoltaic device most of which 

utilize the CQDs as the light absorbing layer and an n-type transparent semiconductor to establish 

the p-n junction. However, the most common and the best performing structure available to date 

is known as the depleted heterojunction CQD solar cell [82]. The schematic of the structure of a 

typical depleted heterojunction CQD solar cell based on PbS CQDs is shown in figure 2-1. Glass is 

being used as the substrate and a layer of transparent conductive oxide (Fluorine doped tin oxide, 

FTO) on the substrate forms the front contact. A thin layer of TiO2 or ZnO which is optically 

transparent in the operating range of the cell serves as the n- side of the junction and the CQD 

layer plays a double role of being the p- side of the junction and the light absorbing layer. Gold 

can be used to establish an ohmic contact to CQD layer as the back contact, although it might be 

preceded by a thin layer of MoO3 to reduce the energy barrier between the two adjacent layers. In 

addition, being highly reflective, gold doubles the optical pathway of photons inside the CQD 

layer, improving the overall light absorption of the device.         

The energy band diagram of a depleted heterojunction CQD solar cell is also depicted in figure 2-

1. The n- side of the junction is usually highly doped, leading the depletion region to extend in 

almost the entire CQD layer, making the charge extraction more efficient. Under short-circuit 

condition, because of the band bending present at the CQD side resulting from the significant 

doping difference between junction’s sides, generated carriers will be mostly extracted with the 
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aid of the built-in electric field expanded across the depletion region. On the other hand, as the 

device is forward biased into the power-generating regime, the depletion region will recess and 

quasi-neutral regions formed inside the CQD layer force the carriers to rely more on diffusion, 

leaving them vulnerable to recombination by being captured into trap states. This limits the 

maximum thickness possible for the CQD layer as a thicker layer increases the likelihood of carrier 

recombination due to their limited diffusion length inside the layer. This is where light 

management in CQD solar cells, which is the subject of this work, becomes of great importance as 

it enables the enhancement in amount of light absorption by CQDs without changing the thickness 

of the CQD film to maintain efficient collection of photo-generated carriers. 

                      

Figure 2-1: Structure of a depleted heterojunction CQD solar cell (left) and its energy band diagram (right) 

Reprinted with permission from [82]. Copyright (2010) American Chemical Society. 

The most basic structure of a diffraction grating is composed of a simple geometric pattern like a 

triangle that is repeated periodically in one dimension and has a finite thickness. The refractive 

index of the grating structure should be different than that of at least one of the two surrounding 

mediums at the top and the bottom of the grating. When the light is incident on grating interface, 

it will be scattered into multiple transmitted and reflected orders. Each order represents a 

different direction for scattered light and zeroth order is defined as the order in the same direction 

as the incident light. This basic diffraction grating structure and the resulting transmitted and 

reflected orders by normal incident light on grating interface are illustrated in Figure 2-2. 
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According to the theory, the number and the direction of supported orders depend on properties 

of the grating structure as well as the incident light and can be quantitatively determined by the 

following equation [29]: 

                                                            𝑚𝜆 = Λ(𝑛𝑠𝑖𝑛𝜃 + 𝑛ௗ𝑠𝑖𝑛𝜃ௗ)                                                         (2-1) 

Where nd and ni are refractive index of the medium at which diffracted orders and the incident 

light are traveling, respectively, m is an integer number and represents the mth diffracted order, λ 

refers to the wavelength of the incident light, Λ is the period of the grating structure and θd and θi 

represent the angle of the mth diffracted order and the incident light measured with respect to the 

normal to grating interface. 

 

Figure 2-2: Schematic diagram of a basic diffraction grating structure and transmitted and reflected orders caused 

by normal light incidence on grating interface. Reprinted with permission from [83]. Copyright (2014) 

Optical Society of America. 

As is clear from the equations, for transmitted and reflected orders, the characteristics of the 

diffracted orders are not dependent on the shape of the grating structure. As a result, all grating 

structures with the same period and refractive index are expected to show the same scattering 

behavior in terms of the direction and the number of supported orders. However, as will be 



37 
 

discussed later, the difference in the shape can affect the energy distribution between different 

orders. 

2.2. FDTD simulation: A modeling approach 

Simulations in this work are done by Finite-Difference Time-Domain (FDTD) method. This 

method is known as one of the best methods for solving Maxwell’s equations in complex 

geometries. It is discrete in both time and space. The electromagnetic fields and structures are 

described on a discrete spatial mesh and Maxwell’s equations are solved discretely in time. In the 

case the mesh cell size goes to zero, this technique can be considered an exact representation of 

Maxwell’s equations. The E-fields in a volume of space are calculated at a certain instant in time 

and then the M-fields in the same volume are obtained at the next instant in time. This cycle is 

repeated until a steady-state in EM fields is achieved. Therefore, the FDTD method is capable of 

calculating how the EM fields propagate from the source through the structure. Time-domain 

information can be recorded at any spatial point and frequency domain information can be 

obtained using Fourier transform at the same point. Thus, the frequency dependence of variables 

can be obtained over a wide range of frequencies from a single simulation. 

 

    Figure 2-3: Schematic diagram of a PbS colloidal quantum dot solar cell with nanostructured ITO diffraction 

gratings used for simulation. Reprinted with permission from [83]. Copyright (2014) Optical Society of 

America. 
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Simulations were performed by the Lumerical FDTD Solutions software. Schematic diagram of 

the typical heterojunction CQD solar cell structure [82] used for simulations is illustrated in figure 

2-3. PbS quantum dots were chosen as active layer with a thickness of 300 nm which is the 

maximum thickness for efficient photo-generated carrier collection. A semi-infinite gold layer on 

top of the active layer serves as the top contact to collect photo-excited holes and back reflector 

and a semi-infinite indium-doped tin oxide (ITO) layer at the bottom acts as the transparent 

conducting electrode of the solar cell. There also exists a thin layer of titanium dioxide (TiO2) layer 

to collect photo-excited electrons between ITO electrode and PbS quantum dots (QDs), but due 

to the similarity in optical properties of TiO2 and ITO, we neglected the TiO2 layer in all 

simulations. Grating structures are located at the interface between the ITO electrode and PbS 

quantum dots. We used the multi-coefficient fitting tool inside the software to model real (n) and 

imaginary (k) parts of refractive indices of materials from available experimental data [84]-[87]. 

In the case of grating far-field projection analysis, the dielectric materials were considered to be 

lossless and the average values of experimental refractive indices were used for ease of analysis. 

The light source was a planewave source spanned in the whole simulation area and was placed 

inside the ITO layer for the purpose of simplicity for simulations. The wavelength range chosen 

for simulations is 700-1200 nm (near infrared region) at which current technology of PbS CQD 

solar cells needs absorption enhancement [87]. Periodic boundary conditions were defined for 

directions perpendicular to the planewave propagation direction because of the periodic nature 

of the device structure in these directions. For directions parallel to propagation direction, 

perfectly matched layer (PML) boundary conditions were defined. In order to calculate the 

amount of absorption inside the active layer, two power monitors were placed at the bottom and 

the top of the active layer to measure the power flow getting in and out of the layer, respectively. 

The power absorbed by the layer is obtained by calculating the power flow difference between the 

two monitors. To further verify the results acquired by this approach, the total absorption inside 



39 
 

the active layer was also calculated by using frequency-domain field profile monitors. The results 

obtained by both methods are very close to each other. All calculated powers are normalized to 

the power injected by the light source, which in turn is normalized to AM 1.5G solar spectrum data 

available from NREL [88]. Power absorption profiles were obtained by using the Poynting 

Theorem for a non-magnetic medium [89]: 

𝑃௦ =
ଵ

ଶ
𝜔𝜀𝐼𝑚{𝜀}|𝐸|ଶ                                                              (2-2) 

Where εo is vacuum permittivity, εr depicts dielectric constant, ω refers to the angular frequency 

of the fields, and |E| represents the magnitude of electric field at the desired point inside the 

device structure. 

In order to have a reliable criterion for comparison between different grating structures in terms 

of light absorption, we considered a reference structure without any grating pattern between ITO 

and active layer. We call this structure as the flat structure. All grating structures are compared to 

the flat structure by a factor called absorption enhancement, which is defined according to the 

following equation: 

𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡(%) =
ି


× 100                                                (2-3) 

Where Pg refers to the power absorbed by the cell with ITO grating structure and Pf  depicts the 

power absorbed by the flat structure. All presented absorption enhancement factors are the 

average on the whole simulation range. Also, to be able to fairly compare the light absorption 

enhancement for different grating structures, the dimensions of the gratings are chosen such that 

they occupy the same volume inside the active layer so each cell includes the same volume of light 

absorbing material in both 2D and 3D simulations. No optimization has been done on the 

geometry of any of the grating arrays and a period of 500 nm was chosen for all of the grating 

structures under study. 
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For studying the diffraction behavior of the grating structures by grating far-field projection 

analysis, a monitor was placed inside the active layer between the grating structure and the top 

contact and another one was placed inside the ITO layer. This configuration enabled us to analyze 

the diffraction efficiency of grating structures for transmitted and reflected orders. A field 

intensity versus time monitor was used in all simulations to ensure the convergence of 

simulations. 

2.3. Light trapping by one-dimensional nanostructured ITO 

diffraction gratings 

As discussed before, periodic dielectric nanostructures are able to excite a variety of light trapping 

modes inside thin-film solar cells via resonant coupling of sunlight to the modes supported by 

solar cells. Here, four different one-dimensional nanostructured ITO diffraction grating 

structures including triangular, nano-pillar, nano-well, and nano-branch structures were 

investigated in terms of light trapping performance. First, grating far-field projection analysis 

[90] was used to study the light trapping behavior of 1D nanostructured ITO diffraction gratings 

in CQD solar cells. The obtained reflection and transmission diffraction efficiency of the triangular 

ITO gratings as a function of wavelength for both transverse electric (TE) and transverse magnetic 

(TM) polarizations of light are shown in figure 2-4. As is clear from the figure, at some particular 

wavelengths, a considerable decrease in reflection or equivalently increase in transmission can be 

observed. This can be attributed to the excitation of resonant modes inside the active layer of CQD 

solar cell caused by ITO diffraction gratings. The important point to mention here is that 

according to transmission diffraction efficiency plots, at resonance wavelengths, most of the light 

is diffracted into orders higher than zeroth order which indicates that the grating structure shows 

a very impressive light scattering performance when resonant modes are excited inside the device.  
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In addition, a close scrutiny of reflection diffraction efficiency plots reveals that at wavelengths 

larger than 750 nm, no reflection has been occurred at orders higher than the zeroth order. This 

can be confirmed by referring to the grating equation for reflected orders using equation 2-1. 

Based on the equation, for wavelengths longer than 750 nm, no orders higher than zeroth order 

are supported by a grating structure with a period of 500 nm, refractive index of 1.5 and normal 

light incidence. This property, which is specific to grating structures with dimensions smaller than 

or in the same order as the incident light wavelength, can cause a larger proportion of light to 

enter the active layer by not allowing reflection in orders higher than the zeroth order [91].  

 

Figure 2-4: (a) Reflection and (b) Transmission diffraction efficiency of triangular ITO gratings as a function of 

wavelength for TE (left) and TM (right) light polarizations. Plotted efficiencies are for zeroth order, higher orders 
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and total diffracted orders. Reprinted with permission from [83]. Copyright (2014) Optical Society of 

America. 

Grating projection analysis can also be used to determine the number and the direction of 

supported diffracted orders by grating structures at particular wavelengths. Figure 2-5 depicts 

transmission efficiency as function of direction for supported diffracted orders of triangular ITO 

gratings at select on-resonance and off-resonance wavelengths of TE polarized light. As can be 

inferred from the results, at resonance, most of the light is scattered into the orders higher than 

the zeroth order, which is consistent with the results from Figure 2-4. As there is a good contrast 

between the active layer and the layers around it in terms of refractive index, the active layer can 

potentially act as a waveguide in the middle of the solar cell’s structure [80].  

 

Figure 2-5: Relative transmission efficiency as a function of direction of diffracted orders for triangular ITO gratings 

at select (a) on-resonance (947 nm) and (b) off-resonance (1150 nm) wavelengths for TE polarization of light. 

Reprinted with permission from [83]. Copyright (2014) Optical Society of America. 

If the order into which most of the light is scattered has a direction suitable for guided-mode 

excitation inside the solar cell’s active layer, phase-matched coupling of the incident light with 

supported guided-modes of the active layer (guided-mode resonance) [36] can effectively trap 

light inside the PbS quantum dot layer and greatly enhance the absorption. In contrast, for off-

resonance wavelengths, as most of the light is not diffracted, guided-mode resonance cannot be 

excited and significant improvement in light absorption is not expected. We were able to validate 

the obtained number and the direction of supported orders by using equation (2-1). However, as 
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was mentioned before, grating theory is not able to predict the energy distribution between 

different orders. In fact, we found out that energy distribution between different orders varies 

significantly by the change in the shape of grating structure and that is why different grating 

structures have resonance peaks at different locations of the spectrum.  
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Figure 2-6: Light absorption profile for (a,b) triangular (c,d) nano-pillar (e,f) nano-well (g,h) nano-branch ITO 

gratings at select on-resonance (a,c,e,g) and off-resonance (b,d,f,h) wavelengths for TE polarization of light. 

Reprinted with permission from [83]. Copyright (2014) Optical Society of America. 

To further verify the light trapping ability of 1D ITO nanostructured diffraction gratings, light 

absorption profiles for solar cells with different grating structures were examined. Figure 2-6 

illustrates light absorption profiles for one period of the investigated grating structures at select 

on-resonance and off-resonance wavelengths for TE polarized light. All the profiles disclose 

numerous absorption hot spots for on-resonance wavelengths while almost no hot spot is visible 

at off-resonance wavelengths. This confirms the contribution of resonant coupling of light with 

supported modes inside the active layer to light absorption enhancement in CQD solar cells. 

Moreover, periodic variation in intensity of absorption hot spots denotes the guided-mode 

resonance nature of the light trapping process happening in structures under investigation [36].  

The ultimate criterion for light absorption performance of every type of solar cell is the overall 

absorption over a broadband spectrum. Absorption spectra of CQD solar cells with different 1D 

ITO diffraction gratings for TE and TM polarization of light obtained by broadband FDTD 

simulation are shown in Figure 2-7. Absorption spectrum for the CQD solar cell without any 

diffraction grating (flat structure) and the power available by the sun are also included as 

reference for comparison. Absorption enhancement factor for each of the grating structures 

compared to the flat structure is shown in inset.  

It can be concluded from the results that triangle and nano-well gratings demonstrate a relatively 

similar light absorption performance for both types of light polarization, which can be attributed 

to the similarity in their physical shape. A similar conclusion can be drawn for nano-pillar and 

nano-branch gratings. Overall, the triangular grating which is the best performing structure for 

TE-polarized light showed 30.12% absorption enhancement over the flat structure and nano-
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branch structure absorbed 32.94% more TM-polarized light than the flat structure, which is more 

than any other grating structure. 

 

Figure 2-7: Simulated absorption spectra of CQD solar cells with different 1D ITO diffraction gratings for (a) TE and 

(b) TM light polarizations. The power available by the sun and the absorption spectra for solar cell without any 

diffraction gratings (flat structure) are also included for comparison. Absorption enhancement factor for each 

grating structure over the flat structure is shown in inset. Reprinted with permission from [83]. Copyright 

(2014) Optical Society of America. 

In addition, by comparing the diffraction efficiency results obtained from grating far-field 

projections in Figure 2-4 with the absorption spectra results acquired from broadband FDTD 

simulation, one can notice a meaningful consistency between the location of guided-mode 
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resonance peaks and the locations at which there is a considerable enhancement over the flat 

structure light absorption spectrum. This further emphasizes the important role of guided-mode 

resonances excited by ITO diffraction gratings in light absorption enhancement for CQD solar 

cells. Moreover, it shows that grating far-field projections can be used to predict the wavelengths 

at which guided-mode resonances take place in CQD solar cells. This eliminates the need for time-

consuming broadband FDTD simulation to design structures for resonance excitation at desired 

frequencies. 

2.4. Polarization-independent two-dimensional nanostructured 

ITO diffraction gratings  

The problem about any kind of one-dimensional diffraction grating structure is that the 

performance of the structure is strongly dependent on the polarization of the incident light. This 

dependence on polarization was obvious from the results obtained for 1D ITO grating structures 

investigated in previous section. Two-dimensional diffraction gratings, however, do not suffer 

from this problem because of the 2D symmetry in their structure. Therefore, we tried to extend 

our investigation for light trapping performance of nanostructured ITO diffraction gratings to 2D 

grating structures. We chose two of the best performing 1D ITO gratings for TE (triangular) and 

TM (nano-banch) polarizations and extended the design from 1D to 2D to create pyramid and 2D 

nano-branch gratings. Again, in order to be able to fairly compare the structures, the dimensions 

of the structures are chosen such that the available light absorbing material volume for solar cells 

is the same. 3D FDTD simulation was used to study the light absorption performance of the 

resulting structures. Schematic diagram for one period of the 2D gratings and the resulting 

absorption spectrum for both TE and TM polarizations of light are shown in Figure 2-8. A similar 

behavior was also observed for other custom polarizations (30o, 45o) of incident light. The nano-

branch structure seems to do a better broadband light trapping job with absorption enhancement 
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factor of 40.14% as opposed to pyramid with 31.45% enhancement mainly because of higher 

absorption at resonance peaks. Also, the results suggest that the performance of the structures is 

independent of the incident light polarization which is in agreement with our expectations due to 

the 2D symmetric nature of the structures. 

 

Figure 2-8: Simulated absorption spectra of CQD solar cells with 2D pyramid and nano-branch ITO diffraction 

gratings for TE and TM light polarizations. The power available by the sun and the absorption spectra for solar cell 

without any diffraction gratings (flat structure) are also included for comparison. The schematic diagrams of the 

simulated pyramid and nano-branch ITO gratings are included in the inset. Reprinted with permission from 

[83]. Copyright (2014) Optical Society of America. 

 

The independence of light trapping performance of 2D diffraction grating structures from 

incident light polarization can further be affirmed by investigating light absorption profiles for 

both TE and TM polarizations of light. As is clear from the top-view light absorption profiles for 

2D nano-branch ITO gratings at select resonance wavelengths depicted in Figure 2-9, due to the 

symmetry in the structure of 2D nano-branch, when the polarization changes, the absorption hot 

spots are rotated around the structure’s symmetry axis without any variation in intensity 

distribution. In addition, the hot spots observed in profiles confirm effective light trapping 

performance of 2D nano-branch ITO gratings at resonance wavelengths. 
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Figure 2-9: Top-view light absorption profile for 2D nano-branch ITO gratings at select resonance wavelengths for 

TE (a-d) and TM (e-h) polarizations of light. (a,e) 757 nm (b,f) 918 nm (c,g) 1050 nm (d,h) 1167 nm. Reprinted with 

permission from [83]. Copyright (2014) Optical Society of America. 

2.5. Effect of fabrication flaws on performance of two-

dimensional ITO nano-branch diffraction gratings  

As far as we know, all the modeling and simulation works done on diffraction grating structures 

in literature have considered the structures to be physically ideal. In reality however, it is not 

always possible to fabricate perfectly structured diffraction gratings. In the case of ITO nano-

branches for example, although it has recently become feasible to fabricate such structures [92]-

[94], there is still problems for precise control of the dimensions, arrangement and distribution 

of nano-branches. Here, we tried to investigate the effect of flaws in branch placement on light 

trapping performance of 2D ITO nano-branch diffraction gratings. Although it is not possible to 

impose non-periodic imperfections on grating structures due to the necessity of using periodic 

boundary conditions, having periodic imperfections can to some degree give us an idea about the 

performance of non-ideal nano-branch gratings. Therefore, randomly eliminating some of the 

branches from the grating structure without disturbing its periodic nature was considered a 

reasonable approach. 

Schematic and absorption spectrum for perfect and imperfect 2D ITO nano-branch diffraction 

gratings are shown in figure 2-10. The results indicate that the imperfect structure closely follows 

the perfect one in terms of light absorption at most of spectrum wavelengths and even has 

considerably superior performance at around 990 nm which results in slightly better broadband 

performance for imperfect structure (41.4%) than the perfect one (40.14%). Top-view light 

absorption profiles shown in the inset of figure 2-10 for both structures at 990 nm suggest that 

the enhancement is mainly due to the presence of absorption hot spots inside active layer at some 

places where the branches have been eliminated. This may be attributed to excitation of local 
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resonances at spaces created inside the active layer as a result of branch elimination since 

breaking the symmetry in diffraction gratings is believed to induce extra modes of light trapping 

[91]. The trend was found to be the same for other randomly modified structures. This indicates 

the practicality of ITO nano-branch diffraction gratings as a promising approach for light 

absorption enhancement in CQD solar cells. 

 

Figure 2-10: Simulated absorption spectra of CQD solar cells with perfect and imperfect 2D nano-branch ITO 

diffraction gratings. Inset includes schematic and top-view light absorption profile at the wavelength of 990 nm for 

perfect (right) and imperfect (left) ITO nanobranch gratings. Reprinted with permission from [83]. Copyright 

(2014) Optical Society of America. 

 

2.6. Conclusions  

In summary, using 2D and 3D FDTD simulations, this work has highlighted the potential of 

nanostructured ITO diffraction gratings as an effective structure for light absorption 

enhancement in PbS CQD solar cells at near-infrared region where they typically demonstrate 

weak light absorption. Four different 1D ITO diffraction grating structures (triangular, nano-

pillar, nano-well and nano-branch) were investigated and compared to each other in terms of 
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broadband light absorption. We believe that guided-mode resonances excited by coupling of the 

incident diffracted light into the supported waveguide modes is the main reason behind the 

broadband light absorption enhancement in solar cells with ITO grating structures as compared 

to the reference planar solar cell without any gratings. Moreover, it has been shown that grating 

far-field projection analysis is a powerful approach to predict guided-mode resonance 

wavelengths in CQD solar cells. Polarization-independent broadband light absorption 

enhancement of 40.14% was achieved for 2D ITO nano-branch gratings as the best-performing 

structure and the absorption enhancement proved to be almost independent of possible 

fabrication flaws in grating structure. More careful engineering of the nano-branch grating 

structure may lead to even better light trapping performance and the idea can possibly be 

extended to other thin-film solar cell technologies. 
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3  

Stretchable hexagonal diffraction gratings as 

optical diffusers for in-situ tunable broadband 

photon management 

 

3.1. Introduction 

Light diffusion has always been an important requirement for many of the optical and photonic 

systems where there is a need for the so-called soft light. One of the most common applications of 

optical diffusers is the backlighting system of the liquid crystal displays (LCDs) [95]-[97]. More 

recently, emerging applications for optical diffusers such as smart windows [98] and invisible 

labels [99] have been demonstrated. In addition, light softening has found its way to 

optoelectronic devices such as solar cells, [36], [83], [100] photodetectors, [101]-[103] and light 

emitting diodes (LEDs) [104]-[106] to enhance their power conversion efficiency, sensitivity, and 

brightness, respectively through efficient photon management. 
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Generally, optical diffusers can be divided into two categories. The first category involves 

randomly structured diffusers which are usually based on a mixture of materials with different 

refractive indices in a film [107]-[109]. Although efficient in light softening, the Achilles’ heel for 

randomly structured optical diffusers is their lack of design elements that can be customized for 

various needs and applications which is a direct consequence of their random nature. On the other 

hand, the second category includes carefully engineered periodic patterns on a surface [110], [111] 

, offering lots of degrees of freedom for design and adjustment mostly through tuning of the 

periodicity. Nanostructured transmissive diffraction gratings can also be considered as a special 

case of optical diffuser in which the structure’s periodicity is comparable to the wavelength of the 

incident light thus enabling large spatial separation of diffused light based on the wavelength. 

Unfortunately, most of the proposed periodic structures for optical diffusers and gratings are not 

in-situ tunable which greatly limits their application range. In-situ tunability means that as an 

optical element inside an optical system, the performance of the diffuser can be dynamically tuned 

through a signal of some sort such as mechanical strain or electricity.  

In this regard, Polydimethylsiloxane (PDMS) is the material of first choice when it comes to 

flexible and tunable optical devices due to its superior optical transparency and mechanical 

properties. In particular, PDMS has recently attracted great attention for tunable optical diffusers 

and gratings [99], [112]-[114]. The proposed structures, however, require rather complicated and 

expensive fabrication processes including Glancing Angle Deposition (GLAD) [99], surface 

wrinkling [113], E-beam lithography and pattern transfer [112] and holographic lithography [114].       

While massively famous for their application as a pattern-inducing layer in fabrication of periodic 

nanostructures [115]-[117] via the so-called colloidal lithography [118], Polystyrene (PS) 

nanospheres are extremely under-appreciated when it comes to their own optical properties and 

photon management capabilities as a stand-alone structure. Due to the hexagonal arrangement 

of close-packed nanosphere assemblies, PS nanospheres can form a hexagonal diffraction grating 
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[119], [120], which is favorable in integrated optics since they occupy the least space compared to 

any other periodic arrangement [121]-[124]. Recently it was demonstrated that PS nanospheres 

can enhance light absorption in silicon solar cells through light softening [125], but to the best of 

our knowledge, their photon management potential for in-situ tunable optical diffusion has never 

been explored to date.  

Here, we demonstrate the first tunable hexagonal diffraction grating by taking advantage of PS 

nanospheres as a periodic structure for optical diffusion and PDMS as stretchable substrate for 

tunability. Through leveraging the simplicity of the self-assembly fabrication process, the tunable 

optical diffuser illustrated in this work provides the potential for cost-effective light softening. In 

addition, the ability to tune the light diffusing properties of the optical diffuser by grating 

diffraction efficiency adjustment across the spectrum offers widespread application for various 

types of optical systems and optoelectronic devices. As a proof of concept, the capability of the 

proposed optical diffuser for in-situ tunable photon management in PbS colloidal quantum dot 

(CQD) semiconductor thin-films is demonstrated. 

3.2. Experimental and modeling details 

3.2.1. Optical diffuser fabrication 

Polydimethylsiloxane (PDMS) substrates were made by mixing silicone elastomer with curing 

agent from a Sylgard 184 kit (Dow Corning) in 10 wt% ratio. The mixture was then degassed in a 

vacuum desiccator for 30 min and was dispensed and spin-coated on a Polystyrene plate at 200 

rpm for 30s. The resulting film (~ 250-300 m in thickness) was then cured on a hot plate at 80oC 

for 2h before it was surface-treated with a 20W O2 plasma at 700 mT for 30s. The plasma 

treatment is known to increase the PDMS surface hydrophilicity which is essential for nanosphere 

self-assembly [126], [127]. Due to the temporary nature of the effectiveness of the plasma 

treatment, the treated films were quickly taken for nanosphere self-assembly process immediately 
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after the plasma treatment. Because of the hydrophobicity of the Polystyrene plate, the treated 

PDMS films were easily detachable from the plate and were cut into appropriate sizes before 

undergoing the nanosphere assembly. Air/water interface self-assembly process [128] was then 

employed for self-assembly of PS nanospheres of 1m in diameter (Thermo Scientific) on plasma-

treated PDMS substrates. In brief, with the PDMS substrates being inside a glass petri dish, a 

piece of cleaned 1mm thick glass slide was placed at the edge of the petri dish. DI water was then 

slowly added to the dish until its surface is at the same level as the upper surface of the glass slide. 

Numerous droplets of a colloidal water/ethanol suspension (1.5% v/v) were then dropped on the 

glass slide. It was noticed that the PS nanospheres spread on the water surface as soon as the 

suspension droplets come into contact with the surrounding DI water at the edges of the glass 

slide. The process continued until the whole water surface in the petri dish was covered with a 

monolayer of PS nanospheres. The water in the dish was then slowly sucked out using a micro-

pipet until the nanosphere monolayer is settled on the PDMS substrates. Finally, the substrates 

were left in air for a few hours to be completely dried out. 

3.2.2. FDTD simulations 

The Lumerical FDTD solutions software was used. All the simulations were performed in a three-

dimensional space. A unit cell of the structure was simulated with periodic boundary conditions 

along the x and y directions, and perfectly matched layer (PML) conditions along the light 

propagation direction (z). The nanospheres were assumed to sink into PDMS substrate with a 

depth of 200 nm. A plane wave source was used to launch the light normally incident on the unit 

cell. Simulation of diffraction efficiencies was carried out using grating projection options of the 

software and diffraction patterns were obtained using far-field projections. E-field intensities 

were detected using a frequency-domain field profile monitor located inside the CQD film. Optical 

constants of the materials were modeled by fitting to the experimental data available in literature 

[85], [129], [130]. 
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3.2.3. Diffraction efficiency measurement 

Diffraction efficiencies were calculated by measuring the specular and total transmission from the 

sample. For specular transmission, the 3-detector module of a Perkin-Elmer Lambda 1050 

UV/Vis/NIR Spectrophotometer was used with the sample aligned with respect to the detector 

window. A custom-made fixture was used to hold and apply variable stretch to the sample inside 

the module. Angle dependent diffraction efficiencies were measured using the same setup with 

the sample being located on a rotating stage. Due to the restrictions of the employed setup, 

incident angles wider than ±70o were not possible to test. In the case of total transmission, the 

150 mm integrating sphere module of the spectrophotometer was utilized while the sample was 

held at the sample beam entrance port of the sphere. All the other ports of the sphere except the 

reference beam entrance port were kept closed. Transmission spectra for polarized light were 

obtained by a J. A. Woollam VASE spectroscopic ellipsometer. 

3.2.4. Diffraction pattern projections 

The monochromatic diffraction patterns of the optical diffuser were projected on a screen with a 

HeNe laser (Newport) emitting at ~ 633 nm as the light source while the sample was held between 

the light source and the screen using a custom-made fixture. A CCD camera behind the projection 

screen was used to capture photographs of the projected patterns. For diffraction patterns of white 

light, the light from the Xenon lamp of a monochromator (Sciencetech Inc.) was directed toward 

to sample. 

3.2.5. CQD film synthesis and absorption measurement 

CQD synthesis and film deposition, and ZnO/TiO2 film deposition were all carried out according 

to previously published procedures [82], [131]. After the formation of ZnO/TiO2 and CQD films 

on the glass substrate, a 200 nm thick Ag back reflector layer was deposited using e-beam 
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evaporation (Kurt J. Lesker). For absorption measurement, both optical diffuser and CQD film 

sample were located at the center of the integrating sphere of a Perkin-Elmer Lambda 1050 

UV/Vis/NIR Spectrophotometer using a center mount sample holder. The stretch was applied to 

the optical diffuser using especially designed holder clips. 

3.3. The proposed device structure and properties 

The proposed device is composed of self-assembled Polystyrene (PS) nanospheres on a 

Polydimethylsiloxane (PDMS) substrate. Figure 3-1-a shows the photograph of a sample optical 

diffuser fabricated using a variation of air/water interface self-assembly process [128]. The 

purpose of the figure is to demonstrate typical sizes of PS nanosphere domains formed on a PDMS 

substrate by this method. The sample shown in this figure was coated with gold (Au) for ease of 

demonstration of the domain sizes through diffuse reflectance from the sample’s Au-coated 

surface. As is clear from the figure, domains with same crystalline structure and orientation 

exhibit the same reflected color. Using the aforementioned self-assembly process, formation of 

domains with area of a few millimeter squares was possible. Upon the formation of a PS 

nanosphere monolayer on the substrate, a strong diffractive behavior is observed from the sample 

which can easily be attributed to the presence of nanospheres when compared to a bare substrate 

as illustrated in Figure 3-1-b. 

Schematic and SEM image of the structure of the fabricated optical diffuser are depicted in Figure 

3-1-c. Hexagonal close-packed assembly of the PS nanospheres onto the PDMS substrate is 

obvious from the SEM image. The innovative aspect of the fabricated device is that the distance 

between PS nanospheres can be manipulated by means of mechanical strain applied to the 

elastomer PDMS substrate. This concept is illustrated in Figure 3-1-d where the schematic and 

SEM image of the device structure under stretched condition are demonstrated. As can be seen 

from the SEM image, PS nanospheres can closely follow the direction of the applied strain in their 
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movement. In addition, a firm bonding between PS nanospheres and PDMS substrate seems to 

be present which helps the spheres to remain attached to the substrate’s surface despite being 

exposed to heavy mechanical strain for numerous times. We achieved this firm bonding by the O2 

plasma treatment that the substrate undergoes before PS nanosphere self-assembly as it is known 

that O2 plasma treatment can establish strong bonding between polymer materials [127]. As 

shown in figure 3-2, the slight sinking of PS nanospheres into PDMS observed from cross-

sectional SEM images can also help retaining their attachment to the substrate. 

 
Figure 3-1: Tunable optical diffuser structure and properties. (a) Demonstration of the size of PS nanosphere domains 

on a PDMS substrate. Domains with same structure exhibit the same reflected color. The sample is coated with gold 

for ease of demonstration through diffuse reflectance from the sample’s surface. (b) Diffusive behavior of a substrate 

coated with PS nanospheres (right) as opposed to a bare substrate (left). (c,d) Schematic and SEM images of the 
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structure of the fabricated optical diffuser at unstretched (c) and stretched (d) condition. The distance between PS 

nanospheres can be manipulated by means of stretching the elastomer PDMS substrate. The scale bar for SEM images 

is 1 m. Reprinted with permission from [132]. Copyright (2016), Wiley-VCH. 

 

 

Figure 3-2: Cross-sectional SEM image of a sample fabricated optical diffuser under (a) unstretched and (b) stretched 

condition. Due to the relative softness of the PDMS, it was found that the PS nanospheres sink into the substrate with 

an average depth of ~ 200 nm after self-assembly. The scale bars are 2 m. Reprinted with permission from 

[132]. Copyright (2016), Wiley-VCH. 

3.4. Tunable diffraction efficiency 

Because of the hexagonal close-packed structure of a PS nanosphere monolayer and periodic 

nature of its assembly, the fabricated device can be considered as a hexagonal diffraction grating 

[122]. The diffraction behavior of the proposed device was therefore analyzed in detail as is shown 

Figure 3-3. Schematics of the experimental setups used for measuring specular and total 

transmitted light from fabricated optical diffusers are elucidated in Figure 3-3-a and 3-3-b, 
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respectively. For specular transmission measurement, a detector located at a significant distance 

away from the sample was utilized to capture specular transmitted light since any diffuse 

transmitted light from the device will not get the chance to hit the detector window in this 

configuration. In the case of total transmitted light, an integrating sphere was employed to 

capture both specular and diffuse transmitted light from the optical diffuser positioned in front 

of the integrating sphere. 

Figures 3-3-c and 3-3-d depict 3D Finite-Difference Time-Domain (FDTD) simulated and 

experimentally measured specular and total transmitted light from the proposed optical diffuser 

under various levels of applied stretch, respectively. For the results obtained from 3D FDTD 

simulation, a unit cell of PS nanosphere array similar to schematics in Figure 3-1-c and 3-1-d was 

considered with periodic boundary conditions. As is noticeable from the results, simulation and 

experiment are in close agreement. The fabricated device exhibits a very broadband diffraction 

behavior across the measured spectrum and the significant percentages of diffuse transmission 

(the difference between specular and total transmission) denote the device’s high diffraction 

efficiency throughout both visible and near-infrared regions. Furthermore, the obtained total 

transmission intensities indicate that the device does not show a remarkable amount of parasitic 

absorption or reflection, a property which is highly expected from an optical diffuser. This is 

thanks to the extremely low absorption coefficients and small difference in refractive index of 

Polystyrene (PS) and PDMS materials forming the device structure. The change in the thickness 

of the substrate resulting from the applied stretch does not seem to have a significant effect on 

light diffusion as was noticed from specular transmission spectra of a bare PDMS substrate for 

different levels of stretch illustrated in figure 3-4. The discrepancy between the total transmission 

intensities in simulation and that of the experiment may be ascribed to the intrinsic measurement 

error introduced by the integrating sphere due to its finite area to port fraction leading to a small 

portion of light escape from its entrance port. More importantly, the device’s diffraction 
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efficiencies are in-situ tunable through the amount of stretch applied to the sample. As is upheld 

by FDTD simulations, this tunability of the diffraction efficiency is feasible because of the ability 

to manipulate the distance between PS nanospheres or in other words the pitches of the hexagonal 

grating along different directions. 

 
Figure 3-3: Specular and total transmission of the optical diffuser. (a,b) Schematic of the experimental setup used for 

measuring specular (a) and total (b) transmitted light from fabricated optical diffusers. For specular transmission, 

a detector at a significant distance from the sample can detect specular transmitted light and for total transmission, 

an integrating sphere will capture any transmitted light in any direction from a sample located in front of the sphere. 

(c,d) 3D FDTD simulated (c) and experimentally measured (d) specular and total transmitted light from fabricated 

optical diffuser at various amounts of stretch. The percentage of diffuse transmittance (the difference between 

specular and total transmittance) is tunable through the amount of stretch applied to the sample. Reprinted with 

permission from [132]. Copyright (2016), Wiley-VCH. 
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Figure 3-4: Specular transmission spectra of a bare PDMS substrate for different levels of stretch. The change in the 

thickness of the substrate resulting from the applied stretch does not seem to have a significant effect on light diffusion. 

Reprinted with permission from [132]. Copyright (2016), Wiley-VCH. 

It is highly beneficial to clarify here that the percentages of applied stretch mentioned in this work 

imply the ratio of the change in sample’s length under stretch to its original length. It was noticed 

however that the amount of displacement of the PS nanospheres does not always exactly follow 

the amount of change in substrate’s length. This can be held responsible for the small difference 

between simulated and measured specular transmission intensities since in simulation it was 

always assumed that the sphere displacement percentage is exactly same as the substrate’s length 

change. Also, high intensity sharp changes in transmission spectra from the simulated results 

could be attributed to resonant peaks usually observed in periodic structures with perfect lattice. 

As for the experimental results, the lattice disorders stemming from the exposure of nanosphere 

arrays to multi-directional mechanical stress during sample stretch leads to the broadening and 

disappearance of the aforementioned resonant peaks. A similar trend has been noticed in 

intentionally disordered photonic crystals [133]. This can be further confirmed by investigating 

the specular transmission spectra from a PS nanosphere-coated glass substrate as depicted in 

figure 3-5. With some resonant peaks being visible, the obtained spectra was found to be closer to 

the simulation result for specular transmission of an unstretched optical diffuser. This is possibly 
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due to the fact that nanospheres’ domain structure remains intact after fabrication on a rigid 

substrate as opposed to a flexible substrate which can introduce physical defects and thus 

disorders to the lattice structure. On the other hand, small fluctuations in simulated spectra can 

be attributed to numerical errors stemming from inadequately small mesh size for FDTD 

simulation due to our limited available processing power.  

 

Figure 3-5: Experimentally measured specular transmission from a PS nanosphere-coated glass substrate. The 

obtained spectra is closer to the simulation result for specular transmission of an unstretched optical diffuser possibly 

due to the fact that nanospheres’ domain structure remains intact after fabrication on a rigid substrate as opposed 

to a flexible substrate which can introduce physical defects to the pattern structure. Reprinted with permission 

from [132]. Copyright (2016), Wiley-VCH. 

The dependence of the optical diffuser’s performance on incident light polarization and angle was 

also analyzed. As shown in Figure 3-6-a, specular transmission spectra of the optical diffuser at 

various levels of stretch for s- and p-polarized light reveals no significant dependence on incident 

light’s polarization possibly due to the multi-directional symmetry of the proposed structure. The 

diffraction efficiency of the optical diffuser as a function of the incident light angle with respect to 

substrate normal depicted in Figure 3-6-b indicates the relative independency of the performance 

of the device from incident light angle. In addition, repeatability of the device performance was 
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examined by measuring the specular transmission from a fabricated optical diffuser at various 

levels of stretch after certain numbers of stretch-release cycle repetition and is shown in figure 3-

7. The device was perceived to offer good reliability for its light diffusion performance. The 

obtained results imply the high reliability of the performance of the proposed device under a wide 

variety of conditions. 

 
Figure 3-6: The dependence of the optical diffuser’s performance on incident light polarization and angle. (a) Specular 

transmission spectra of the optical diffuser at various levels of stretch for s- and p-polarized light. (b) Diffraction 

efficiency of the optical diffuser as a function of the incident light angle with respect to substrate normal for 

unstretched and stretched samples. The performance is almost independent of the incident light’s polarization and 

angle. Reprinted with permission from [132]. Copyright (2016), Wiley-VCH. 
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Figure 3-7: Specular transmission measured from a fabricated optical diffuser at various levels of stretch after 

certain numbers of stretch repetition. N indicates the number of times the sample has gone through a cycle of stretch 

and release before the measurement is taken. A sample that has not been subject to any stretch after fabrication is 

depicted as “Intact”. 0% describes the state of release after a stretch tension. Although the sample does not show the 

same characteristics as before the first time it is exposed to mechanical stress (intact condition), repeatability of light 

diffusion performance after first stress seems to be reliable with small variations. Reprinted with permission 

from [132]. Copyright (2016), Wiley-VCH. 

3.5. Diffraction Pattern Analysis 

3.5.1. Experimental analysis 

As was mentioned before, the proposed optical diffuser can be considered as a hexagonal 

diffraction grating. Since it is known that hexagonal gratings tend to produce diffraction patterns 

of hexagonal origin [122], a detailed analysis of the diffraction patterns generated by the 

fabricated optical diffuser can be of great importance. Figure 3-8-a illustrates the schematic of the 

experimental setup utilized for diffraction pattern analysis. The sample is located between a HeNe 

laser emitting at the wavelength of about 633 nm and a projection screen. A custom-designed 

fixture was used for stretching the sample. Diffraction patterns resulting from the aforementioned 

setup for unstretched, 25% stretched, and 75% stretched samples are shown in Figure 3-8-b-d, 

respectively. The corresponding patterns obtained by 3D FDTD simulation are depicted in Figure 

3-8-e-g. 

From the obtained diffraction patterns of hexagonal origin, it can be concluded that the fabricated 

device consists of hexagonal diffraction gratings. Moreover, a good accordance between the 

patterns acquired from simulation and those of experiment is remarkable. However, some 

discrepancy was noticed at high levels of stretch which may be attributed to the difficulty of 

keeping the strain applied to PS nanosphere arrays to remain one-dimensional under highly 

stretched conditions due to the 2D deformation of the PDMS substrate under strong stretch. This 

is why the simulated pattern in Figure 3-8-g is obtained by a slight stretch application in the x 



66 
 

direction in addition to 75% stretch in y direction which makes the obtained pattern more close 

to the experiment. Nevertheless, the observed changes in diffraction patterns at various levels of 

stretch further endorse the in-situ tunability of diffraction properties of the proposed device. In 

addition, relative values of energy distribution into different orders calculated by FDTD 

simulation were found to be in excellent agreement with diffraction efficiencies shown in Figure 

3-3. For example, as demonstrated in figure 3-9, for light with the wavelength of 633 nm, 

simulated diffraction patterns indicated that only about 20% of the incident energy is distributed 

into the zeroth order and the rest is diffracted into higher orders. This is an additional evidence 

for the accuracy of the diffraction efficiencies obtained in Figure 3-3.     

It has been previously argued that any general hexagonal diffraction grating can be considered as 

it is composed of three two-dimensional diffraction gratings with different periods along the x and 

y directions [122] (also known as crossed or doubly periodic gratings). While it is possible to 

analyze the proposed device with this approach (see section 3.5.2 for details), we were able to 

simplify the analysis by basic geometric calculations on the obtained diffraction patterns. In this 

technique, as illustrated in Figure 3-8-a, the diffraction angle of the diffracted orders () was 

calculated from measuring the distance between the corresponding diffracted pattern and the 

pattern’s center (x), and the distance between the projection screen and the sample (l) using 

the following equation: 

                                                       𝜃 = 𝑡𝑎𝑛ିଵ(
∆௫

∆
)                                                                     (3-1) 

The calculated diffraction angles with this approach were found to be in close agreement with the 

angles obtained from simulated diffraction patterns. Moreover, in the case of the unstretched 

optical diffuser, the cut-off wavelength (the wavelength beyond which there will be no diffracted 

orders and all the incident energy is distributed into the zeroth order) was noticed to be in 
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accordance with the calculated value (~ 1250 nm) for a simple hexagonal grating as provided in 

the following equation for normal light incidence [134]: 

 
Figure 3-8: Diffraction pattern analysis of the optical diffuser. (a) Schematic of the experimental setup utilized for 

diffraction pattern analysis. The sample is located between a HeNe laser emitting at ~ 633 nm and a projection 

screen. A custom-designed fixture was used for stretching the sample. (b-g) Experimental (b-d) and simulated (e-g) 

diffraction patterns obtained from an unstretched (b,e), 25% stretched (c,f) and 75% stretched (d,g) optical diffuser. 

Simulated pattern intensities are shown in logarithmic scale for ease of demonstration. The diffraction angle for each 

diffracted order can be inferred from its pattern position on corresponding concentric circles with the zeroth order 

being located at the center. Figure g is obtained by a slight stretch application in the x direction in addition to 75% 
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stretch in y direction in order to resemble the experiment situation. (h,i) Diffraction of white light by fabricated optical 

diffuser when the light is incident on a single nanosphere domain (h) or multiple domains at the same time (i). In case 

the light hits a single domain, a diffraction pattern of hexagonal origin is expected and when the light is incident on 

multiple domains, the sample still demonstrates diffractive behavior, but patterns from all the domains are combined 

together, resulting in a ring-shaped diffraction pattern. Reprinted with permission from [132]. Copyright 

(2016), Wiley-VCH. 

 

Figure 3-9: Simulated diffraction pattern intensities from the unstretched optical diffuser at the light wavelength of 

633 nm. The color bar indicates the relative energy intensity value for diffracted orders out of total energy level of 1. 

Only about 20% of the incident energy is distributed into the zeroth order (the dot at the center) and the rest of energy 

is diffracted into the first order with diffraction angle of 47 degrees. Reprinted with permission from [132]. 

Copyright (2016), Wiley-VCH. 

                                                             𝜆 =
ஃ


                                                                               (3-2) 

Where c is the cut-off wavelength, n describes the refractive index of the substrate,  depicts the 

grating period, and fg is the grating geometrical factor which is equal to 1.155 for a hexagonal 

grating [134]. Obviously, under stretched conditions, the cut-off wavelength can be further shifted 

towards infrared since the grating period has been increased due to the applied mechanical strain. 

Figure 3-8-h and 3-8-i show diffraction patterns of white light produced by the fabricated optical 

diffuser when the light is incident on a single nanosphere domain or multiple domains at the same 
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time, respectively. In case the beam size of incident light is small such that it only hits a single 

domain, a diffraction pattern of hexagonal origin is generated and when the beam size is larger 

and thus it is incident on multiple domains, the sample still demonstrates diffractive behavior, 

but patterns from all the domains are combined together, resulting in a ring-shaped diffraction 

pattern due to different orientation of each domain. This implies that non-idealities in the 

structure of the device will not result in the loss of its diffractive function.  

All in all, the detailed analysis of the diffraction patterns suggests that the reason behind the 

tunability of the diffraction behavior of the proposed device lies in the fact that as the device is 

stretched, due to the change in grating periods along the stretch direction, the diffraction angles, 

the energy distribution among different diffracted orders, and even the number of supported 

diffraction orders can be changed, which can greatly broaden the application range of the device. 

3.5.2. Theoretical analysis 

As is shown in Figure 3-10, a hexagonal grating can be decomposed into three two-dimensional 

gratings and these three components of the hexagonal grating have different periods along the x 

and y directions [122]. For an arbitrary orientation of the PS nanosphere array, the periods of the 

grating components along the x and y directions can be calculated using the following relations 

[122]:  

𝑃௫ =
ௗ

|ୡ୭ୱ (ఈି(ିଷ)
ഏ

య
)|

     𝑛 = 1,2,3                                                       (3-3) 

𝑃௬ =
ௗ

|ୱ୧୬ (ఈି(ିଷ)
ഏ

య
)|

     𝑛 = 1,2,3                                                (3-4) 

Where n is the number of the grating component, 𝛼 is the orientation angle of the array with 

respect to the y axis and d is the pitch of hexagonal grating. For the special case when the array is 
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oriented such that 𝛼 = 0 and the grating pitch, which here is equal to spheres diameter, is 1 µm, 

the following values can be obtained for grating components periods: 

𝑃௫ଵ = 𝑃௫ଶ = √3      𝑃௫ଷ =
√ଷ

ଶ
  𝑃௬ଵ = 𝑃௬ଶ = 1  𝑃௬ଷ = ∞                             (3-5) 

All values are in µm. A value of infinity for a period means that the structure is not periodic in the 

corresponding direction, which is obvious for the special case under study. 

 

Figure 3-10: Generalization of the analysis of the structure of a hexagonal grating. The hexagonal grating can be 

decomposed into three two-dimensional gratings with different periods along the x and y directions. Reprinted 

with permission from [132]. Copyright (2016), Wiley-VCH. 

Using the classic grating equation for 1D gratings, supported orders for each grating component 

along the x and y directions and their corresponding diffraction angles can be calculated as 

follows. The grating equation for normal incidence is provided below: 
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𝑚𝜆 = 𝑛𝑃 𝑠𝑖𝑛𝜃                                                             (3-6) 

Where m is the supported diffraction order number, 𝜆 is the incident light wavelength, n is the 

refractive index of the medium into which the diffracted orders travel, P is the grating period, and 

𝜃 is the diffraction angle of the mth diffracted order. For instance, by replacing the above obtained 

grating components periods in the grating equation, for the light wavelength of 633 nm and 

refractive index of air (n=1), the diffraction angles of the supported orders along the x and y 

direction can be obtained as follows: 

𝑚 = 1     𝜃௫ଵ = 𝜃௫ଶ ≅ ∓35  𝜃௫ଷ ≅ ∓47  𝜃௬ଵ = 𝜃௬ଶ ≅ ∓39  𝜃௬ଷ = 0                (3-7) 

 

Figure 3-11: Analytical projection of the diffraction pattern of a hexagonal grating. (a) Demonstration of geometrical 

parameters used to predict the diffraction pattern from a hexagonal nanosphere array. (b) Comparison of the 

calculated diffraction angles for the diffraction pattern and those obtained from simulation. Reprinted with 

permission from [132]. Copyright (2016), Wiley-VCH. 

Where 𝜃௫ and 𝜃௬, as defined in Figure 3-11-a, indicate the diffraction angle of the nth grating 

component along the x and y directions, respectively. In this case, no second order is supported 
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by the grating structure. As 𝜃௫ and 𝜃௬ represent the diffraction along the x and y directions, the 

diffraction pattern resulting from each grating component can be easily predicted by the values 

obtained for these angles. As illustrated in Figure 3-11-a, the diffraction angle for each pattern (𝜃) 

can be obtained using simple geometrical calculations. For example, for the point labeled “+1”, 

which indicates a pattern created by the first grating component in positive direction, the 

diffraction angle (𝜃) can be calculated from the above obtained 𝜃௫ and 𝜃௬ values for this point: 

𝑡𝑎𝑛𝜃௫ =



  → 𝐴 = 0.7𝐷   𝑡𝑎𝑛𝜃௬ =




  → 𝐵 = 0.81𝐷                              (3-8) 

𝐶 = √𝐴ଶ + 𝐶ଶ = 1.07𝐷                                                   (3-9) 

𝑡𝑎𝑛𝜃 =



= 1.07 →  𝜃 ≅ 47                                            (3-10) 

As shown in Figure 3-11-b, the obtained value for 𝜃 closely matches the one obtained from 

simulation which can be implied from the point’s position with respect to the concentric circles. 

A similar procedure can be followed to acquire the diffraction angles for other parts of the 

diffraction pattern which are already shown in Figure 3-11-b. In addition, the same approach can 

be applied to any other structure of hexagonal grating with different orientation and/or grating 

pitch to analytically predict its diffraction pattern. For a highly stretched structure, for example, 

additional dots will be added to the diffraction pattern because of the support for higher diffracted 

orders which is due to the increase in grating components periods along the stretch direction. 

3.6. Photon Management for Absorption Enhancement in 

Colloidal Quantum Dot (CQD) Thin-films 

As it is known that dielectric nanospheres can enhance light absorption in thin-film solar cells 

[135], one potential application of the proposed tunable optical diffuser can be the enhancement 

of light absorption in light-absorbing layer of thin-film solar cells and photodetectors through its 
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adjustable diffractive properties. The optical diffuser can cover the front surface of any previously 

fabricated device to add photon management capability to it. Furthermore, the light management 

performance and thus absorption enhancement could be tunable across a wide range of light 

wavelengths due to the unique properties of the proposed optical diffuser. In order to conceptually 

examine this potential application, the optical diffuser was utilized to improve light absorption in 

thin-films of PbS CQDs. CQD-based devices can be considered a great candidate to pair up with 

our proposed device because of their critical need for photon management in near-infrared region 

where they suffer from low absorption coefficients and also their absorption spectra tunability via 

the quantum size effect [24] which demands a similarly tunable photon management solution.  

 
Figure 3-12: Absorption enhancement in CQD films using optical diffuser. (a) Schematic of the sample structure used 

for absorption measurement in CQD films. The sample was intended to roughly mimic the structure of a depleted 

heterojunction CQD solar cell. (b) Experimentally measured absorption in CQD films under different conditions. An 

optical diffuser can significantly enhance light absorption in a CQD film and the amount of absorption in tunable 

through optical diffuser stretch. (c-e) FDTD simulated E-field intensities at 850 nm wavelength inside a 300 nm thick 
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CQD film (c) and same film under the influence of a unit cell of unstretched (d) and stretched (e) optical diffuser. 

Colors represent the relative magnitude of E-field. An optical diffuser can greatly boost E-field intensities inside a 

CQD film and the intensities can be further enhanced under stretched condition. The schematic does not represent the 

actual vertical position of the nanosphere array with respect to the CQD film. A shadow of the nanosphere array is 

present for ease of demonstration. Reprinted with permission from [132]. Copyright (2016), Wiley-VCH. 

Figure 3-12-a shows the schematic of the sample structure used for absorption measurement in 

CQD films. The sample was intended to roughly mimic the structure of a basic depleted 

heterojunction CQD device [82]. As is clear from the figure, CQDs and a mixed layer of ZnO/TiO2 

nanoparticles form the heterojunction while a layer of silver acts as the back reflector to reflect 

back any unabsorbed light passing through the CQD film. No FTO layer was implemented inside 

the sample structure in an effort to eliminate the possible error in measurement due to the 

parasitic absorption caused by this layer. The optical diffuser is placed on top of the glass substrate 

to diffusely transmit the incident light into the sample. The experimentally measured absorption 

spectra in CQD films under different conditions are plotted in Figure 3-12-b. The results reveal 

that an optical diffuser can significantly enhance light absorption in a CQD film and the amount 

of absorption is tunable through the level of applied stretch. This is due to the fact that the 

diffusive behavior of the optical diffuser leads to the increase in the light path length inside the 

thin-film which in turn increases the chance of light absorption. The absorption enhancement 

mostly occurs in near-infrared part of the spectrum since the absorption coefficients of CQDs are 

large enough in visible region such that almost all the incident light is absorbed even if no light 

management strategy is employed.  

The optical diffuser capability to enhance light absorption in CQD films was further affirmed by 

3D FDTD simulation. Simulated E-field intensities at 850 nm wavelength inside a 300 nm thick 

CQD film and same film under the influence of a unit cell of unstretched and stretched optical 

diffuser are shown in Figure 3-12-c-e, respectively. From the figure, it is obvious that an optical 

diffuser can greatly boost E-field intensities inside a CQD film and the intensities can be further 

enhanced under stretched condition. Moreover, the proposed optical diffuser was also tested for 
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absorption enhancement in crystalline Silicon. As depicted in figure 3-13, comparison of the 

absorption spectra of a 500 m thick Silicon slab with and without an optical diffuser disclosed 

that the optical diffuser is able to greatly enhance light absorption in the silicon slab showcasing 

the wide spread application of the proposed optical diffuser for devices with different materials 

and technologies. 

 

Figure 3-13: Absorption spectra of a 500 m thick Silicon slab with and without an optical diffuser. The optical 

diffuser is able to greatly enhance light absorption in the silicon slab showcasing the wide spread application of the 

proposed optical diffuser for different light absorbing materials and photovoltaic technologies. However, due to the 

extreme thickness of the slab, which ideally should absorb all the incident light above the Si bandgap, we believe the 

optical diffuser here is functioning as an anti-reflection coating, reducing the reflection from Si surface thus 

enhancing light absorption. Reprinted with permission from [132]. Copyright (2016), Wiley-VCH. 

3.7. Conclusion 

In summary, a novel type of diffraction grating referred to as ‘stretchable hexagonal diffraction 

grating’ was introduced in this work and its potential as an optical diffuser for photon 

management in thin-film optoelectronic devices was explored. The easily fabricated grating’s 
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structure is based on hexagonal arrays of PS nanospheres formed on elastomer PDMS substrate. 

The proposed device was shown to be widely tunable in terms of the diffraction angles, the number 

of supported orders, and the energy distribution into higher diffracted orders, thanks to the 

flexibility of its structure. As an application example, the stretchable hexagonal grating was 

demonstrated both numerically and experimentally to be able to offer broadband tunable light 

absorption enhancement in colloidal quantum dot (CQD) thin-films.   

In addition to physical flexibility, the stretchable hexagonal diffraction grating concept illustrated 

here offers lots of degrees of freedom in its structure design. A variety of different nanosphere 

sizes can be chosen, and even their size can be fine-tuned with nanometer accuracy by reactive 

ion etching (RIE) processes which provides endless possibilities for adjusting the diffractive 

properties of the device. Moreover, optimizing the mechanical properties of the PDMS substrate 

for smaller elasticity modulus [136] is expected to enhance the device’s diffusive capability due to 

the possibility of higher stretch application which can provide support for additional diffracted 

orders. Better engineering of the nanosphere self-assembly for larger area of perfectly patterned 

domains [137], [138] may also lead to performance enhancement for the proposed optical diffuser. 

The novel optical diffuser proposed in this work is easily usable for any previously fabricated 

optoelectronic device, without the cumbersomeness of modifying the device’s structure or 

fabrication process. 
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4 

Optoelectronic engineering of colloidal quantum-

dot solar cells beyond the efficiency black hole: a 

modeling approach 

4.1. Introduction 

Persistently growing demand for energy across the globe has increased the importance of 

photovoltaic technology as a green alternative to traditional energy resources. Reduction in 

production cost of photovoltaic devices has been the main motivation behind the development of 

emerging thin-film solar cell technologies [24], [32], [33], [139] despite the current dominance of 

their silicon-based counterparts in the market. 

In order to take the place of silicon-based photovoltaics, thin-film solar cells need a significant 

boost in their efficiency to fill the gap in efficiency to production cost ratio that currently exists 

between these two technologies. In this regard, light management techniques are considered one 

viable engineering approach to overcome the so-called light absorption-charge extraction trade-
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off in the design of their active layer thickness which emerging thin-film solar cells suffer from 

and is the main culprit behind their lackluster efficiency [36]. The basic concept of light 

management is that by manipulating the path that light travels inside the cell’s structure, the 

chance for light absorption inside the active layer (light absorbing layer) will be increased without 

any change in the active layer’s thickness which, as a result, will not compromise the charge 

extraction efficiency [36]. The importance of light management in thin-film photovoltaics turns 

out to be bolder for longer wavelength photons with longer absorption length and photon energies 

near the bandgap of the absorbing material due to the huge mismatch between the absorption 

length and the cell’s active layer thickness which is severely confined by charge carriers’ diffusion 

length inside the light absorbing material. 

The aforementioned trade-off in active layer’s thickness also applies to colloidal quantum dot 

(CQD) solar cells, an emerging type of photovoltaic technology which has demonstrated the 

potential for low-cost solution-processed fabrication and efficient light harvesting through 

multiple exciton generation (MEG) and tunable absorption spectrum via the quantum size effect 

[24]. Although since their emergence impressive advances have been achieved in charge transport 

properties of quantum dot solids and CQD cells’ light trapping capabilities [38]-[41], [83], [140]-

[142], the recent progress in CQD solar cell efficiencies has been very sluggish, making them less 

competitive in comparison to other solar cell technologies.  

Especially, light management strategies exploited for CQD solar cells have not been significantly 

effective in uplifting their performance [38]-[41], [83], leaving the community dubious about the 

necessity of light management in CQD-based solar cells as a long-term reasonable approach to 

their competitiveness enhancement in the market. Here, using comprehensive optoelectronic 

modeling and simulation of CQD solar cells, we pursue a possible sensible reasoning behind their 

lackluster progress in performance, offering a clear roadmap for CQD solar cell research 



79 
 

community in order to achieve the milestones required for commercialization of the CQD-based 

photovoltaic technology. 

4.2. Modeling and simulation methods 

4.2.1. Device structure 

Figure 4-1 shows the schematic of the device structure used for optoelectronic simulation of CQD 

solar cells. The chosen structure was intended to model the structure of a typical depleted 

heterojunction CQD solar cell based on PbS quantum dots [82]. In a typical depleted 

heterojunction CQD solar cell, a thin layer of TiO2 or ZnO which is optically transparent in the 

operating range of the cell serves as the n-side of the junction and the CQD layer plays a double 

role of being the p- side of the junction and also the light absorbing layer. Gold (Au) can be used 

to establish an ohmic contact to CQD layer as the back contact to extract photo-generated holes. 

In addition, being highly reflective, gold doubles the optical pathway of photons inside the CQD 

layer, improving the overall light absorption of the device. Glass is being used as the substrate and 

a layer of transparent conductive oxide (Indium-doped tin oxide, ITO) on the substrate forms the 

front contact to the junction. 

 

Figure 4-1: Schematic of the device structure used for optoelectronic simulation of PbS CQD solar cells. The structure 

is intended to mimic the structure of a typical depleted heterojunction CQD solar cell. Reprinted with permission 

from [143]. Copyright (2017), Society of Photo-Optical Instrumentation Engineers. 
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4.2.2. Optoelectronic modeling and simulation 

The AM1.5G solar spectrum was used for all the simulations. The transfer matrix optical modeling 

developed for thin-film solar cells [144] was utilized and performed in MATLAB to obtain the 

carrier generation rate profile inside the CQD film of the solar cell. The real part of refractive index 

(n) of PbS CQDs was estimated from that of bulk PbS based on a 75% volume fraction of PbS CQD 

films compared to bulk PbS [144] as it is known that n has a linear relationship with volume 

fraction [145]. This approximation is justified since the transfer matrix method is not sensitive to 

the accuracy of n values of the materials for the purpose of absorption measurement in the active 

layer [144]. This statement was confirmed by observing the effect of perturbations in n values on 

calculated absorption in active layer. On the other hand, as the accuracy of the imaginary part of 

refractive index (k) is crucial for transfer matrix modeling, the k values for PbS CQD films were 

obtained from experimentally measured absorption coefficient () of the films, as plotted in figure 

4-2, using the following formulation [132]: 

𝑘 =
ఈఒ

ସగ
                                                                              (4-1) 

Where  is the wavelength at which the absorption coefficient has been measured. For measuring 

the absorption coefficient, CQD film samples were mounted at the center of the integrating sphere 

of a Perkin-Elmer Lambda 1050 UV/Vis/NIR Spectrophotometer using a center mount sample 

holder. This setup was used to measure the optical density (OD) of the CQD film, from which the 

absorption coefficient () of the film was calculated using the following equation after measuring 

the film’s thickness (d) by a KLA Tencor Alpha-Step iQ contact profilometer: 

𝛼 = 𝑂𝐷 ×
୪୬ (ଵ)

ௗ
                                                                     (4-2) 

Other required optical constants of materials for modeling were taken from the literature [84]-

[87]. The generation rate profile obtained from optical modeling was imported into Lumerical 
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DEVICE software for electrical simulation. A full list of material parameters used for device 

physics modeling is provided in Table 4-1. Contacts boundary conditions were forced to be ohmic. 

Trap states were considered to be single level at 0.2 eV below the conduction band [35]. External 

quantum efficiencies (EQEs) were calculated from the output current of the cell under short-

circuit condition at each wavelength using the following expression: 

𝐸𝑄𝐸(𝜆) =


ఒ
×

ೄ(ఒ)

ಲಾభ.ఱಸ
                                                              (4-3) 

 

Figure 4-2: The measured absorption coefficient of PbS colloidal quantum dots used for optoelectronic 

modeling and simulation. Reprinted with permission from [143]. Copyright (2017), Society of 

Photo-Optical Instrumentation Engineers. 

Where  is the wavelength at which the measurement has been done, h denotes the Planck’s 

constant, c indicates the speed of light in vacuum, q is the electron electric charge, JSC implies the 

short-circuit current and PAM1.5G denotes the incident power from AM1.5G solar spectrum. 

Diffusion lengths inside the CQD film were tuned by adjusting the mobility and carrier life times 

of the model. Light path length enhancement was modeled by uniform increment in effective 

absorption coefficient (effective) of CQD films across the whole spectrum in optical modeling 

(absorption enhancement ratio= effective / intrinsic) as it is believed that light path length 
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enhancement caused by a diffusive surface is directly equivalent to the per-pass absorption 

enhancement [146]. 

Table 4-1: Materials parameters used for a typical optoelectronic simulation of a depleted heterojunction 

CQD solar cell. Superscripts indicate the references from which the parameter values are taken. Reprinted 

with permission from [143]. Copyright (2017), Society of Photo-Optical Instrumentation 

Engineers. 

 PbS ZnO/TiO2 Au ITO 

Work Function (eV) 4.6 [35] 5.7 [35] 5.1[147
]  

4.4 
[148] 

Thickness (nm) 300 150 100 200 

Eg (eV) 1.3 [35] 3.2 [35] - - 

µe,h (cm2/V.s) 0.01 [35] 0.05 [35] - - 

e,h (s) 1e-7 [35] 1e-5 [149] - - 

Doping (cm-3) 1e16 [35] 1e18 [35] - - 

r 20 [150] 85 [151] - - 

m*
e/mo 0.2 [152] 0.943 

[153] 
- - 

m*
h/mo 0.27 

[152] 
1.805 
[153] 

- - 

 

4.3. Simulation results and performance analysis 

4.3.1. Optical simulation results 

Sample outputs from a transfer matrix optical simulation for a typical PbS CQD solar cell are 

illustrated in figure 4-3. As is demonstrated in figure 4-3-a, transfer matrix simulation is capable 

of calculating the fraction of incident light absorbed in each layer of the device structure and total 

light reflected from the device for any desired wavelength range. This is possible by estimating the 

electric field intensity distribution for each wavelength at various depths inside the device, as 

shown in figure 4-3-b. From the simulation results, it can be implied that the gold back contact is 

responsible for most of the parasitic absorption across the spectrum and any other layer except 
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the active layer does not absorb a significant amount of the light incident on the device. On the 

other hand, due to low absorption by CQDs in near-infrared region, most of the incident light in 

this region is reflected back from the device which emphasizes on the importance of light 

management strategies that are specifically designed for near-infrared portion of light in CQD-

based photovoltaic devices. Furthermore, as depicted in figure 4-3-c, using the transfer matrix 

method, the generation rate profile inside the active layer of the device can be plotted as a function 

of depth. This generation rate profile can then be exploited to numerically simulate the electrical 

performance of the CQD solar cells. 

 

Figure 4-3: Sample output from a transfer matrix optical simulation for a typical PbS CQD solar cell. (a) Fraction of 

light absorbed in each layer of the device structure and total light reflected from the device. The gold back contact is 

responsible for most of the parasitic absorption across the spectrum. (b) Normalized E-field intensity distribution 

inside the device for 400, 800, and 1200 nm incident light wavelengths. (c) Generation rate profile as a function of 

depth inside the device structure. As is expected, carrier generation only happens inside the active layer of the device. 
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Reprinted with permission from [143]. Copyright (2017), Society of Photo-Optical Instrumentation 

Engineers. 

4.3.2. Electrical simulation results 

As the ultimate goal of any light management technique is to improve the performance of thin-

film solar cells, in this work, the effect of light management, or in other words light absorption 

enhancement, on performance merits of a CQD solar cell was numerically studied. Here, 

simulation conditions (see the Modeling and Simulation Methods section for details) were 

considered such that the cell’s performance is close to experimental results for a typical depleted 

heterojunction CQD solar cell [35], [82], [154]. Figures 4-4-a and 4-4-b represent the simulated 

External Quantum Efficiency (EQE) and current-voltage characteristics of a CQD solar cell under 

the influence of light management at different average levels light path enhancement, respectively 

and table 4-2 summarizes the related performance merits and enhancements under the same 

conditions. As is clear from the results, light management is able to enhance the electrical 

performance of a CQD solar cell through broadband light path length enhancement. EQE 

improvements are bolder across the near-infrared region which is most needed for CQD-based 

photovoltaic devices. Enhancements are also obvious in the case of short-circuit current density 

(JSC) which is clearly because of the increase in light absorption induced by light path 

enhancement. 
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Figure 4-4: Simulation of the performance of a depleted heterojunction CQD solar cell under the influence of light 

management. Current-voltage characteristics (a) and external quantum efficiency (b) of a CQD solar cell with and 

without light management. Light path enhancement is able to improve the performance of a CQD solar cell however 

the improvements are not as high as expected. Reprinted with permission from [143]. Copyright (2017), 

Society of Photo-Optical Instrumentation Engineers. 

Table 4-2: Summary of the effects of light management on performance merits of a typical CQD solar cell with 300nm 

CQD film thickness and 100nm diffusion length. Reprinted with permission from [143]. Copyright (2017), 

Society of Photo-Optical Instrumentation Engineers. 

Average light 
path length 

enhancement 
ratio (%) 

Average light 
absorption 

enhancement over the 
reference cell (%) 

JSC 
(mA/cm2) 

JSC 
enhancement 

over the 
reference 
cell (%) 

VOC 
(V) 

FF  
(%) 

 
enhancement 

over the 
reference 
cell (%) 

0 0 18.52 0 0.513 0.42 4.04 0 

20 11.91 20.23 9.23 0.518 0.42 4.45 10.15 

40 22.56 21.58 16.52 0.522 0.43 4.79 18.56 

50 27.51 22.21 19.92 0.523 0.43 4.95 22.52 

 

4.4. Efficiency black hole 

4.4.1. The origin 

a b

a b
0

10

20

30

40

50

60

70

80

90

400 500 600 700 800 900 1000 1100 1200

E
xt

er
na

l 
Q

ua
nt

um
 E

ffi
ci

en
cy

 (
%

)

Wavelength (nm)

0%   Light path enhancement

20% Light path enhancement

40% Light path enhancement

50% Light path enhancement

0

5

10

15

20

25

0 0.1 0.2 0.3 0.4 0.5 0.6

C
ur

re
nt

 D
en

si
ty

 (
m

A
 c

m
-2

)

Voltage (V)

0%   Light path enhancement

20% Light path enhancement

40% Light path enhancement

50% Light path enhancement



86 
 

A closer look into the enhancement values summarized in table 4-2 reveals that the improvement 

in power conversion efficiency () is mainly due to the increment in short circuit current (JSC), 

which in turn is the result of more light absorption stemming from light path length enhancement. 

On the other hand, although the average light path enhancement ratios considered for simulation 

are quite significant, the corresponding enhancements for  and JSC are much lower in quantity. 

Even though part of this difference is because of lower than expected average light absorption 

enhancement due to already high enough absorption coefficient for CQDs in visible region, this 

indicates the presence of some strong loss mechanism that can significantly hold back the 

improvements achieved by light management. Detailed investigation of carrier generation and 

recombination rate profiles inside the CQD film of the cell without (Figure 4-5-a,c) and with 

(Figure 4-5-b,d) light management implementation implies that higher generation rates resulting 

from higher light absorption ignited by light path length enhancement are accompanied by higher 

recombination rates possibly stemming from high trap state densities inside the CQD film, thus 

limiting the electrical performance enhancement caused by light management. Therefore, the 

important takeaway here is that a low quality CQD film with high trap densities can severely hurt 

the achievements of any light management strategy. As will be discussed in the following, the 

validity of this conclusion for CQD-based photovoltaic devices was further examined through 

extensive optoelectronic modeling, simulation and performance projection under different 

conditions. 
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Figure 4-5: Numerical study of electrical performance of a depleted heterojunction CQD solar cell under the influence 

of light management. (a,b) Carrier generation and (c,d) recombination rate profiles as a function of depth inside the 

CQD film of the solar cell without (a,c) and with (b,d) light management. Higher generation rates resulting from 

higher light absorption ignited by light management are accompanied by higher recombination rates stemming from 

high trap state densities inside the CQD film, thus limiting the electrical performance enhancement caused by light 

management. Reprinted with permission from [143]. Copyright (2017), Society of Photo-Optical 

Instrumentation Engineers. 

4.4.2. Performance projections beyond the efficiency black hole 

Figure 4-6 depicts the summary of optoelectronic performance projections for a PbS CQD solar 

cell at various levels of optical, structural and electrical enhancement for short-circuit current 

density (figure 4-6-a), power conversion efficiency (figure 4-6-b), fill factor (figure 4-6-c) and 

open-circuit voltage (figure 4-6-d). To obtain these projections, performance merits of the cell 

were calculated as a function of variation in the diffusion length of charge carriers inside the CQD 

film (which is heavily dependent on trap states densities), changes in the CQD film thickness, and 
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also the average light path length inside the CQD film which can be manipulated by any light 

management strategy. 

A deep look into the obtained results suggests that for any thickness of CQD film, if the diffusion 

length of the charge carriers inside CQDs is below a certain limit (~ 100 nm, which is about the 

best practically possible value at present [35]), no matter how much the light path length is 

enhanced by any light management strategy, the power conversion efficiency of the cell will not 

be significantly improved. In other words, CQD solar cells will be stuck in an “efficiency black 

hole” if the carriers’ diffusion length in their active layer stays below a certain limit. As can be seen 

from the results, even three times enhancement in light path length of a CQD solar cell cannot 

improve its efficiency if the cell is located in the so called efficiency black hole. This supports the 

aforementioned conclusion that due to the increase in trap-assisted recombination rates, higher 

light absorption does not necessarily translate into higher cell performance if the CQD film is not 

electronically optimized. 
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Figure 4-6: Simulated optoelectronic performance projections for a PbS CQD solar cell at various levels of optical, 

structural and electrical enhancement. (a) Short-circuit current density. (b) Power conversion efficiency. (c) Fill 

factor. (d) Open circuit voltage. The investigation of the effect of light management (light path length enhancement), 

structural improvement (CQD film thickness increment), and electronic property enhancement (diffusion length 

optimization) on the cell’s performance merits reveals that both optical and electronic optimizations are equally 

important for an efficient photovoltaic device and neither of them should be completely neglected. Reprinted with 

permission from [143]. Copyright (2017), Society of Photo-Optical Instrumentation Engineers. 
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Further investigation of performance projections plotted in figure 4-6 reveals that the mentioned 

efficiency black hole is mainly the result of invariability in short-circuit current and fill factor of 

the cells with diffusion length values below the mentioned limit. This can be attributed to the 

aforementioned loss mechanism due to high trap states density of CQDs which can result in higher 

recombination rates as the light path length in enhanced in the cell. Moreover, the same trend can 

be observed if no light management technique has been employed in the cell’s structure. Any 

increase in diffusion length will not result in remarkable efficiency improvement if the light path 

length is not enhanced beyond a certain limit. Therefore, it seems reasonable to conclude that the 

efficiency black hole is the result of sole focus on enhancement of either light absorption or charge 

extraction capabilities of CQD solar cells.    

On the other hand, based on the performance projection results illustrated in figure 4-6, it can be 

inferred that, in order to get out of the efficiency black hole, incorporation of an effective light 

trapping strategy and a high quality CQD film at the same time is an essential necessity for CQD-

based photovoltaic devices. This means that CQD solar cells should increase the charge carriers’ 

diffusion length and light path length inside their active layer to a level beyond the current 

practical limit. In this case, simultaneous optimization of optical (light path length), structural 

(CQD film thickness), and electronic (diffusion length) properties of the cell can lead to realization 

of very high efficiency CQD solar cells with efficiencies more than 12%. This requires light path 

length enhancements up to 300% and diffusion lengths up to 1m which will then allow much 

thicker CQD films to be integrated into the cells’ structure. 

4.5. Conclusions 

In summary, by employing comprehensive optoelectronic modeling and simulation, we 

demonstrated the presence of a strong efficiency loss mechanism, here called the “efficiency black 
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hole”, that can significantly hold back the improvements achieved by any efficiency enhancement 

strategy. We proved that this efficiency black hole is the result of sole focus on enhancement of 

either light absorption or charge extraction capabilities of CQD solar cells. From the obtained 

extensive performance projection results it was inferred that, in order to get out of the efficiency 

black hole, incorporation of an effective light trapping strategy and a high quality CQD film at the 

same time is an essential necessity for CQD-based photovoltaic devices and simultaneous 

optimization of optical (light path length), structural (CQD film thickness), and electronic 

(diffusion length) properties of the cell beyond current practical limits can lead to realization of 

very high efficiency CQD solar cells with efficiencies more than 12%. 
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5 

Cellulose nanocrystal:polymer hybrid optical 

diffusers for index-matching-free light 

management in optoelectronic devices   

5.1. Introduction 

Optical diffusers play a major role as a component in many of optoelectronic devices in which the 

so-called soft light with uniform spatial and directional intensity distribution is desired. For 

instance, optical diffusers have been extensively exploited for the purpose of uniform 

backlighting, brightness enhancement, efficiency improvement and increased sensitivity in liquid 

crystal displays (LCDs) [155]-[157], light emitting diodes (LEDs) [104]-[106], solar cells [36], 

[83], [100] and photodetectors [101]-[103], respectively, all of which possible through excellent 

light scattering properties offered by optical diffusers.      

Surface-relief diffusers [158]-[160] perform light diffusion by micro/nanostructures fabricated on 

the surface of a film. Despite their popularity for a variety of applications, surface-relief diffusers 
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are not an ideal choice for integration into optoelectronic devices due to vulnerability of their 

surface to the damage resulting from coming into contact with other parts of the device. In 

addition, the requirement for the use of sophisticated surface patterning processes such as 

lithography makes this type of diffusers expensive to fabricate. On the other hand, volumetric 

diffusers [161]-[166], which rely on randomly-distributed particles as filler inside a bulk material, 

are not sensitive to physical contact at their surface since light diffusion happens inside the device 

rather than the surface. Furthermore, unlike surface-relief diffusers, they offer broadband 

polarization-independent light scattering thanks to the randomness of their structure. Polymeric 

materials such as polyethylene terephthalate (PET) [95], [155], polymethyl methcrylate (PMMA) 

[95], [167] and poly-carbonate (PC) [155] have gained popularity as bulk materials of optical 

diffusers due to their optics-friendly properties. In particular, Polydimethylsiloxane (PDMS) 

offers unique mechanical flexibility and optical transparency and has recently been taken 

advantage of in fabrication of optical diffusers [113], [132]. The filler material could be of type 

organic [168], in-organic [169], [170] or hybrid organic/inorganic [108], [171] and light scattering 

relies on the difference between refractive index of the filler and the bulk material. 

As a non-toxic and biodegradable material, Cellulose nano-crystals (CNCs) are more 

environmental friendly than other materials since they are directly extracted from natural 

resources such as wood and other fiber supplies available in plants. As a high molecular weight 

linear polymer formed of monomers linked together by glycosidic oxygen bridges [172], They offer 

unique bulk and nanoscale properties (e.g. high tensile strength, high surface area for interaction 

with surrounding species) [173] making them suitable for use as substrate in a variety of 

biodegradable  device applications including but not limited to sensors [174], solar cells [175], 

light emitting diodes [176] and transistors [177]. In addition, recently, cellulose nanofiber (CNF)-

based films and papers have attracted attention for their light scattering capabilities [100], [178], 

[179]. Both CNCs and CNFs are very similar in terms of chemical composition and can be derived 

from the same source but are morphologically different in that CNFs are long (in order of microns) 
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and flexible composed of both crystalline and amorphous parts while CNCs are short rod-like 

crystals with lengths in the range of a few hundreds of nanometers [180]. 

Here, we propose a novel structure for optical diffusers using CNCs embedded in 

Polydimethylsiloxane (PDMS) matrix, or cellulose nanocrystal:polymer (CNP). Our hybrid 

diffuser is capable of achieving very high haze values (up to 85%), which is significantly higher 

than cellulose nanofiber/wood pulp diffusers [100], [179], while maintaining a high degree of 

transparency (~85%) at the same time. While some of the recently proposed volumetric diffusers 

are made of rare earth materials such as Cerium [162] which can drive up the cost of fabrication, 

our proposed diffuser relies on a ubiquitous material, cellulose, which is extremely cheap to 

produce. In addition, in the case of integration with optoelectronic devices, unlike previously 

reported cellulose nanofiber/wood pulp optical diffusers which require an additional index-

matching layer between the diffuser and the device for efficient light coupling [100], [179], no 

index-matching layer between the diffuser and the device is required here due to the unique 

surface properties offered by PDMS as the bulk material. Through extensive experimental 

characterization, we prove that CNCs are an excellent candidate for filler material in a volumetric 

optical diffuser thanks to their rod-like shape and wavelength-scale lengths in the order of a 

couple of hundreds of nanometers [181], which offers excellent capabilities for broadband light 

softening in visible and near-infrared range of light. This is backed by the fact that while most 

volumetric diffusers require a filler material with concentrations up to 15 wt% for efficient light 

scattering [161], [163], CNP hybrid diffusers offer highly efficient light diffusion at concentrations 

as low as 1 wt%. As a proof of concept, we leverage light management capabilities of CNP hybrid 

optical diffusers to demonstrate their potential for light absorption enhancement in thin-film 

silicon solar cells and light extraction improvement in organic LEDs.        

5.2. Experimental details 

5.2.1. Cellulose nano-crystal synthesis 
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CNCs were obtained in powder form from Alberta-Innovates Bio Solutions and were synthesized 

by Acid hydrolysis technique [182]. The process was performed in two Pfaudler 50 gallon acid-

resistant glass-lined reactors with a steam-heated jacket. Sulfuric acid with concentration of 64% 

was used with an initial reaction temperature of 45 oC. This was followed by a centrifuge step using 

a GEA Westfalia SC-35 separator. The next step in the process was a microfiltration step 

performed by a GEA filtration-ultrafiltration plant. The wet CNC powder obtained from this step 

was then dried in a SPX-Anhydro Model 400 spray dryer plant under an inlet temperature of 220 

oC and outlet temperature of 85 oC. 

5.2.2. CNP hybrid optical diffuser fabrication 

CNP hybrid optical diffusers with different wt% concentrations of CNC were fabricated by a 

modified version of standard PDMS curing process [132]. First, a PDMS mixture was made by 

mixing a silicone elastomer with curing agent from a Sylgard 184 kit (Dow Corning) in 10:1 ratio. 

Different amounts of CNC powder (0.5-4 wt%) were then added to the mixture and vigorously 

mixed together using a combination of manual stirring, ultrasonic agitation and a vortex mixer to 

ensure uniform distribution of CNCs inside the bulk material. The mixture was then degassed in 

a vacuum desiccator for 60 min before being poured into a polystyrene petri dish. The resulting 

film was then left on a pre-leveled platform at room temperature overnight to form a uniformly 

thick film and then was cured on a hot plate 80oC for 2h. The thickness of the film was controlled 

by carefully adjusting the amount of volume for the mixture that was being poured into the petri 

dish. After the curing step, the film could easily be peeled off due to the hydrophobicity of 

polystyrene surface.     

5.2.3. Characterization 

The transmission electron microscopy images were obtained by a Hitachi S-9500 TEM. 

Transmittance and haze for optical diffusers were obtained by using the 150 mm integrating 
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sphere module of a Perkin-Elmer Lambda 1050 UV–Vis–NIR Spectrophotometer. A custom-

made fixture was used to hold the sample at the sample beam entrance port of the sphere. Angle 

dependent specular transmissions were measured using the same setup with the sample being 

located on a rotating stage. For transmittance measurement, all the ports of the integrating sphere 

except the reference and sample beam entrance ports were kept closed. In the case of haze, the 

back port of the integrating sphere was opened to prevent the specular transmission from the 

sample to be captured by the detector. 

Visual demonstrations of optical diffusion by samples were performed using a laser diode 

(Newport) emitting at 635 nm as the light source with the sample covering the output window of 

the laser diode. The light passing through the diffuser samples was projected on a white screen 

located in front of the laser diode. The angular intensity distribution of the laser beam was 

acquired by a Thorlabs power meter situated in the same horizontal plane as the center of the 

laser beam. The angular position of the power meter was then changed using a custom-built 

fixture to measure the light intensity at different angular positions with respect to the center of 

the laser beam.           

 The effect of CNP hybrid optical diffusers on light absorption enhancement in silicon was 

investigated using a 200m thick silicon slab with optical diffuser samples being directly attached 

to the silicon surface. The absorption measurement was accomplished by putting the sample at 

the center of the integrating sphere of a Perkin-Elmer Lambda 1050 UV–Vis–NIR 

Spectrophotometer using a center mount sample holder. 

In order to test the application of CNP hybrid optical diffusers on light extraction improvement 

in organic LEDs, diffuser samples were directly attached to the back side of the glass substrate of 

an OLED device fabricated according to a previously published procedure [183]. Quantum 

efficiency, luminance, power efficiency and current-voltage characteristics of the OLED device 

were measured using a Keithley 2400 source-meter, a calibrated luminance meter (Konica 
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Minolta LS-110) and a PR-705 Spectrascan spectrophotometer with an integrating sphere in the 

air and at room temperature. 

5.3. Optical diffusion, transmission and haze analysis 

Figure 5-1-a shows a photograph of CNP hybrid optical diffusers with different CNC 

concentrations (from left to right 0.5, 1, 2, and 4 wt.%). As is obvious from the appearance of the 

samples in the picture, a change in transparency and light diffusion behavior of the samples is 

observed with increase in CNC concentration. Higher concentration provides lower transparency 

while offering higher light diffusion performance. This is in agreement with other types of 

volumetric diffusers as it is known that the density of the filler material can directly affect the 

transparency and the haze (the percentage of total transmitted light that is diffusely scattered)  of 

the diffuser [161], [163], [169]. Additionally, it was observed that the flexibility and mechanical 

properties of PDMS enable the CNP diffusers to withstand harsh physical stresses such as stretch, 

twisting and bending (figure 5-1-b) without any change in their properties, a feature that is not 

offered by cellulose nanofiber/wood pulp optical diffusers. 

By employing Transmission Electron Microscopy (TEM) of the CNCs (figure 5-1-c-f), both 

individual and aggregated clusters of CNCs were found to be present in the raw material, a feature 

which we believe could be carried over once CNCs are embedded in PDMS. In this case, the 

observed aggregations in TEM images can potentially enhance the scattering efficiency of CNCs.  

In addition, Helium Ion Microscopy (HIM) was used to characterize the morphology of CNC 

embedded films. From the obtained images (not shown), due to the similarity of the composition 

of CNCs and PDMS (one a naturally occurring polymer and the other a synthetic polymer), it was 

not possible to observe the distribution of CNCs inside PDMS due to the lack of any contrast 

between the two materials during imaging. Based on the observations, we believe that a 

combination Rayleigh and Mie scattering can be responsible for light scattering in CNP hybrid 
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diffusers, the former resulting from individual CNCs and the latter stemming from possible 

clusters of aggregated CNCs in the matrix material. 
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Figure 5-1: (a) Photograph of CNP hybrid optical diffusers with different CNC concentrations (from left to right: 0.5, 

1, 2, and 4 wt.%). The change in transparency and light diffusion behavior of the samples with an increase in CNC 

concentration is obvious from the picture. (The scale bar is 1 cm) (b) Physical durability of the diffusers allows 

application of stretch, twisting and bending without any effect on their optical properties. (b,c) Transmission electron 

microscopy images of individual cellulose nanocrystals. (c-f) Transmission electron microscopy images of cellulose 

nanocrystals before mixing with matrix material. (c,d) individual nanocrystals (e,f) an aggregated cluster of 

nanocrystals. Reprinted with permission from [189]. Copyright (2017), Wiley-VCH 

In order to optimize the amount of filler material for the composite diffuser, we measured the 

transmittance and haze of various CNP hybrid optical diffusers with different concentrations 

(wt.%) of CNC as a function of wavelength for visible and near-infrared regions of light. 

Transmittance and haze of a commercially available diffuser (market diffuser) from a solar 

simulator system were also measured for comparison. As is depicted in figure 5-2, high 

transmittance and very high haze values are achievable across a wide range of wavelengths with 

the proposed diffuser structure, which can be attributed the difference in refractive index of 

cellulose (~1.6) [184] and PDMS (~1.4) [185]. Compared to other cases, a 1 wt.% concentration 

for CNC in PDMS seems to provide a very high level of haze (more than 90%) while maintaining 

a high level of transparency at the same time. Furthermore, it is able to provide the same 

performance level as a commercial diffuser. In all the other cases, either the transparency or the 

haze level are compromised in favor of each other. For instance, in the case of a 4 wt.% CNC 

concentration, despite the fact that almost all light that is passing through the sample is being 

diffused (~100% haze), the transmittance is significantly lower than the acceptable level for an 

optical diffuser. In addition, from the obtained results, it can be concluded that the performance 

of CNC/PDMS optical diffusers is almost independent of the wavelength of incident light which 

is a direct consequence of the randomness of their light scattering structure.     
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Figure 5-2: Transmittance and haze of CNP hybrid optical diffusers with different concentrations (wt.%) of CNC as 

a function of wavelength. High transmittance and super-high haze values are achievable across a wide range of 

wavelengths with the proposed diffuser structure. Transmittance and haze of a commercially available diffuser 

(market diffuser) are also included for comparison. Reprinted with permission from [189]. Copyright (2017), 

Wiley-VCH 

Optical diffusion of a 635 nm laser beam by CNP hybrid optical diffusers with different 

concentrations of CNC and their comparison with a market diffuser are demonstrated in figure 5-

3. It can be inferred from the figure that the addition of CNC filler to PDMS as bulk material is the 

only reason for the observed light scattering since no noticeable change on the laser beam was 

observed when passing through a PDMS film with no CNC addition (0 wt.%). Additionally, better 

light softening performance and wider scattering angles were observed with increase in filler 

material concentration which is in complete agreement with the observations from wavelength-

dependent haze measurements in figure 5-2. Moreover, as is clear from the figure, a 1 wt.% 

diffuser offers almost the same performance as the market diffuser while catering wider scattering 

angles which can be attributed to the superior light scattering capabilities of CNCs as a filler 

material.     
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Figure 5-3: Optical diffusion of a 635 nm laser beam by CNP hybrid optical diffusers with different concentrations 

(wt.%) of CNC and comparison with a market diffuser. Reprinted with permission from [189]. Copyright 

(2017), Wiley-VCH 

Figure 5-4 illustrates the angular intensity distribution of a 635 nm laser beam after passing 

through a CNP hybrid optical diffuser with different concentrations of CNC. It is evident from the 

results that as the concentration of light diffusing material increases, light scattering angles tend 

to be wider and the intensity distribution becomes more uniform which is consistent with visual 

observations of light diffusion from figure 5-3. In the case of the sample with 4 wt.% CNC 

concentration, the intensity distribution is very close to an ideal diffuse surface with Lambertian 

distribution (dashed line). This emphasizes the excellent light diffusion ability of CNCs being able 

to offer a Lambertian-like distribution with only 4 wt.% concentration of filler material.  
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Figure 5-4: Angular intensity distribution of a 635 nm laser beam after passing through a CNP hybrid optical diffuser 

with different concentrations (wt.%) of CNC. (a) 0.5 wt.% (b) 1 wt.% (c) 2 wt.% (d) 4 wt.%. As the concentration of 

light diffusing material increases, the distribution becomes more uniform. The sample with 4 wt.% concentration is 

very close to an ideal diffuse surface with Lambertian distribution (dashed line). Reprinted with permission 

from [189]. Copyright (2017), Wiley-VCH 

 

Figure 5-5: Dependency of specular transmission of CNP hybrid optical diffusers on the incident light angle for 

different concentrations of CNC. At oblique angles, more light diffusion can be observed from the diffusers. 

Reprinted with permission from [189]. Copyright (2017), Wiley-VCH 

Since it is expected from an optical diffuser to maintain its performance at different incident light 

angles, the dependency of the performance of CNP hybrid optical diffusers on the incident light 

angle for different concentrations of CNC was investigated as shown in figure 5-5. From the 

obtained results, it can be concluded that at oblique angles, CNP hybrid optical diffusers offer 

even higher performance than a normal light incidence. This can be related to the fact that light 

has to travel a longer path inside the light scattering medium at oblique angles and in this case 

the chance of light being scattered will become higher due to high density of scattering sites 

created by the filler material inside the volumetric diffuser. This can be especially useful in light 

harvesting applications for ambient light since the incident direction can be randomly oriented 

most of the times.    
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Figure 5-6: Transmittance and haze of 1 wt.% CNP hybrid optical diffusers with different thicknesses as a function of 

wavelength. Although higher thicknesses can provide higher haze, the transmittance of the diffuser can be severely 

affected by the thickness. A 1 mm thick diffuser seems to have optimum transmittance and haze values for 

optoelectronic applications. Reprinted with permission from [189]. Copyright (2017), Wiley-VCH 

In a volumetric diffuser, because the light scattering material is distributed inside the bulk 

material, the thickness of the diffuser itself can play an important role in the performance of the 

device. Therefore, optimization of the thickness of CNP hybrid optical diffusers for the desired 

transparency and haze seems to be an essential step toward the design of an optimally performing 

optical diffuser. Figure 5-6 depicts the transmittance and haze of 1 wt.% CNP hybrid optical 

diffusers with different thicknesses as a function of wavelength. It is evident from the figure that 

although higher thicknesses can provide higher haze obviously due to longer light traveling path 

inside a scattering medium, the transmittance of the diffuser can be negatively affected by the 

thickness. From the results, it is reasonable to infer that a 1 mm thick diffuser seems to have 

optimum transmittance and haze values (~85%) for optoelectronic applications.   

5.4. Index-matching-free light management in optoelectronic 

devices 
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Due to the excellent light scattering capabilities offered by CNP hybrid optical diffusers, one 

potential application of the proposed optical diffuser can be the enhancement of light absorption 

inside the active layer of thin-film solar cells and photodetectors through its high haze property. 

The optical diffuser can laminate the front surface of any previously fabricated photovoltaic device 

to contribute to its light management capabilities. In order to investigate this potential 

application, CNP hybrid optical diffusers were tested for enhancement of light absorption in a 

200m thick silicon slab as illustrated in the schematic of the light scattering effect of the CNP 

hybrid optical diffuser on the silicon slab in figure 5-7 (left). Unlike most of the cellulose-based 

optical diffusers [99], [177], no index-matching layer between the diffuser and the device is 

required due to the smooth surface offered by PDMS as the bulk material and also its tendency to 

easily adhere to glass and silicon surfaces without leaving any air gap in between.  

Figure 5-7 (right) depicts the amount of absorption in a 200 m thick silicon slab versus incident 

light wavelength without diffuser and with diffusers having different concentrations of CNC. As is 

clear from the figure, the absorption in silicon slab is significantly enhanced with the addition of 

a CNP hybrid optical diffuser. This is due to the fact that the diffusive behavior of the optical 

diffuser results in the increase in the light path length inside the slab which in turn increases the 

chance of light absorption. In addition, a portion of the observed absorption enhancement could 

be the result of lower light reflection from the surface of silicon since the optical diffuser can 

reduce the refractive index contrast between air (1) and the silicon slab (~3) by its intermediate 

refractive index (~1.5). However, it is obvious that high concentrations of CNC are not as effective 

in enhancing the absorption due to the reduction in transmittance of the diffuser at high 

concentrations as was shown in figure 5-2. For example, lower transmittance offered by 2 wt.% 

CNC despite providing higher haze compared to 1 wt.% can be considered the reason behind 

observing similar light absorption performance in silicon slab for both concentrations. From the 

results, it can be concluded that a concentration of 1 wt.% for CNC as the filler material is the 

optimized concentration for this application. The absorption enhancement in all cases occurs over 
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a broad range of wavelength in both visible and near-infrared regions of light which is a common 

feature of volumetric diffusers.   

 

Figure 5-7: Demonstration of the potential application of CNP hybrid optical diffusers for light management in silicon 

solar cells. (Left) The schematic of the light scattering effect of the CNP hybrid optical diffuser on a silicon slab. (Right) 

Absorption in a 200m thick silicon slab versus incident light wavelength without diffuser and with diffusers having 

different concentrations of CNC. The absorption in silicon slab is significantly enhanced with the addition of a 

CNC/PDMS diffuser. However, high concentrations of CNC can reduce the absorption due to the reduction in 

transmittance of the diffuser. A concentration of 1 wt.% for CNC seems to be the optimized concentration for this 

application. Reprinted with permission from [189]. Copyright (2017), Wiley-VCH 

The application of CNP hybrid optical diffusers can be extended to thin-film light emitting diodes 

(LEDs) as well. LEDs are known to suffer from light trapping as the so-called substrate modes 

inside their substrate due to the refractive index contrast between glass and air which contributes 

to the occurrence of total internal reflection [187]. As illustrated in figure 5-8-a, the proposed 

optical diffuser can be exploited to enhance light extraction efficiency in an organic LED by being 

directly attached to the glass substrate of the device which can provide local scattering sites and 

refractive index change to suppress part of total internal reflection at the substrate/air interface. 

Just like the case of photovoltaic devices, no index matching layer is required between the diffuser 

and the OLED device. Current-voltage characteristics and luminance of the OLED device as a 
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function of bias voltage without diffuser and with diffusers having different concentrations of CNC 

are shown in figures 5-8-b and 5-8-c, respectively. It is evident from the results that although in 

all cases the OLED device draws the same current at different bias voltages, its luminance is 

subject to change when the optical diffuser is attached, which confirms that the attachment of an 

optical diffuser to the OLED device can affect the OLED’s light extraction capability.  

A deeper look into the luminance of the OLED device with optical diffusers having different 

concentrations of CNC reveals that a 1 wt.% CNP hybrid optical diffuser provides highest light 

extraction performance compared to the other concentrations which can be attributed to its 

optimal level of transparency and haze as was demonstrated in the previous section. Furthermore, 

it was found that a 0.5 wt.% concentration makes almost no difference in light extraction from an 

OLED possibly because of its low level of haze and a 4 wt.% concentration can result in lower 

luminance than an OLED without a diffuser probably due to its lackluster degree of transparency.        

Power efficiency and External quantum efficiency (EQE) of the OLED device as a function of 

luminance without diffuser and with diffusers having different concentrations of CNC are 

illustrated in figures 5-9-a and 5-9-b, respectively. The results are consistent with the observations 

in figure 5-8 as 1 and 2 wt.% CNP hybrid diffusers offer almost the same light extraction 

enhancement while a 0.5 wt.% device results in fairly the same performance as the reference 

device with no diffuser and the 4 wt.% device provides a lower performance than the reference 

device. Thanks to its superior light extraction capabilities, the proposed CNP hybrid optical 

diffuser is able to enhance the external quantum efficiency of an OLED device by about 15% on 

average which showcases the great potential of the proposed optical diffuser for light extraction 

enhancement in light emitting devices. The proposed light extraction technique is applicable to 

any previously fabricated LED device since the light extraction structure is not part of the device 

structure and can easily be laminated on any device and could be replaced in case of degradation.      

 



107 
 

 

 

Figure 5-8: Light extraction enhancement in OLEDs using CNP hybrid optical diffusers. (a) Schematic of the OLED 

structure with attached CNP hybrid optical diffuser. (b) Current-voltage characteristics of the OLED under different 

conditions. (c) Luminance of the OLED as a function of bias voltage without diffuser and with diffusers having 
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different concentrations of CNC. Enhancements in the luminance of the OLED with attached optical diffuser are 

obvious from the figure. Reprinted with permission from [189]. Copyright (2017), Wiley-VCH     

 

 



109 
 

Figure 5-9: (a) Power efficiency and (b) External quantum efficiency of the OLED device without diffuser and with 

diffusers having different concentrations of CNC. The diffuser with 1% wt. CNC concentration has the highest 

enhancement in the efficiency of the device. Reprinted with permission from [189]. Copyright (2017), Wiley-

VCH 

5.5. Conclusions 

In this work, we reported on a novel volumetric optical diffuser based on cellulose nano-crystals 

(CNC) embedded in Polydimethylsiloxane (PDMS) or as we call it “CNP hybrid optical diffuser”. 

By offering a very simple and low-cost fabrication process as well as compatibility with large-scale 

production using an earth-abundant material (cellulose) as filler, the proposed optical diffuser is 

an ideal choice for integration into optoelectronic devices for light management especially due to 

its insensitivity to physical damage at its surface and the lack of requirement for an index-

matching layer between the diffuser and the optoelectronic device thanks to the unique surface 

properties, mechanical flexibility and optical transparency offered by PDMS as the bulk material.   

We demonstrated that CNCs are an excellent candidate for filler material in a volumetric optical 

diffuser providing excellent capabilities for broadband light softening in visible and near-infrared 

range of light and highly efficient light diffusion at concentrations as low as 1 wt%. It was shown 

that at its optimized form, a CNP hybrid optical diffuser is capable of achieving super-high haze 

values (up to 85%) while maintaining a high degree of transparency (~85%) at the same time. 

While we only leveraged light management capabilities of CNP hybrid optical diffusers to 

demonstrate their potential for light absorption enhancement in thin-film silicon solar cells and 

light extraction improvement in organic LEDs, the proposed optical diffusers can be applicable to 

any other type of LED or solar cell devices without any change to the structure or fabrication 

process of the device by a simple lamination process. 
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6 

Conclusion 

6.1. Summary of accomplishments and contributions 

The main objective of the thesis was to leverage nanotechnology to address light absorption and 

light extraction deficiencies in thin-film photovoltaic devices and light emitting diodes, 

respectively, using simple and low-cost solutions. This objective was accomplished using easily 

fabricable hierarchical nanostructures by taking advantage of theory, simulation and 

experimental design, fabrication and characterization. 

By using 2D and 3D FDTD simulations, the potential of nanostructured ITO diffraction gratings 

was highlighted as an effective structure for light absorption enhancement in PbS CQD solar cells 

at near-infrared region where these types of solar cells typically demonstrate weak light 

absorption. Various ITO diffraction grating structures were investigated and compared to each 

other in terms of broadband light absorption enhancement and by providing compelling evidence 

it was hypothesized that guided-mode resonances excited by coupling of the incident diffracted 

light into the supported waveguide modes is the main reason behind the broadband light 

absorption enhancement in solar cells with ITO grating structures as compared to the reference 

planar solar cell without any gratings. Moreover, grating far-field projection analysis was proved 
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to be a powerful approach to predict guided-mode resonance wavelengths. Polarization-

independent broadband light absorption enhancement of more than 40% was predicted for 2D 

ITO nano-branch gratings as the best-performing structure and the absorption enhancement was 

proved to be almost independent of possible fabrication flaws in grating structure.  

In order to extend the application of nanostructured diffraction gratings for light management to 

any type of thin-film solar cells not just CQD solar cells, a novel type of diffraction grating referred 

to as “stretchable hexagonal diffraction grating” was introduced in this thesis and its potential as 

an optical diffuser for photon management in thin-film solar cells was explored. The easily 

fabricated grating structure was devised based on hexagonal arrays of Polystyrene nanospheres 

formed on an elastomer PDMS substrate. The proposed device was shown to be widely tunable in 

terms of the diffraction angles, the number of supported orders, and the energy distribution into 

higher diffracted orders, thanks to the flexibility of its structure. As an application example, the 

stretchable hexagonal grating was demonstrated both numerically and experimentally to be able 

to offer broadband tunable light absorption enhancement in colloidal quantum dot (CQD) thin-

films. The novel optical diffuser proposed in this thesis is easily usable for any previously 

fabricated optoelectronic device, without the cumbersomeness of modifying the device’s structure 

or fabrication process. 

In addition, by employing comprehensive optoelectronic modeling and simulation, the presence 

of a strong efficiency loss mechanism, named as the “efficiency black hole”, that can significantly 

hold back the improvements achieved by any light management strategy was demonstrated in 

CQD solar cells for the first time. It was argued that this efficiency black hole is the result of sole 

focus on enhancement of either light absorption or charge extraction capabilities of CQD solar 

cells. By using the performance prediction capabilities of the developed optoelectronic model it 

was inferred that, in order to get out of the efficiency black hole, incorporation of an effective light 

trapping strategy and a high quality CQD film at the same time is an essential necessity for CQD-
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based photovoltaic devices and simultaneous optimization of optical (light path length), structural 

(CQD film thickness), and electronic (diffusion length) properties of the cell beyond current 

practical limits can lead to realization of very high efficiency CQD solar cells. 

By taking advantage of light scattering media as a light management strategy for thin-film 

optoelectronic devices, a novel volumetric optical diffuser based on cellulose nano-crystals 

(CNCs) embedded in Polydimethylsiloxane (PDMS) called as “CNP hybrid optical diffuser” was 

reported in thesis. By offering a very simple and low-cost fabrication process as well as 

compatibility with large-scale production using an earth-abundant material (cellulose) as filler, 

the proposed optical diffuser is an ideal choice for integration into optoelectronic devices for light 

management especially due to its insensitivity to physical damage at its surface and the lack of 

requirement for an index-matching layer between the diffuser and the optoelectronic device 

thanks to the unique surface properties, mechanical flexibility and optical transparency offered 

by PDMS as the bulk material. It was demonstrated that CNCs are an excellent candidate for filler 

material in a volumetric optical diffuser providing excellent capabilities for broadband light 

softening in visible and near-infrared range of light and highly efficient light diffusion at very low 

concentrations. It was also shown that at its optimized form, a CNP hybrid optical diffuser can 

achieve super-high haze values while maintaining a high degree of transparency at the same time. 

Light management capabilities of CNP hybrid optical diffusers were leveraged to demonstrate 

their potential for light absorption enhancement in thin-film silicon solar cells and light extraction 

improvement in organic LEDs,  

6.2. Future outlook 

6.2.1. ITO nano-branch electrodes for organic solar cells 

During the course of research about the application of ITO nano-branch structures for light 

management in colloidal quantum dot solar cells in this thesis it was found out that practical 
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integration of the ITO nano-branches with quantum dots is not possible due to the difficulties in 

formation of a continuous active layer using the common deposition methods used for colloidal 

quantum dots which have the tendency to leave large voids inside the active layer after deposition, 

disrupting the operation of the device. I expect however that other thin-film solar cell technologies 

such as organic solar cells may not necessarily suffer from the same problem. Organic materials 

might be a better candidate for integration with ITO nano-branch electrodes and I think it is worth 

to try to extend the idea to other thin-film solar cell technologies. 

6.2.2. Tuning the structure of PS/PDMS hexagonal diffraction gratings for 

better tailored light management 

In addition to physical flexibility, the stretchable hexagonal diffraction grating concept illustrated 

in this thesis offers lots of degrees of freedom in its structure design. A variety of different PS 

nanosphere sizes can be chosen for fabrication to achieve different periodicities, and even their 

size can be fine-tuned with nanometer accuracy by reactive ion etching (RIE) processes which 

provides endless possibilities for adjusting the diffractive properties of the device. Moreover, 

optimizing the mechanical properties of the PDMS substrate for smaller elasticity modulus is 

expected to enhance the device’s diffusive capability due to the possibility of higher stretch 

application which can provide support for additional diffracted orders. Better engineering of the 

nanosphere self-assembly for larger area of perfectly patterned domains may also lead to 

performance enhancement for the proposed optical diffuser. 

6.2.3. Stretchable hexagonal diffraction grating for efficiency enhancement 

in vertical multi-junction solar cells 

Since the proposed stretchable hexagonal diffraction grating in this thesis is capable of spatial 

separation of different wavelengths of light, it could be an ideal candidate for integration into 

vertical multi-junction solar cells or as they are called edge-illumination solar cells [188]. Vertical 
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multi-junction solar cells include a number of edge-illuminated junctions attached together in 

parallel or series as is illustrated in figure 6-1. Normally, each junction receives the same light 

distribution (full solar spectrum) as all the other junctions but every junction is only capable of 

absorbing a specific part of solar spectrum based on the material that it is made of, which causes 

a massive loss of the incident energy. Our proposed diffraction grating can be used to decompose 

the incident light into different spatially separated wavelengths (colors) and thus each junction 

can only be exposed to the specific wavelength range for which it has maximum efficiency in light 

absorption. This idea has the potential to significantly reduce the light absorption loss in vertical 

multi-junction solar cells and I believe could be the subject of future research based on the 

hexagonal diffraction grating proposed in this thesis.       

 

Figure 6-1: The schematic of a vertical multi-junction solar cell. Reprinted from [188], Copyright (2013), with 

permission from Elsevier. 

6.2.4. Improving the quality of quantum dot thin-films 

As was concluded from extensive optoelectronic modeling and simulation reported in chapter 4, 

current diffusion length values for colloidal quantum dot thin-films are not ideal for significant 

effectiveness of light management strategies on efficiency enhancement of colloidal quantum dot 

solar cells. The developed model predicted that slight improvement in diffusion length of the 

quantum dot film can bring the cells out of the efficiency black hole. Better engineering of the 

current quantum dot synthesis processes might lead this prediction to come true and in that case 

the accuracy of the developed model can be further investigated in terms of any potential 
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mismatch between the predictions offered by the model for higher quality quantum dot films and 

the experimental results.     

6.2.5. Application of CNP hybrid optical diffuser for other types of thin-film 

LEDs 

Due to the fact that the proposed CNP hybrid optical diffusers in this thesis are not designed as 

an internal part of a LED device, they can be applicable to any other type of thin-film LEDs or 

solar cell devices for enhanced light management without any change to the structure or 

fabrication process of the device by a simple lamination process. Especially, in the case of 

quantum dot or perovskite based LEDs, due to the extremely high refractive values for the 

materials forming the device, light trapping is a major bottleneck for efficiency of these devices. 

As such, the same proposed CNP hybrid optical diffusers can be investigated for their effectiveness 

in light extraction enhancement in quantum dot or perovskite LEDs.    
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Appendix A 

Finite-difference time-domain (FDTD) basic theory 

 

The FDTD method is based on discretizing the Maxwell’s equation in time and space using central 

difference approximations. The theory can be simply explained by considering a basic one-

dimensional problem and free space as the electromagnetic propagation medium. As such, the 

Maxwell’s equations can be written as:  
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Which can be converted to the following form in one-dimensional case for a plane wave 

propagating in the z direction: 
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As illustrated in figure A-1, the area of interest can be divided into cells forming a mesh grid and 

Ex and Hy are shifted in space by half a cell and in time by half a time step while considering a 

central difference approximation of the derivatives in the above equations. In this case, equations 

A-3 and A-4 can be written as: 
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Based on the above equations, the derivative of the electric field at the time n∆𝑡 can be expressed 

as a central difference using electric field values at times (n+1/2) ∆𝑡 and (n-1/2) ∆𝑡. Also, the 

derivative of the magnetic field at point k∆𝑥 can be determined as a central difference using 

magnetic field values at points (k+1/2) ∆𝑥 and (k-1/2) ∆𝑥. This algorithm which is referred to as 

the leap-frog scheme will calculate all the magnetic fields first and then all the electric field values 

are calculated. E and H fields are shifted in space by half of the space discretization (∆𝑥). 

The explicit equations directly used by FDTD can be derived from equations A-5 and A-6: 
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This means that during the calculations, E and H values are offset by half a cell and half a time 

step. Based on these equations, any FDTD program can go through the following procedure for 

fields calculations: 

1) Determine the size of the domain for which calculation is needed. 

2) Define the time step and spatial resolution necessary for calculations 

3) Perform a cycle to calculate fields for a certain number of time steps. This cycle computes 

various E-field values according to equation A-7 for all cells of the domain based on the 

excitation signal at the source location. H-field values will be computed based on equation 

A-8. 
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Figure A-1: The schematic of a one-dimensional FDTD scheme for updating EM fields in space and time 

It can be shown that FDTD can approximate the solution to many of the electromagnetic problems 

with a high degree of accuracy. For example, figure A-2 shows the transmission (T) and reflection 

(R) from the three layer stack of dielectric materials (a dielectric material with refractive index of 

2.5 sandwiched between two layers with the index of 1.5, with all layers having the thickness of 

2.5 µm) as a function of incident light angle for the wavelength of 1 µm calculated by both FDTD 

and transfer matrix methods. The results reveal a very close agreement between the two 

approaches.     

 

Figure A-2: Transmission (T) and reflection (R) from the three layer stack of dielectric materials as a function of 

incident light angle calculated by both FDTD and transfer matrix methods 
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Appendix B 

Summary of input data for simulations 

B.1. Optical constants of the materials 

Table B-1: References of the optical constants for materials used for simulations 

 PbS ZnO/TiO2 Au ITO Glass PS PDMS 

Optical Constants (n,k) Fig. B-1 [84] [85]  [86] [85] [130] [129] 

 

 

Figure B-1: Plot of the optical constants of PbS quantum dots used for simulations 

B.2. Electrical simulation parameters 

Table B-2: Summary of the parameters used for electrical simulations and their references 

 PbS ZnO/TiO2 Au ITO 

Work Function (eV) 4.6 [35] 5.7 [35] 5.1[147
]  

4.4 
[148] 

Thickness (nm) 300 150 100 200 

Eg (eV) 1.3 [35] 3.2 [35] - - 

µe,h (cm2/V.s) 0.01 [35] 0.05 [35] - - 

e,h (s) 1e-7 [35] 1e-5 [149] - - 

Doping (cm-3) 1e16 [35] 1e18 [35] - - 

r 20 [150] 85 [151] - - 

m*
e/mo 0.2 [152] 0.943 

[153] 
- - 
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m*
h/mo 0.27 

[152] 
1.805 
[153] 

- - 

 

B.3. MATLAB codes for transfer matrix simulations  

% Copyright 2010 George F. Burkhard, Eric T. Hoke, Stanford University    

%     This program is free software: you can redistribute it and/or modify  

%     it under the terms of the GNU General Public License as published by  

%     the Free Software Foundation, either version 3 of the License, or  

%     (at your option) any later version.  

%  

%     This program is distributed in the hope that it will be useful,  

%     but WITHOUT ANY WARRANTY; without even the implied warranty of  

%     MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the  

%     GNU General Public License for more details.  

%  

%     You should have received a copy of the GNU General Public License  

%     along with this program.  If not, see <http://www.gnu.org/licenses/>.        

% This program calculates the field profile, exciton generation profile  

% and generated current from the wavelength dependent complex indicies of  

% refraction in devices using the transfer matrix method. It assumes the light source  

% light source is in an n=1 environment (air) and that the first layer is  

% a thick superstrate, so that incoherent reflection from the air/1st layer  

% interface is taken into account before the coherent interference is  

% calculated in the remaining layers. If there is no thick superstrate,  

% input 'Air' as the first layer so that the incoherent reflection calculates  

% to 0.  

% The program 

% also returns the calculated short circuit current for the device in  

% mA/cm^2 if the device had an IQE of 100%.    

% The procedure was adapted from J. Appl. Phys Vol 86, No. 1 (1999) p.487  

% and JAP 93 No. 7 p. 3693.   

% George Burkhard and Eric Hoke February 5, 2010  

% When citing this work, please refer to:  

% 

% G. F. Burkhard, E. T. Hoke, M. D. McGehee, Adv. Mater., 22, 3293.  

% Accounting for Interference, Scattering, and Electrode Absorption to Make  

% Accurate Internal Quantum Efficiency Measurements in Organic and Other  

% Thin Solar Cells   

% Modifications: 

% 3/3/11 Parastic absorption (parasitic_abs) is calculated and made  

% accessable outside of script.   

% 3/5/15 Improved precision of fundamental constants      

function TransferMatrix 

%------------BEGIN USER INPUT PARAMETERS SPECITIFCATION---------------  

% 

lambda=400:1200; % Wavelengths over which field patterns are calculated  

stepsize = 1;   % The electric field is calculated at a latice of points (nm)  

                % in the device cross section seperated by this distance  

xx=230;%Generation profile width (nm)  

zz=50;  %Generation profile width (nm)  minimum 3 nm  

% plotWavelengths specifies which wavelengths to plot when plotting E-field  

% intensity distributions (figure 1). Specify values by adding wavelength  

% values to the array. Values must be within the range of calculated  

% wavelenths (ie. must be an element of the lambda array). All wavelengths  

% are in nanometers. 

plotWavelengths = [400 800 1200];    

% Specify Layers in device (an arbitrary number of layers is permitted) and  

% thicknesses. 

% 

% Change these arrays to change the order or number of layers and/or  

% thickness of layers. List the layers in the order that they appear in the  

% device starting with the side the light is incident on.  THE NAMES OF THE  

% LAYERS MUST CORRESPOND TO THE NAMES OF THE MATERIALS IN THE INDEX OF  
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% REFRACTION LIBRARY FILE, 'Index_of_Refraction_library.xls'. The first  

% layer must be the transparent substrate (glass) or 'Air' if the active  

% layers are on the reflective electrode (rather than transparent electrode) side  

% of the device.  The layer thicknesses are in nanometers.    

layers = {'glass' 'ITO' 'ZnO' 'PbS' 'Au'}; % Names of layers of materials starting from side 
light is incident from 

thicknesses = [0 200 150 300 100];  % thickness of each corresponding layer in nm (thickness of 
the first layer is irrelivant)    

% Set plotGeneration to 'true' if you want to plot generation rate as a  

% function of position in the device and output the calculated short circuit current  

% under AM1.5G illumination (assuming 100% internal quantum efficiency)  

plotGeneration = true; 

activeLayer = 4; % index of material layer where photocurrent is generated  

% 

%------------END USER INPUT PARAMETERS SPECIFICATION-------------------        

% Load in index of refraction for each material  

n = zeros(size(layers,2),size(lambda,2));  

for index = 1:size(layers,2)  

    n(index,:) = LoadRefrIndex(layers{index},lambda);  

end   

t = thicknesses;   

% Constants 

h = 6.62606957e-34;     % Js Planck's constant 

c = 2.99792458e8;   % m/s speed of light 

q = 1.60217657e-19; % C electric charge   

% Calculate Incoherent power transmission through substrate  

% See Griffiths "Intro to Electrodynamics 3rd Ed. Eq. 9.86 & 9.87  

T_glass=abs(4*1*n(1,:)./(1+n(1,:)).^2);  

R_glass=abs((1-n(1,:))./(1+n(1,:))).^2;    

% Calculate transfer matrices, and field at each wavelength and position  

t(1)=0; 

t_cumsum=cumsum(t); 

x_pos=(stepsize/2):stepsize:sum(t); %positions to evaluate field 

%x_mat specifies what layer number the corresponding point in x_pos is in:  

x_mat= sum(repmat(x_pos,length(t),1)>repmat(t_cumsum',1,length(x_pos)),1)+1;  

R=lambda*0; 

E=zeros(length(x_pos),length(lambda));  

for l = 1:length(lambda) 

    % Calculate transfer matrices for incoherent reflection and transmission at the first 
interface 

    S=I_mat(n(1,l),n(2,l)); 

    for matindex=2:(length(t)-1)  

        S=S*L_mat(n(matindex,l),t(matindex),lambda(l))*I_mat(n(matindex,l),n(matindex+1,l));  

    end 

    R(l)=abs(S(2,1)/S(1,1))^2; %JAP Vol 86 p.487 Eq 9 Power Reflection from layers other than 
substrate 

    T(l)=abs(2/(1+n(1,l)))/sqrt(1-R_glass(l)*R(l)); %Transmission of field through glass 
substrate Griffiths 9.85 + multiple reflection geometric series    

    % Calculate all other transfer matrices  

    for material = 2:length(t)  

        xi=2*pi*n(material,l)/lambda(l);  

        dj=t(material); 

        x_indices=find(x_mat == material); %indices of points which are in the material layer 
considered 

        x=x_pos(x_indices)-t_cumsum(material-1); %distance from interface with previous layer  

        % Calculate S matrices (JAP Vol 86 p.487 Eq 12 and 13)  

        S_prime=I_mat(n(1,l),n(2,l));  

        for matindex=3:material 

            S_prime=S_prime*L_mat(n(matindex-1,l),t(matindex-1),lambda(l))*I_mat(n(matindex-
1,l),n(matindex,l)); 

        end 

        S_doubleprime=eye(2);  

        for matindex=material:(length(t)-1) 

            
S_doubleprime=S_doubleprime*I_mat(n(matindex,l),n(matindex+1,l))*L_mat(n(matindex+1,l),t(matindex
+1),lambda(l)); 

        end 

        % Normalized Field profile (JAP Vol 86 p.487 Eq 22)  
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        E(x_indices,l)=T(l)*(S_doubleprime(1,1)*exp(-1i*xi*(dj-
x))+S_doubleprime(2,1)*exp(1i*xi*(dj-x))) ./(S_prime(1,1)*S_doubleprime(1,1)*exp(-
1i*xi*dj)+S_prime(1,2)*S_doubleprime(2,1)*exp(1i*xi*dj));  

    end  

end   

% Overall Reflection from device with incoherent reflections at first  

% interface (typically air-glass)  

Reflection=R_glass+T_glass.^2.*R./(1-R_glass.*R);    

% Plots electric field intensity |E|^2 vs position in device for  

% wavelengths specified in the initial array, plotWavelengths.  

close all 

figure(1) 

plotString = ''; 

legendString = cell(1,size(plotWavelengths,2));  

for index=1:size(plotWavelengths,2) 

    plotString = strcat(plotString, ['x_pos,abs(E(:,', num2str(find(lambda == 
plotWavelengths(index))), ').^2),']); 

    legendString{index} = [num2str(plotWavelengths(index)), ' nm']; 

end 

eval(['plot(', plotString, '''LineWidth'',2)']) 

axislimit1=axis;   

% Draws vertical lines at each material boundary in the stack and labels  

% each layer 

for matindex=2:length(t) 

    line([sum(t(1:matindex)) sum(t(1:matindex))],[0 axislimit1(4)]);  

    text((t_cumsum(matindex)+t_cumsum(matindex-
1))/2,0,layers{matindex},'HorizontalAlignment','center','VerticalAlignment','bottom') 

end   

title('E-field instensity in device'); 

xlabel('Position in Device (nm)'); 

ylabel('Normalized Electric field intensity |E|^2'); 

legend(legendString);   

% Absorption coefficient in cm^-1 (JAP Vol 86 p.487 Eq 23)  

a=zeros(length(t),length(lambda));  

for matindex=2:length(t) 

     a(matindex,:)=4*pi*imag(n(matindex,:))./(lambda*1e-7);  

end   

% Plots normalized intensity absorbed /cm3-nm at each position and  

% wavelength as well as the total reflection expected from the device  

% (useful for comparing with experimentally measured reflection spectrum)  

figure(2) 

Absorption=zeros(length(t),length(lambda));  

plotString = ''; 

for matindex=2:length(t) 

    Pos=find(x_mat == matindex); 

    AbsRate=repmat(a(matindex,:).*real(n(matindex,:)),length(Pos),1).*(abs(E(Pos,:)).^2);  

    Absorption(matindex,:)=sum(AbsRate,1)*stepsize*1e-7;  

    plotString = strcat(plotString, ['lambda,Absorption(', num2str(matindex), ',:),']); 

end   

eval(['plot(', plotString, 'lambda,Reflection,''LineWidth'',2)']) 

title('Fraction of Light absorbed or reflected'); 

xlabel('Wavelength (nm)'); 

ylabel('Light Intensity Fraction'); 

legend(layers{2:size(layers,2)}, 'Reflectance');   

% Plots generation rate as a function of position in the device and  

% calculates Jsc 

if plotGeneration == true      

    % Load in 1sun AM 1.5 solar spectrum in mW/cm2nm  

    AM15_data=xlsread('AM15.xls'); 

    AM15=interp1(AM15_data(:,1), AM15_data(:,2), lambda, 'linear', 'extrap');   

    figure(3) 

    % Energy dissipation mW/cm3-nm at each position and wavelength (JAP Vol  

    % 86 p.487 Eq 22) 

    ActivePos=find(x_mat == activeLayer);  

    
Q=repmat(a(activeLayer,:).*real(n(activeLayer,:)).*AM15,length(ActivePos),1).*(abs(E(ActivePos,:)
).^2);   

    % Exciton generation rate per second-cm3-nm at each position and wavelength  

    Gxl=(Q*1e-3).*repmat(lambda*1e-9,length(ActivePos),1)/(h*c);    

    if length(lambda)==1 
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        lambdastep= 1; 

    else 

        lambdastep=(max(lambda)-min(lambda))/(length(lambda)-1);  

    end 

    Gx=sum(Gxl,2)*lambdastep; % Exciton generation rate as a function of position/(sec-cm^3)  

    Gx=flipud(Gx); 

    plot(x_pos(ActivePos),flipud(Gx),'LineWidth',2) 

    axislimit3=axis; 

    axis([axislimit1(1:2) axislimit3(3:4)])  

    % inserts vertical lines at material boundaries  

    for matindex=2:length(t) 

        line([sum(t(1:matindex)) sum(t(1:matindex))],[0 axislimit3(4)]);  

        text((t_cumsum(matindex)+t_cumsum(matindex-
1))/2,0,layers{matindex},'HorizontalAlignment','center','VerticalAlignment','bottom') 

    end   

    title('Generation Rate in Device')  

    xlabel('Position in Device (nm)'); 

    ylabel('Generation rate /(sec-cm^3)');   

    % outputs predicted Jsc under AM1.5 illumination assuming 100% internal  

    % quantum efficiency at all wavelengths  

    Jsc=sum(Gx)*stepsize*1e-7*q*1e3 %in mA/cm^2   

    % Calculate parasitic absorption 

    parasitic_abs=(1-Reflection-Absorption(activeLayer,:))';       

    % sends absorption, reflection, and wavelength data to the workspace  

    assignin('base','absorption',Absorption'); 

    assignin('base','reflection',Reflection'); 

    assignin('base','parasitic_abs',parasitic_abs); 

    assignin('base','lambda',lambda'); 

    G=zeros(xx,thicknesses(activeLayer)/stepsize,zz);       

    for inx=1:xx  

        for inx1=1:zz 

        G(inx,:,inx1)=Gx(:,1);  

        end 

    end             

    assignin('base','G',G); 

    assignin('base','Gx',Gx); 

    x=1:1:xx; 

    y=1:1:(thicknesses(activeLayer)/stepsize);  

    z=1:1:zz; 

    x=((x.')-(xx/2)).*(10^(-9)); 

    y=((y.')-((thicknesses(activeLayer)/stepsize)/2)).*(10^(-9));  

    z=((z.')-(zz/2)).*(10^(-9)); 

    G=G.*(10^6); % save G in 1/sec-m^3 for Lumerical DEVICE      

    save('Gen.mat','x','y','z','G') 

end   

%------------------- Helper Functions ------------------------------------  

% Function I_mat 

% This function calculates the transfer matrix, I, for reflection and  

% transmission at an interface between materials with complex dielectric  

% constant n1 and n2. 

function I = I_mat(n1,n2) 

r=(n1-n2)/(n1+n2); 

t=2*n1/(n1+n2); 

I=[1 r; r 1]/t;   

% Function L_mat 

% This function calculates the propagation matrix, L, through a material of  

% complex dielectric constant n and thickness d for the wavelength lambda.  

function L = L_mat(n,d,lambda) 

xi=2*pi*n/lambda; 

L=[exp(-1i*xi*d) 0; 0 exp(1i*xi*d)];    

% Function LoadRefrIndex 

% This function returns the complex index of refraction spectra, ntotal, for the  

% material called 'name' for each wavelength value in the wavelength vector  

% 'wavelengths'.  The material must be present in the index of refraction  

% library 'Index_of_Refraction_library.xls'.  The program uses linear  

% interpolation/extrapolation to determine the index of refraction for  

% wavelengths not listed in the library.  

function ntotal = LoadRefrIndex(name,wavelengths)    

%Data in IndRefr, Column names in IndRefr_names  

[IndRefr,IndRefr_names]=xlsread('Index_of_Refraction_library.xls');   



139 
 

% Load index of refraction data in spread sheet, will crash if misspelled  

file_wavelengths=IndRefr(:,strmatch('Wavelength',IndRefr_names)); 

n=IndRefr(:,strmatch(strcat(name,'_n'),IndRefr_names)); 

k=IndRefr(:,strmatch(strcat(name,'_k'),IndRefr_names));   

% Interpolate/Extrapolate data linearly to desired wavelengths  

n_interp=interp1(file_wavelengths, n, wavelengths, 'linear', 'extrap'); 

k_interp=interp1(file_wavelengths, k, wavelengths, 'linear', 'extrap');   

%Return interpolated complex index of refraction data  

ntotal = n_interp+1i*k_interp;  

 

 

 

 

 

 


