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ABSTRACT 

The importance of renewable energy technologies is more critical than ever now in 2020. 

Among the different types of renewable energy sources, solar energy is especially 

promising because of its abundance. This Ph.D. dissertation focuses on harnessing solar 

energy on two different scales. At the atomic scale, nanometer-thick two-dimensional (2D) 

transition metal dichalcogenides (TMDCs) are used for making ultra-thin photovoltaic 

(PV) cells along with other optoelectronic devices such as transistors and photodetectors. 

The optical properties of these nanomaterials are investigated via spectroscopic 

ellipsometry, showing birefringence and other new features. Schottky-junction 

photovoltaic devices are designed, fabricated, and characterized with 2D MoS2 and carrier-

selective asymmetric contacts such as Ti and Pt for electron and hole collection, 

respectively. 2D TMDCs have direct bandgaps compared to their bulk counterparts, 

enabling strong light-matter interactions in these materials. Because of their atomically-

thin nature and excellent optoelectronic properties, these materials are good candidates for 

solar cells with record-high specific power density, i.e., power/mass (W/kg) and 

power/volume (W/m3). Going from the nanoscale to the micron- and centimeter-scale, 

transmissive microfluidic channels are developed for actively cooling concentrating 

photovoltaics (CPV) in a hybrid energy conversion system. The hybrid solar receiver 

consists of an optically transmissive CPV module on the front and a thermal receiver at the 



 

back, coupled together by the transmissive microfluidic CPV active cooling. While the 

CPV module absorbs the high energy photons and converts them directly into electricity, 

the thermal receiver receives the low energy photons and converts them into high-

temperature process heat. The transmissive cooling channels ensure that the unabsorbed 

photons in the CPV module can make their way to the thermal receiver while preventing 

the solar cells from overheating. On top of that, the heat energy absorbed by the cooling 

water in the microchannels can be extracted and used as low-temperature process heat, thus 

providing a third energy stream. With these two unique approaches, this dissertation aims 

to contribute to the ever-expanding field of solar energy conversion and point towards a 

greener future. 
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1 INTRODUCTION 

Solar energy is the most abundant form of energy on Earth’s surface, and it is up to us how 

we harness it in a way that can eventually lead us to a renewable energy-based future. The 

amount of energy that strikes the Earth from the sun in one hour is more than enough to 

meet the entire global demand for a year. Two of the central ways in which solar energy 

can be converted into usable energy are: first, converting the photons from sunlight into 

electricity directly and second, converting the solar energy into usable thermal energy. In 

this thesis, both approaches have been investigated, and as such, the dissertation is divided 

into two broad parts. First, we discuss the application of two-dimensional (2D) materials 

for photovoltaics (PV) and other optoelectronics devices. In the second part, we discuss 

developing a novel hybrid solar converter that converts sunlight into electricity and heat 

simultaneously using concentrator photovoltaic (CPV) cells and a thermal receiver. This 

thesis mainly focuses on the active cooling of the CPV cells that also acts as a coupling 

between the CPV cells and the thermal receiver and yields a separate energy stream into 

the mix.  
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1.1 2D Materials 

In 1959, Feynman gave a talk titled ‘there’s plenty of room at the bottom,’ and such has 

never been truer than now. Since the discovery of extraordinary mechanical and electronic 

properties of graphene back in 2004 by Geim and Novoselov1, a whole new branch of 

physics has emerged as ‘2D materials’, which is one of the most studied groups of materials 

at the moment. In essence, these materials are planar sheets of atoms with angstrom-scale 

thicknesses in the vertical direction. The layered nature of such materials is known for a 

while. For example, back in 1966, Frindt demonstrated molybdenum disulfide's (MoS2) 

layered structure even though he suspected these materials might not be stable at their 

atomic thicknesses2. It is not until 2004 that the interest in such layered materials was 

rejuvenated, and before long, there were families of materials that were added to the list of 

2D materials that include metals, semi-metals, semiconductors, and insulators with a wide 

range of physical properties3. Here, we briefly discuss the 2D materials families and focus 

on a particular material of interest, MoS2, that belongs to a distinct family of 2D materials. 

Graphene is layered carbon material with a honeycomb crystal structure. It has superior 

electronic and mechanical properties such as high carrier mobility and high electrical and 

thermal conductivity. However, because graphene is a semi-metal with no electronic 

bandgap, it cannot be effectively used for semiconductor device applications such as 

transistors, etc. without engineering its electronic band structure.  

While research has been directed towards creating a bandgap in graphene through doping, 

functionalization, quantum confinement, etc., several other materials have also been 

discovered in their 2d form that show interesting properties, unlike their bulk counterparts. 
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Among these, the mostly semiconducting transition metal dichalcogenide (TMDC) family 

of 2D materials, including MoS2, WS2, MoSe2, WSe2, etc. and an insulator, hexagonal 

boron nitride (h-BN), have received the most interest. This thesis focuses on the 

semiconducting 2H-phase of 2D MoS2 for its unique optoelectronic properties that will be 

discussed in detail in the following sections.  

1.1.1 Transition Metal Dichalcogenides 

Transition metal dichalcogenides (TMDCs) are a family of materials with a general 

chemical formula of ‘MX2’, where ‘M’ is a transition metal, and ‘X’ is a chalcogenide 

element. These layered materials are composed of stacked sheets where each sheet is 

composed of three atoms- a metal atom sandwiched between two chalcogen atoms. Such 

sheets are commonly referred to as a monolayer. Within a monolayer, all intralayer metal-

chalcogen bondings are predominantly covalent. In contrast, the interlayer bonds are 

usually weak van der Waals forces, facilitating easy layer separations. Figure 1.1 shows 

the crystal structure of 2D MoS2. The chalcogen atoms do not have any dangling bonds, 

enabling chemical stability even in their monolayer form.  
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Figure 1.1 Crystal structure of 2D MoS2 showing strong in-plane covalent bonding and 

weak out-of-plane van der Waals bonding. The brown circles represent Mo atoms, while 

the yellow circles represent the S atoms. 

Most TMDCs are inherently semiconducting, i.e., they have an electronic bandgap that 

makes them suitable for electronic applications such as transistors, unlike graphene. Thus, 

since the experimental discovery of 2D MoS2 back in 20105,6, six years after that of 

graphene, MoS2 has become very popular in the 2D world along with some other TMDCs. 

The electronic bandgaps of TMDC materials range from 2.03 eV (WS2) to 1.02 eV 

(MoTe2), a wide spectral range that is very suitable for photovoltaic collection of the solar 

spectrum7,8. As for MoS2, in its bulk form it has an indirect bandgap of 1.3 eV, while in its 

monolayer form, it transitions to a direct bandgap of 1.85 eV, as shown by Splendiani et 

al.6. It is an atomically thin material- a single layer of MoS2 is only 0.6 nm thick. It offers 

ultra-high absorption efficiency and efficient conversion of light to electricity and vice 

versa. 
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MoS2 is a very promising candidate for future optoelectronics due to its strong light-matter 

interactions and stability at atomic thicknesses. In the 2D form, due to its direct bandgap 

and high absorption coefficient, it exhibits high quantum efficiency. It has been tested for 

several exciting applications, including transistors, photodetectors, photo-emitters, 

photovoltaics, etc9. Most of the work done with these materials comes from mechanical 

exfoliation from the bulk materials, which is excellent for proof-of-concept but severely 

limits scalability and is not viable for commercial applications. Thus it is essential to focus 

on large-area scalable synthesis of high-quality 2D MoS2. 

Exfoliated MoS2 has been used to demonstrate many of the device applications with 

excellent performance. Radisavljevic et al.10 demonstrated a transistor using monolayer 

MoS2 with mobility of 200 cm2V-1s-1 at room temperature and an on-off ratio of 108. By 

encapsulating with h-BN and using graphene as contact11, a MoS2-based transistor was 

shown to achieve a Hall mobility of up to 34000 cm2V-1s-1. Also, a photodetector fabricated 

with MoS2 showed a photoresponsivity of 880 A/W that is roughly two orders of magnitude 

higher than commercial Si-based photodiodes12.  

These excellent electronic transport and optical absorption properties are both of high value 

in a photovoltaic device design, and by the same virtues mentioned earlier, MoS2 is also 

poised to be a great candidate for nanoscale photovoltaic devices. In fact, in 2013 Bernardi 

et al. determined that monolayer TMDC materials absorb 5-10% of the incident sunlight 

in a sub-nm thickness that is one order of magnitude higher absorption per unit thickness 

than GaAs and Si, the state-of-the-art materials used for photovoltaics13. They also showed 

that photovoltaic devices made with these TMDC materials could obtain a specific power 

density of 450 – 1800 kW/kg, two orders of magnitude higher than the 54 kW/kg of the 



6 

 

 

current best state-of-the-art GaAs-based photovoltaics. There have been several advances 

in the field since then, which will be discussed in detail later in chapter 4. This serves as a 

key motivation behind this dissertation: that nanometer-thin photovoltaic devices made 

with 2D materials such as MoS2 could revolutionize the world of photovoltaics where ultra-

high power density (kW/kg and/or kW/m3) is required, such as in space. 

With that, we now move into introducing the next part of this dissertation- the hybrid solar 

energy converter. 

1.2 Hybrid Solar Converter 

Concentrator photovoltaic (CPV) solar energy conversion is a promising technology for 

cost-effective power generation by replacing high-cost photovoltaic (PV) cells with lower 

cost concentrating optics14. CPV systems generally utilize high-efficiency III-V 

photovoltaics that operate efficiently for ultraviolet (UV) and visible light but cannot 

absorb infrared (IR) light and therefore waste a large portion of spectral IR energy as heat15.  

This poor IR collection both inefficiently utilizes the entire solar spectrum and adversely 

affects CPV performance due to elevated cell temperatures. In contrast, concentrated solar 

power (CSP) systems use solar thermal energy to generate heat, which can be used as 

process heat, stored for later use, or passed through an engine to produce electricity16,17. 

Hybrid concentrator photovoltaic/thermal (CPV/T) systems mitigate the PV thermal losses 

by collecting heat and turning it into a usable power stream, thereby more efficiently 

utilizing the entire solar spectrum18. 

Let us take a step back and  explain the photovoltaic operation to explain the motivation 

behind this approach better. A solar cell operates in two broad steps- first, photons from 
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the sunlight are absorbed in the active material and the absorbed light generates electron-

hole pairs, and second, these electrons and holes are collected through contacts external to 

the device.  

There are losses in each of these steps, but the first loss comes from the fact that the active 

material used to absorb light can only absorb photons with equal or higher energy than the 

bandgap of the material. In other words, any photon transmitting through the material that 

has lower energy than the bandgap of the active material is lost right away and dissipated 

as heat, which further deteriorates the photovoltaic power conversion efficiency. A hybrid 

system is designed to capture the lost photons and convert them into a usable energy form. 

As such, there have been efforts to develop a system that can better utilize the broad solar 

spectrum and increase overall system power conversion efficiency. 

We developed a hybrid system that is comprised of a transmissive CPV module and a 

thermal receiver. The CPV module absorbs the high-energy photons converting them 

directly into electricity, and the low-energy photons are fed to the thermal receiver for 

process heat generation. Figure 1.2 shows the solar spectrum and how the solar energy is 

divided between the CPV module and the thermal receiver19. 
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Figure 1.2 The ASTGM173-03 reference spectra derived from SMARTS v.2.9.2. The 

infrared transparent CPV module acts as a spectrum splitter dividing solar radiation into 

two parts. Here, we refer to them as in-band light and out-of-band light. In-band is 

absorbed in the CPV cell and most efficiently converted to electrical energy and out-of-

band is transmitted through the cell efficiently converted to thermal energy.  

Figure 1.3 shows a schematic of the system, broken down into subcomponents20. The CPV 

cells are made with III-V semiconductors with GaAs bottom cells that only absorb up to 

873 nm of the spectrum. The IR part of the spectrum is channeled to the thermal receiver 

through an optical coupling. At high solar concentration, the CPV cells heat up beyond 

their designed operating temperature, so it is imperative to cool them while still transferring 

the low-energy photons to the thermal receiver. This dissertation mainly focuses on the 

novel transmissive active cooling of the CPV cells in this hybrid solar collector.  
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Figure 1.3 Spectrum division and energy flows in the hybrid transmissive CPV/T receiver. 

Electricity converted from UV/visible light flows from CPV cells, while IR light transmits 

through to a conical cavity thermal receiver.  

1.2.1 Transmissive Active Cooling for CPV 

The high concentration of sunlight in a CPV/T system typically results in very high cell 

temperature and requires some form of cooling. This increased temperature adversely 

affects the overall performance of the cells with regards to instantaneous output and 

operating lifetime. In the short-term, increased cell temperature decreases the cell 

efficiency and electrical output due to reduced open-circuit voltage (Voc) caused by reduced 

bandgap energy21. Though the short circuit current density (Jsc) slightly increases as the 

temperature rises, the overall PV efficiency decreases22. Additionally, continual exposure 

to high temperatures significantly reduces the lifespan of PV systems23,24 from reverse 

saturation current in the cells25. As such, higher temperatures and thermal gradients across 
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the cell area are major concerns in CPV systems and demand cooling systems for 

temperature control as shown by Shukla et al.26 and Gilmore et al.27.  

For solar concentrations above 150 suns, the thermal resistance (R) of the cooling system 

needs to be lower than 10-4 K-m2/W, i.e., the convection coefficient (hc) needs to be higher 

than 104 W/ K-m2 26. Both active and passive cooling have been investigated for CPV 

technology28,29. Royne et al. did a comprehensive and critical review of CPV cooling, 

including models, parameters, and output characteristics of both passive and active cooling 

systems. Passive cooling works well at high concentration for point-focus concentrator 

based single cells but does not work effectively for a densely packed array of cells at high 

concentration30.  

Active cooling provides sufficient heat transfer coefficients to manage the large thermal 

load from a densely packed array.  Microchannels and impinging jets-based active cooling 

are viable solutions at high concentrations as demonstrated by Di Capua H. et al.31. 

Microchannels are particularly suitable for integration in the CPV/T manufacturing 

process28. However, conventional microfluidic cooling systems rely on metallic, opaque 

channels mounted to the cells' bottoms.  

Gilmore et al. did an exhaustive review of existing microchannel-based active cooling 

systems, including single-layered, multi-layered, and jet-impingement designs27. In 

particular, this review lists the state-of-the-art in microchannel cooling, showing that the 

dominant material used in single-phase microchannel fabrication is silicon, while copper 

is the material of choice in multi-phase microchannel cooling systems - both of which are 

opaque to the majority of solar illumination. 
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To enable active cooling of a transmissive CPV/T system, we present here the design, 

fabrication, characterization, and on-sun validation of 100 m and 250 thick m 

transmissive microchannels capable of maintaining the temperatures of a dense array of 

CPV cells below 110 C for fluxes up to 300 suns. 

1.3 Thesis Overview 

Having introduced the two main concepts of this thesis, 2D materials and hybrid 

concentrator photovoltaics, we now provide an overview of the content of this thesis. This 

thesis can be divided into two main sections. Chapter 2-4 focuses on 2D materials- from 

synthesis to physical properties to various device applications. Chapter 5 discusses the 

hybrid concentrator photovoltaic module and system and focuses on the active cooling 

aspect in detail. Finally, Chapter 6 provides a comprehensive summary and future outlooks 

of this dissertation. 

In chapter 2, we discuss in detail the synthesis of large-area 2D materials and their physical 

properties. We characterize the 2D MoS2 films with various state-of-the-art tools such as 

AFM, Raman spectroscopy, UV-Vis-NIR spectroscopy, photolumincescnece, etc. We 

focus on the optical properties of MoS2, measured via variable angle spectroscopic 

ellipsometry. Three different kinds of samples were studied- 2D monolayer MoS2, 2D few-

layer MoS2, and thin-film MoS2. The complex refractive index of all three samples were 

measured and analyzed for both in-plane and out-of-plane optical properties. The work was 

done in collaboration with J. A. Woollam Inc.  
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In chapter 3, we describe optoelectronic device fabrication with large-area monolayer 

MoS2. Nanofabrication processes are discussed with details of each step and two device 

applications are focused on this chapter- transistors and photodetectors. Transistors are 

important applications of 2D materials and here, we also extract carrier mobility of the 

underlying 2D MoS2 from the gated transistor I-V sweeps. Mobility is an essential check 

of the material quality that governs its electronic transport. Transistor-type photodetectors 

are also demonstrated and characterized for their photoresponsivity. After discussing the 

results of as-fabricated device performance, we also present a simple chemical treatment 

method that improved the photocurrent by orders of magnitude. 

After discussing the synthesis and some optoelectronic device applications of MoS2 in 

chapter 2 and 3, we move on to the prized content of this thesis, 2D materials based 

photovoltaic devices, in chapter 4. Schottky-junction photovoltaics are fabricated with 

asymmetric contacts. Their fabrication process flow is described and device performances 

are discussed for 1-sun AM1.5G and monochromatic illumination. A thorough discussion 

is devoted to the relatively low JSC, and ways to improve it are proposed. Lastly, an 

optoelectronic model of the 2D photovoltaic device is built using COMSOL multiphysics 

simulation tools to better understand the device performance and improve it further.  

Chapter 5 will transition to hybrid concentrator photovoltaics- the system design, module 

fabrication and characterization, and finally focus on the active cooling aspect. Several 

models are discussed concerning each physical element of the hybrid system. As stated 

earlier, the microchannel based active cooling is the prime focus of this part of the thesis 

and as such, thermal and microfluidic models and indoor characterization will be 
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emphasized. Finally, outdoor on-sun test results at high solar concentration will be 

presented and discussed. 

Finally, chapter 6 will summarize all the major findings of this thesis and draw conclusions 

from them. Particular focus will be given towards developing future optoelectronic devices 

based on 2D materials as well as the versatility of potential applications of microchannel-

based active cooling. 
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2 SYNTHESIS & OPTICAL PROPERTIES OF 2D MOS2 

In this chapter, we first describe the chemical synthesis methods of MoS2 and then present 

their physical properties, with a particular focus on their optical properties. Two different 

synthesis methods are utilized for growing monolayer vs. few-layer/thin-film MoS2. 

Physical properties are first characterized by optical microscopy, SEM, AFM, etc. and then 

an extensive optical characterization is performed. Variable Angle Spectroscopic 

Ellipsometry (VASE) is used to measure the complex refractive index of three different 

thicknesses of MoS2 films for a wide spectral range between 190 nm and 1700 nm. The 

measured data is then used to model transmission and absorption of such films to help 

design future optoelectronic devices based on these 2D materials. 

Most studies on 2D materials have been done on exfoliated layers that are limited by lateral 

dimension and are not scalable. After the initial proof-of-concept stage, research is now 

moving towards synthesized 2D MoS2 that is scalable, with precise thickness control and 

uniform coverage. The properties of 2D layers are not always consistent between exfoliated 

single crystal materials and large-area synthesized films, which calls for further study on 

these synthesized materials32. 
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Several synthesis methods have been reported, including chemical vapor deposition (CVD) 

of monolayer MoS2 using MoO3 and S precursors33,34. While this method produces uniform 

and high-quality monolayer and bilayer films, precise thickness control for few-layers or 

even thin films of MoS2 is challenging with this. On the other hand, thermal vapor 

sulfurization (TVS) that utilizes sulfurization of a precursor Mo film on the substrate has 

great control over thickness. In this method, the final MoS2 film thickness directly depends 

on the precursor Mo film thickness35. To its disadvantage, this method is not preferred to 

grow monolayer films as it suffers from small grain sizes and poor transport properties, 

i.e., low electron/hole mobility. However, despite the advances in these and other growth 

methods, the fundamental electronic and optical properties of these films still require better 

understanding. Since these 2D materials have been proposed and demonstrated to have 

superior characteristics in optoelectronic device applications such as transistors, 

photodetectors, photoemitters, and photovoltaics, understanding how these materials 

interact with different bandwidths of light at various thicknesses is crucial. While 

monolayer films exhibit the maximum photoluminescence, they only absorb on the order 

of 10% of the visible spectrum36. Hence, a few-layer film or even a thicker thin-film (>~3 

nm thick that shows bulk-like properties37) of MoS2 is possibly a better candidate for some 

optoelectronic applications, e.g., photovoltaics. 

The complex refractive index is the most fundamental material property that describes the 

light-matter interaction in these 2D MoS2 layers. Several previous reports have shed light 

on the complex refractive index (or the complex dielectric function, where one can be 

calculated from the other) of monolayer and few-layer MoS2
38. Many of these reports have 

been indirect calculations of the n and k values, while some direct measurements are 
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performed only for a small bandwidth of the spectrum. Li et al. reported the complex 

dielectric function of exfoliated monolayer TMDC materials, including MoS2, from 

reflection spectra using the Kramers-Kronig analysis36. Since reflection spectroscopy 

depends on light intensity, and thus all reflected light needs to be collected from the 

samples, these measurements are difficult to do accurately. Also, intensity based 

techniques are generally dependant on interference effects which are not present for very 

thin films and are thus less sensitive to low-dimensional materials with small thicknesses. 

Shen et al. and Liu et al. reported the complex refractive index of 2D MoS2 using 

spectroscopic ellipsometry for only monolayer materials39,40. On the other hand, Yim et al. 

reported n and k data for few-layer MoS2 samples grown by the TVS method between 380 

and 900 nm using ellipsometry at a single angle of incidence41. Li et al. and Park et al. also 

reported the complex refractive index of few-layer MoS2 films grown by TVS and CVD 

methods, respectively, using spectroscopic ellipsometry up to 1240 nm42,43. Lastly, a recent 

report by Ermolaev et al. shows the complex refractive index of monolayer and bulk MoS2 

in the 290-3300 nm spectral range but does not include interesting data in the UV region 

below 290 nm44. 

Here we report variable angle spectroscopic ellipsometry (VASE) measurement and 

subsequent extraction of the complex refractive index of monolayer, few-layer, and thicker 

thin-film MoS2. The reported data ranges from 190 nm to 1700 nm covering a wide range 

of incident angles and wavelengths. Acquisition of spectroscopic data allows the 

determination of the optical properties (n and k) in transparent and absorbing regions over 

the widest possible spectral range.  Data acquisition at multiple angles is desirable, as each 

angle presents a different path length through the film stack, and all angles can be analyzed 
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simultaneously for film thicknesses.  The VASE measurements and models shown below 

were performed by our collaborator Ron Synowicki at J.A. Woollam Inc.  

VASE is a non-destructive characterization method that has great potential for studying 2D 

films because of its higher sensitivity to small thickness changes, resulting primarily from 

the measurement of the polarization state instead of intensity, including the phase 

difference between the p- and s-polarized components45–47.  For example, ellipsometry is 

commonly used to determine the thickness of native oxide films on semiconductor wafers 

and is effective for extremely thin films down to the monolayer level, such as those studied 

in this work. 

The monolayer sample studied here was grown by the CVD method, while the few-layer 

and thin-film samples were grown by the TVS method. The films were also characterized 

by Raman spectroscopy, photoluminescence (PL), atomic force microscopy (AFM), and 

UV-Vis-NIR spectroscopy for quality and thickness validation. The complex refractive 

index was used to model reflectance, transmittance, and absorption using the transfer 

matrix method and matched with experimentally measured data. Finally, an optical model 

was built to study the effect of utilizing various optical coatings to confine absorption in a 

narrow bandwidth or to enhance broadband absorption in monolayer, few-layer, and thin-

film MoS2 for various optoelectronic applications, such as photodetectors, sensors, and 

photovoltaics. 

2.1 MoS2 Synthesis 

Monolayer MoS2 films were grown using the CVD method, as it provides good film quality 

in this thickness regime, while the TVS method was used to grow few-layer and thin-film 
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MoS2 for its better thickness control. Figure 2.1 shows a schematic of the three-zone 

furnace used for both the CVD and TVS growth. For the monolayer films, MoO3 and S 

powders were placed inside a 1” tube. The tube is initially pumped down to 15 mTorr base 

pressure, and then Ar is flowed as a carrier gas at 2.5 sccm flow rate. C-plane sapphire 

substrates were placed growth-face-down on a ceramic crucible that contains the MoO3 

powder and is set in the second zone of the furnace at 750 °C, as shown in Fig. 1 (top). 

Sulfur powder is kept in a crucible in the first zone at 120 °C. The spacing between two 

crucibles is optimized to be around 30 cm. The ramp time to 750 °C is 30 mins, and the 

deposition is carried on for 10 mins. The tube pressure is maintained at 2.4 Torr during 

deposition. After the deposition, the monolayer MoS2 films are transferred to a SiO2-on-Si 

substrate for characterization48. For the TVS method, a Mo precursor film was grown on 

sapphire or SiO2-on-Si substrates using electron-beam evaporation, where the thickness of 

the precursor Mo film determines the final MoS2 thickness35. The substrate is then placed 

on the third zone for growth on the top side, and S powder is loaded on a crucible in the 

first zone of the furnace, as shown in Figure 2.1 (bottom). The spacing between the two 

crucibles in this case is optimized to be around 50 cm. The tube is then pumped down to a 

15 mTorr base pressure, and Ar carrier gas flows at 100 sccm flow rate. The temperature 

in the third zone is set at 900 °C with a 90 min ramp time, and the first zone is set at 120 

°C. The deposition is carried out for 10 mins while the pressure in the tube is maintained 

at 1.2 Torr.  

An alternative growth method tried for few-layer and thin-film MoS2 synthesis utilizes 

solution processing and rapid thermal annealing for high throughput and described in detail 

by Robertson et al.49. 



19 

 

 

 

Figure 2.1 Schematic of the two synthesis methods used in this study: chemical vapor 

deposition (CVD) and thermal vapor transport (TVS). A standard two-zone furnace is 

modified to have a third zone for low-temperature sulfur (S) evaporation and to increase 

the distance between the S source and the growth substrate. 

2.2 Physical Properties of MoS2 

The samples were characterized for quality and precise thickness control using Raman 

spectroscopy, PL, AFM, VASE, and UV-Vis-NIR spectroscopy. Figure 2.2a shows Raman 

scattering plots of monolayer, few-layer, and thin-film MoS2 samples. The E1
2G and A1G 

peaks are located at 386.5 & 406 cm-1, respectively, for monolayer MoS2, at 386 & 408.5 

cm-1, respectively, for few-layer MoS2, and at 385.5 & 411 cm-1, respectively, for thin-film 

MoS2. The 19.5 cm-1, 22.5 cm-1, and 25.5 cm-1 spacings between the E1
2G and A1G peaks 

are consistent with previous reports37, confirming their respective thicknesses. Figure 2.2b 

shows normalized PL intensity of as-grown monolayer MoS2 on a sapphire substrate, 

showing the excitonic A-peak at ~670 nm. The PL peak has 20.2 nm full-width at half 
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maximum (FWHM), confirming good optical quality. This PL is a signature characteristic 

of monolayer TMDC films.  

  (a)  (b) 

  

 (c)  (d)  (e) 

 

Figure 2.2 (a) Raman characterization of the CVD and TVS grown MoS2 samples on 

SiO2-on-Si substrates using a 532 nm laser source. (b) Photoluminescence (PL) spectra 

of a monolayer MoS2- sample with an emission peak near 670 nm, using a 405 nm 

excitation source. AFM images showing step height and topography of the (a) 

monolayer, (b) few-layer, and (c) thin-film MoS2 samples. 

Figure 2.2 c, d, and e show AFM topography of the three samples. The average step height 

is measured as 0.61 nm, 2.15 nm, and 33.5 nm for the ‘monolayer’, ‘few-layer’, and ‘thin-

film’ samples, respectively. The samples were measured for step heights at three different 
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locations within a cm2 area, and the film thickness variation is within ±10%, showing good 

uniformity. UV-Vis-NIR spectroscopy was also used to measure transmittance across a 

cm-scale sample to confirm uniformity of optical properties as shown in Figure 2.3. 

 

Figure 2.3 Transmission spectra of monolayer MoS2 as-grown on sapphire measured at 

five different locations (four corners and center of a 1cm x 1cm sample) showing uniform 

optical properties across a cm-scale sample. 

2.3 Ellipsometric Characterization of MoS2 

Ellipsometry measures the change in polarization state of light reflected from or 

transmitted through a sample.  The principle of reflection-mode ellipsometry is shown in 

Figure 2.4a where the change in polarization caused by the sample is recorded as two 

experimentally measured values Ψ and Δ. This process is repeated for a plurality of angles 

and wavelengths using the VASE technique. Data were acquired at five angles of incidence 

from 55 to 75 degrees in steps of 5 degrees and over the spectral range from 190 nm to 

1700 nm. All angles and wavelengths were fit simultaneously in the data analysis. 
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 (a)  (b) 

 

 
  (c) 

 

Figure 2.4 (a) Schematic of the spectroscopic ellipsometry measurements showing the 

optical model of the MoS2-SiO2-Si samples. Measured and modeled (b) Ψ and (c) Δ 

spectra of monolayer MoS2 versus wavelength. The solid colored lines are measured 

data at various angles of incidence, and the dashed black lines are modeled fit values 

with good agreement obtained over the full spectral range. 

Figures 2.4 b and c show the experimentally measured Ψ and Δ data as solid curves along 

with the model fitted data as dotted curves generated by the data analysis for the monolayer 

MoS2 film. To extract properties of interest about a sample, such as film thickness and 

optical constants n and k, ellipsometry data analysis requires constructing an optical model 

to match the experimentally measured Ψ and Δ values. The optical model contains the 

optical constants n and k of the substrate, as well as the thickness and optical constants n 
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and k of each layer in the stack.  The data analysis software allows for fixing some 

properties of the model while allowing some parameters to be defined as adjustable 

variables. The analysis software adjusts the variable parameters to find the best match to 

fit the experimental Ψ and Δ curves45–47. In this work, the optical constants of the silicon 

substrate, thermal SiO2 layer, and 1 nm interface layer were taken from published values 

and not allowed to vary50 and are not expected to change noticeably after film deposition 

and thermal processing. 

Determining the optical constants n and k of thin films via ellipsometry is generally more 

accurate for thicker films due to longer path length in the film. In this work we first 

analyzed the thickest ‘thin-film’ MoS2 for film thickness and optical constants, then 

attempted to apply these optical constants to the very thin monolayer and few-layer MoS2 

films by keeping the optical constants fixed from the thicker film and fitting only the film 

thickness. It was found that the monolayer and few-layer samples did not analyze well 

using optical constants from the thickest sample, demonstrating the sensitivity of the 

optical constants to film thickness.   

A further complication is the few-layer and thin-film MoS2 films tended to show some 

level of nonzero absorption over the entire measured spectral range. To maximize 

sensitivity to the optical constants of such thin absorbing films, we applied the techniques 

of multiple angles of incidence, optical constant parameterization, and interference 

enhancement discussed by McGahan et.al51,52 and Hilfiker et.al53. For interference 

enhancement, the thin absorbing film is deposited over a much thicker transparent film, 

such as 300 nm thermal SiO2 in this work. This places the thin absorbing MoS2 film 

between the transparent ambient above and the transparent SiO2 film underneath, which 



24 

 

 

allows absorption in the MoS2 film to affect the amplitude of interference features in the 

 and  spectra caused by the thick transparent SiO2 film underneath. 

Since the MoS2 films are so thin, parameterizing the optical constants via a dispersion 

model for the optical constants works well, particularly when the model enforces Kramers-

Kronig consistency on the shape of the n and k curves. A dispersion model also allows the 

data to be fit using a minimum number of adjustable parameters. Earlier published works 

investigated combinations of Lorentz39,40,42,43, single Tauc-Lorentz41, and multiple Tauc-

Lorentz dispersion models with separate band gaps for each Tauc-Lorentz term44. 

Additionally, all the models to analyze MoS2 in these previous works were isotropic and 

did not investigate birefringence in the MoS2. 

In this work, a variety of dispersion models enforcing Kramers-Kronig consistency were 

investigated, including Lorentz, Tauc-Lorentz, Sellmeier, Gaussian, and combinations of 

these54,55.  We also used a Kramers-Kronig consistent B-Spline model for MoS2 optical 

constants55. Advantages of the B-Spline model include maximum flexibility to the 

lineshape of the dielectric function, including the exciton peaks of MoS2, without assuming 

the lineshapes of Lorentz, Gaussian, or other function for each oscillator. The B-Spline 

node spacing is also adjustable throughout the fitted spectral range, allowing for extra 

resolution to be defined through regions of interest such as the exciton peaks. Furthermore, 

the B-Spline analysis of MoS2 in this work did not require additional parameters such as 

offsets to the real part of the dielectric function or Sellmeier Pole functions to fit the data, 

whereas analysis with Gaussian, Lorentz, or Tauc-Lorentz functions did require these extra 
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adjustments. The B-Spline fits also showed a slightly better goodness of fit, resulting 

primarily from the extra flexibility of the B-Spline lineshape. 

Each sample was fit first to an isotropic model with no birefringence in the MoS2 index, 

similar to previous works mentioned. Adding birefringence to allow different optical 

properties in-plane (ordinary index) and out-of-plane (extraordinary index) improved the 

fit significantly for the thickest thin-film sample, likely due to the longer path length 

through this thicker film with more layers in the layered structure. The in-plane optical 

constants describe the refractive index and absorption features over the full spectral range. 

In contrast, the out-of-plane refractive index was described using a single Sellmeier 

dispersion function, similar to the method presented by Hong et al. for analyzing 

birefringent plastic substrates55. As mentioned by Ermolaev et. al. sensitivity to the out-of-

plane refractive index is greatly reduced as light entering the sample propagates near 

normal to the surface due to the high index of MoS2 and is thus much more sensitive to the 

in-plane index component, justifying a simple transparent Sellmeier for the out-of-plane 

index component44. Thus, the birefringence effect was only seen in the thickest thin-film 

MoS2 sample and only for wavelengths with relative low absorption. It is likely that the 

monolayer and few-layer MoS2 also exhibit anisotropy, though the optical response of the 

out-of-plane component was not strong enough to definitively conclude that here. 

Analysis of each MoS2 film is described below.  

2.3.1 Analysis of Thin-Film MoS2 

Analysis of the ellipsometric data started with the thickest film, the “thin-film” MoS2 

sample. Isotropic models using B-Spline functions or combinations of Sellmeier and 
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Gaussian functions were fit, followed by testing for birefringence by converting to an 

anisotropic, birefringent model.  The birefringent model showed significant improvement 

to the psi and delta curves and improved the goodness of fit by over 50%, justifying the 

addition of uniaxial birefringence to the model. Fitting a surface roughness/oxide layer 8.1 

nm thick also significantly improved the fit. 

Figure 2.5 shows the birefringent refractive index n and k for the thin-film MoS2 fitted with 

Gaussians (dotted lines) and B-Spline dispersion functions (solid lines) with nearly 

identical results. For the Gaussian model, the in-plane refractive index was fitted to 17 

Gaussian and 1 Sellmeier dispersion functions.  For the B-Spline fit, the node spacing was 

set to 0.05 eV over the full range. For both models, the out-of-plane index was fit to a single 

Sellmeier model. Note in Fig. 4, the out-of-plane index (Sellmeier model) is plotted only 

to 1.3 eV (arbitrarily chosen to match the bandgap of bulk MoS2) as the material becomes 

highly absorbing at higher photon energies above the bandgap. As the absorption increases, 

the sensitivity to the out-of-plane response disappears. The in-plane optical response 

dominates due to the high index causing the strongly refracted light to propagate almost 

entirely in-plane in the material. The transverse electric field senses the in-plane optical 

response much more than the out-of-plane component. Therefore, the ellipsometric 

measurement is sensitive to the in-plane optical response at all wavelengths. However, only 

in the transparent region below the bandgap is the measurement is sensitive to the 

birefringence and thus sensitive to both the ordinary and extraordinary components of the 

refractive index. 
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Figure 2.5 Optical constants n&k for thin-film MoS2 analyzed using a birefringent model.  

The in-plane index was fitted using B-Spline model (solid lines) or a combination of 

Gaussian and Sellmeier functions (dotted lines) with nearly identical results.  The out-of-

plane component was fit to a single Sellmeier function and plotted above to 1.3 eV. 

In Figure 2.5, the k-values show the expected A and B exciton peaks at 1.8 and 2.0 eV, 

similar to results reported for a 12-layer MoS2 film by Park et al.43 Note an additional peak 

at 1.6 eV and defect absorption tail extending below, possibly from incomplete 

sulfurization of the precursor molybdenum film and/or inhomogeneous crystallization. 

Strong absorption is seen near 3 eV, consistent with Liu et al.40 and Park et al.43 An 

additional peak is seen at 3.7 eV, and much smaller peaks occur near 4.3 and 5.8 eV 

mentioned by Li et al.42 and Park et al.43 

2.3.2 Analysis of Few-Layer MoS2 

The few-layer MoS2 sample was also fit to an isotropic model using a Gaussian and 

Sellmeier dispersion model, where 2 Sellmeier and 6 Gaussian functions were used for the 

Gaussian model fit.. The A and B exciton doublet peaks appear blended into a single peak 
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near 1.9 eV. Similar to the thin-film sample, a defect absorption tail is present down to 0.7 

eV, again possibly due to incomplete sulfurization of the precursor molybdenum film in 

the TVS process.  The peak near 3 eV is more asymmetric, with a shoulder peak near 3.4 

eV.  

2.3.3 Analysis of Monolayer MoS2 

The monolayer MoS2 film was analyzed with an isotropic model using a Gaussian plus 

Sellmeier model. 2 Sellmeier and 6 Gaussian functions were used for the Gaussian model 

fit. The positions of the A and B excitons at 1.91 and 2.05 eV, respectively, are blue-shifted 

compared to the thin-film sample analyzed above and similar to the values of 1.88 and 2.03 

eV reported by Shen et al.39  The large absorption near 3 eV is prominent, along with 

additional smaller absorptions more prominent than observed in the thin-film sample. 

For comparison, Figure 2.6 shows the in-plane refractive index (a) and extinction 

coefficient (b) for all three MoS2 films above plotted versus wavelength.  
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Figure 2.6 In-plane optical constants, n and k, for monolayer, few-layer, and thin-film 

MoS2. The refractive index, n, is shown at the top, while the extinction coefficient, k, is 

shown at the bottom. 

2.4 UV-Vis-NIR Spectroscopy 

UV-Vis-NIR spectroscopy is used to measure the transmittance of the monolayer, few-

layer, and thin-film MoS2 samples. These samples were all grown on sapphire substrates, 

and transmittance through the bare substrate is used as a baseline correction. The 

measurements are done on relatively large areas of the samples (mm-wide) with an 

integrating sphere, essentially giving a good average that accounts for spatial 
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inhomogeneity. Figure 2.7a shows the transmittance vs. wavelength for the samples 

between 190 nm and 1700 nm, the same spectral range for which the spectroscopic 

ellipsometry measurements are done. For the monolayer MoS2 sample, the excitonic A, B, 

and C troughs are evident at around 670 nm, 620 nm, and 425 nm, respectively36,58. The 

few-layer sample also shows a trough at around 425 nm, while it is blue-shifted for the 

thin-film sample. The thin-film sample shows two small troughs at around 670 nm and 620 

nm as well36. For the monolayer and few-layer films, we see an additional trough in the 

UV at around 300 nm that is also consistent with our measured n and k values and 

previously published results42,43.  

2.5 Optical Modeling 

An optical model is built to calculate transmittance through the bare monolayer, few-layer, 

and thin-film MoS2 using the complex refractive index extracted from spectroscopic 

ellipsometry measurements and matched with the experimentally measured transmittance 

data. A good match between the two data sets assures confidence in the measurements and 

the derived material optical property data. 

The model uses the transfer-matrix method (TMM) to calculate the transmittance, 

reflectance, and absorption in the MoS2 active layer59,60. Figure 2.7 b, c, and d shows 

modeled transmittance for different thicknesses of the stand-alone monolayer, few-layer, 

and thin-film MoS2 overlaid with the measured transmittance of the same films. These 

figures are plotted between 200 nm and 1000 nm to highlight the troughs and peaks clearly. 

In each calculation, the n and k data of the corresponding MoS2 is used, i.e., for Figure 2.7b 

the n and k data from monolayer MoS2 is used, and so on. As shown in Figure 2.7b, the 
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measured transmittance of the monolayer sample lies in between the calculated 

transmittance for 0.50 nm and 0.80 nm of MoS2, confirming the monolayer thickness and 

validity of the complex refractive index data. The locations of the troughs for the modeled 

plots are slightly blue-shifted compared to the experimental plot for the monolayer sample. 

This is because while experimental transmittance is measured for as-grown MoS2 samples 

on sapphire, the n and k data used in the models come from VASE measurements of 

transferred MoS2 samples on SiO2-on-Si substrates.  

In Figure 2.7c, the models are calculated for 1.85 nm and 2.45 nm, the thickness for 3-

layers and 4-layers of MoS2, respectively. The transmittance matches better with the 1.85 

nm MoS2 sample, implying that the few-layer sample is trilayer for the most part. For the 

thin-film MoS2 sample, the transmittance matches closely with 30 nm of MoS2 for the short 

wavelengths while it has a better fit with 20 nm of MoS2 in the longer wavelengths. 

Given the complex nature of the refractive index of each material in the layer, the amount 

of light absorbed in the active layer can be determined as well from the TMM61,62. The 

absorption coefficient can be expressed in terms of the imaginary part of the refractive 

index known as the extinction coefficient, k, and the free space wavelength, λ. 
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 (a)  (b) 

  

 (c)  (d) 

 

Figure 2.7 (a) Measured transmittance of monolayer, few-layer, and thin-film MoS2 

samples grown directly on sapphire. Modeled transmittance of (b) monolayer, (c) few-

layer, and (d) thin-film MoS2 samples overlaid with experimentally measured 

transmittance. The models use the complex refractive index data measured by 

spectroscopic ellipsometry. 
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The amount of light absorbed in each layer can be estimated using the optical density or 

transmittance through the film using Lambert’s law: 

𝛼 =
4𝜋𝑘

λ
;  𝐼(𝑥) = 𝐼𝑜𝑒−𝛼𝑥    (3.1) 

Where I(x) is the transmitted intensity after the light has been absorbed in the lossy 

medium, x is the thickness of the lossy medium, Io is the incident intensity of light, and 𝛼 

is the absorption coefficient.  

Figure 2.8a shows the calculated absorption (%) for monolayer, few-layer, and thin-film 

MoS2 samples. The thickness used here for each sample is that from the AFM 

measurements, 0.61 nm, 2.15 nm, and 33.5 nm, respectively. The modeled results show 

that monolayer, few-layer, and thin-film MoS2 absorb 7.4%, 12.6%, and 32.4% of the 

incident light, respectively, between 300 nm and 700 nm; again, they absorb 5.1%, 9.2%, 

and 26.1%, respectively, between 200 nm and 1000 nm.  

When normalized to per unit-thickness absorption, between 300 nm and 700 nm, 

monolayer MoS2 absorbs 12.1%/nm; in comparison, few-layer and thin-film MoS2 absorbs 

5.9%/nm and 1.1%/nm, respectively, clearly showing superior light-matter interaction in 

the monolayer and few-layer films. Figure 2.8b shows the absorption (%) per unit-

thickness (nm) vs. wavelength for monolayer, few-layer, and thin-film MoS2.  

The plots are cropped between 200 nm and 800 nm to highlight the prominent excitonic 

absorption peaks in 2D MoS2, i.e., monolayer and few-layer MoS2, compared to the flat 

and low absorption profile of the thin-film MoS2 sample.   
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 (a)  (b) 

  

Figure 2.8 (a) Modeled absorption of monolayer, few-layer, and thin-film MoS2 using 

the complex refractive index measured by spectroscopic ellipsometry as shown in Figure 

2.6. (b) Absorption per unit thickness is plotted vs. wavelength. 

As an example of the usefulness of this optical property data, the absorption models are 

further expanded to design optical coatings on top of the MoS2 layers to either limit 

absorption within a specific spectral bandwidth or enhance broadband absorption in the 

MoS2 active layers. The former is useful for designing photodetectors and sensors, while 

the latter is useful for designing photovoltaic solar cells using these 2D materials. This 

modeling again utilizes the TMM.  

Figures 2.9 a and b show contour plots of absorption (%) in monolayer and few-layer MoS2, 

respectively, between 200 nm and 800 nm for a range of TiO2 thicknesses. The thickness 

of the monolayer and few-layer MoS2 is set at 0.61 nm and 2.15 nm, respectively. While 

monolayer and few-layer MoS2 absorb significantly in the UV as-is, a thin coating of TiO2 

on top can limit the absorption to the visible spectrum only. For example, monolayer MoS2 
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absorbs 7.8% of 200 nm monochromatic incident light, whereas with a 75 nm TiO2 coating 

on top the same absorption goes below 0.1%. The same is true for thin-film MoS2; 100 nm 

of TiO2 reduces few-layer MoS2 absorption at 200 nm from 8.8% to ~0%.  

Figure 2.9c shows the broadband absorption vs. wavelength in a thin-film MoS2 layer for 

multiple thicknesses of ITO as an anti-reflection coating (ARC). While different ITO 

thickness enhances the absorption in the MoS2 layer in different parts of the spectrum, the 

maximum broadband absorption is achieved with 40 nm of ITO on top of the MoS2 thin-

film, going from 29.1% without any ARC to 40.7%, for the 300 nm to 800 nm spectral 

range. In contrast, when the solar irradiance and spectrum is considered, 60 nm of ITO 

outperforms the other ITO thicknesses in terms of photocurrent generation in a 

photovoltaic device. 

Furthermore, various common ARCs are studied for enhanced broadband absorption in 

thin-film MoS2, as shown in Figure 2.9d. A range of thicknesses for each ARC is 

considered, and only the optimized thickness in terms of broadband absorption 

enhancement is shown in the figure. For example, 60 nm of SiN on top of the thin-film 

MoS2 increases the broadband absorption between 300 nm and 800 nm by 44.1%, 

relatively, from 29.1% absorption without any ARC to 41.9% absorption with the addition 

of the SiN layer. The thickness of the thin-film MoS2 layer is set to 35 nm for Figure 2.9 c 

and d.  
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 (a)  (b) 

  

 (c)  (d) 

  

Figure 2.9 Calculated absorption (%) in (a) monolayer and (b) few-layer MoS2 vs. 

wavelength for a range of TiO2 thickness on top. The optical stacks here are modeled as 

air-TiO2-MoS2-air and only the absorption (%) in the active MoS2 layers is plotted. (c) 

Calculated absorption (%) in thin-film MoS2 for a range of ITO thickness as an ARC. 

(d) Various ARCs are studied to enhance the broadband absorption in thin-film MoS2. 

Finally, relatively thicker thin-film MoS2 films are used in the model to maximize 

absorption for useful photovoltaic device application and maximum theoretical short-

circuit current density (Jsc) is calculated assuming 100% internal quantum efficiency (IQE) 
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under AM1.5G illumination, as shown in Figure 2.1061,62. This means that all the photons 

that are absorbed are converted to an electron-hole pair and are collected before they 

recombine.  

(a)  (b) 

  

Figure 2.10 Modeled absorption (%) and Jsc of a thin-film MoS2 photovoltaic device with 

100% IQE. (a) Absorption (%) in 250 nm thin-film MoS2 with and without 60 nm ITO 

on top as an ARC; (b) Jsc vs. thin-film MoS2 thickness (5 nm - 500 nm) with and without 

60 nm ITO 

The models show that 100 nm of thin-film MoS2 by itself absorbs 55.3% of the incident 

light between 300 nm and 800 nm whereas an addition of 60 nm of ITO on top increases 

that absorption to 68.8%, a relative increase of 24.4%. On the other hand, 250 nm of thin-

film MoS2 absorbs 77.9% and 59.4% with and without 60 nm of ITO on top in the same 

spectral range, respectively, showing a 31.1% relative increase. Lastly, the Jsc of a 

photovoltaic device made with 250 nm thin-film MoS2 as an absorber layer can be 

enhanced from 20.3 mA/cm2 to 26.8 mA/cm2 with the addition of the 60 nm ITO coating, 

a 32% relative increase, assuming 100% IQE. 
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2.6 Conclusions and Future Work 

In summary, monolayer, few-layer, and thin-film MoS2 have been synthesized using CVD 

and TVS methods. The complex refractive index n and k of these samples has been 

extracted from VASE measurements for a broad spectral range between 190 nm to 1700 

nm. The ellipsometry data showed sensitivity to optical birefringence in the thickest thin-

film sample, and an analysis method was presented. The complex refractive index is then 

used to calculate reflectance, transmittance, and absorption of the MoS2 films using TMM 

and matched with experimentally measured transmittance of the same samples. 

One important way this study contributes to the broad scientific literature is by making the 

complex refractive index of 2D MoS2 available for a large spectral range spanning the UV-

Vis-NIR regions of the spectrum. This study also further guides how to design 

optoelectronic devices using simple optical coatings in conjunction with these 2D material 

properties.  

Research is fast moving towards the realization of wearable, flexible, and transparent 

optoelectronic devices using 2D materials. Materials like ITO may be used as a transparent 

conductive oxide, serving as anti-reflection coatings to improve the broadband absorption 

of atomically-thin photovoltaics made with 2D MoS2 while eliminating the need for an 

opaque metal contact. To that end, the optical properties and results shown here are 

promising and significant for designing next-generation optoelectronic devices with 2D 

materials. 

As stated above, monolayer and few-layer MoS2 are also very likely to exhibit anisotrpic 

optical properties. Future work should include characterization of monolayer and few-layer 
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MoS2 and other TMDCs for out-of-plane refractive index anisotropy and birefringence. 

Also, the study of substrate induced anisotropy in 2D TMDCs can provide useful 

information for designing 2D optoelectronic devices on various substrates, and as such this 

needs to be carefully studied.  
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Methods 

Film Synthesis. The films are synthesized using an MTI OTF-1200X-II Dual Zone Split 

Tube Furnace that is modified to add a low-temperature third zone with a Grainger SLR 

series silicone heating blanket. The ACS reagent, ≥99.5% molybdenum (VI) oxide (MoO3), 

and the 99.98% trace metals basis sulfur (S) powder were bought from Sigma-Aldrich, 

while the molybdenum (Mo) pellets for electron-beam evaporation was purchased from 

Kurt J. Lesker Company. 

Film Transfer. A surface-energy-assisted film transfer process developed by Gurarslan et 

al.48 was used to transfer the MoS2 films unto SiO2-on-Si substrate. 3 to 5 drops of 15 wt% 

solution of polystyrene (PS) in toluene is spin-coated on to the as-grown MoS2 film on 

sapphire at 500 rpm for 15 seconds and subsequently at 3250 rpm for 45 seconds; then the 

PS coated MoS2 on sapphire is baked for 30 minutes at 90°C. A water droplet is dropped 

on the sample followed by assisted penetration of the water between the PS/MoS2 film and 

the sapphire substrate. Lift-off of PS/MoS2 from the substrate is achieved by a slight needle 

insertion at the edge of the PS/MoS2. The PS/MoS2 is then transferred onto the SiO2-on-Si 

substrate and baked at 90°C for 30 minutes to remove H2O, then for 1 hour at 130°C to 

smooth out the transferred film. The PS is then rinsed off with toluene followed by a 24 

hours soak in toluene for complete removal of any PS residue. 

Characterization. PL characterization was done at 405 nm excitation wavelength using a 

Fianium (now NKT Photonics) super-continuum laser and Photon, Etc. laser line tunable 

filters. The laser spot size was ~3 µm with 1 mW power. An Ocean Optics QEPro 

spectrometer is used for collecting PL signals with 1000 ms integration time and three-
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sample averaging. Raman characterization was conducted using a Thermo Scientific DXR 

Raman Microscope at 532 nm laser excitation wavelength with 5.0 mW laser power, 50 

µm aperture slit,  laser spot size of ∼2 µm, with an estimated resolution of 5.5 – 8.3 cm-1 

between 3500 to 67 cm-1 range. AFM measurements were performed using a Bruker 

Dimension FastScan system in ScanAsyst mode at 2 Hz frequency. 

VASE data acquisition was performed using a J.A. Woollam RC2 spectroscopic 

ellipsometer running CompleteEASE software over the spectral range from 190 nm to 1700 

nm. Data were acquired at five angles of incidence from 55 to 75 degrees in steps of 5 

degrees.  Ellipsometric Ψ and Δ data were acquired every 1 nm from 190 nm to 1000 nm, 

and every 2.5 nm from 1002.5 nm to 1700 nm. 

Transmittance measurements were taken using a PerkinElmer LAMBDA 750S 

UV/Vis/NIR Spectrophotometer with a 60 mm integrating sphere between 190 and 1700 

nm at 1 nm data interval and 1 second cycles. The PMT UV-Vis detector slit was fixed at 

2 nm while the InGaAs NIR detector slit was set to servo mode. The gains for the PMT 

and the InGaAs detector were set to auto and 1, respectively, while both detectors had a 

0.20 s response time. 

All characterization was done in air and at room temperature. 
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3 OPTOELECTRONIC APPLICATIONS OF 2D MOS2 

2D TMDCs such as MoS2 are very promising candidates for future optoelectronics due to 

their enhanced light-matter interactions and stability at atomic thicknesses. In the previous 

chapter, we introduced the large-area synthesis and optical characterization of 2D MoS2 

films. This chapter focuses on the initial electronic and optical devices made with the 

synthesized materials- transistors and photodetectors. Here, we detail the design, 

fabrication, and characterization of MoS2-based transistors and photodetectors. This work 

is then extended in Chapter 4 in the discussion of 2D photovoltaics. Essentially, all 

optoelectronic devices' basic operation revolves around two things- absorption or 

generation of light and electronic transport, and as such, the design principles for different 

devices often follow the same path. 

Transistors and photodetectors serve entirely different purposes. However, a transistor can 

often be used as a photodetector depending on the device structure and the active 

semiconductor material used in the device. Here we describe the basic operations of 

transistors and photodetectors and discuss the results from these optoelectronic devices that 

can be operated as either a transistor or a photodetector. The devices are then characterized 

for output characteristics, transfer characteristics, and photogenerated current. From these 
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measurements, field-effect mobility, external quantum efficiency, and photoresponsivity is 

calculated. 

Furthermore, a non-destructive chemical treatment method is presented to improve the 

photogenerated current of a MoS2-based photodetector by orders of magnitude. 

3.1 Transistors 

A transistor is generally a three-terminal device that is widely used for switching in the 

semiconductor industry. The three terminals are commonly referred to as gate, drain, and 

source. Typically, a voltage is applied between the gate and source to modulate the current 

flow between the drain and source. Figure 3.1 shows the schematic of a three-terminal 

back-gated transistor. 2D materials, especially MoS2, have been studied for transistor 

applications very extensively. Radisavljevic et al. demonstrated one of the first monolayer 

MoS2-based high-performance transistors back in 2011 with a mobility of 200 cm2V-1s-1 

and an on/off ratio of 108 with exfoliated material10.  

2D materials are particularly interesting candidates for transistors because of the almost 

negligible leakage current. As all carriers are confined within an atomically thin channel 

in transistors made with 2D materials, the gate modulation is more effective with very little 

to no leakage current64.  
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Figure 3.1 Schematic of a back-gated field-effect transistor (FET) with 2D MoS2. The back-

gate is scratched through the 300 nm SiO2 layer and uses the highly-doped n-type silicon 

substrate underneath. (figure not to scale) 

The field-effect mobility (μEF) is an essential metric for quantifying the electronic 

properties of semiconductor materials, especially of 2D TMDC materials. Typically, field-

effect transistors (FETs) are fabricated to extract the mobility that gives insight into the 

material's electronic transport characteristics. The μEF can be calculated from the measured 

transfer characteristics, IDS-VGS sweeps for a given VDS, using the FET model: 

𝜇𝐸𝐹 =
𝑑𝐼𝐷𝑆

𝑑𝑉𝐺𝑆

𝐿

𝑊𝐶𝑜𝑥𝑉𝐷𝑆
    (3.1) 

Where L and W are the length and width of the channel, respectively, and Cox is the 

dielectric capacitance per unit area of the SiO2 dielectric layer, given by Cox = ε0εr/dox, 

where ε0 is the dielectric constant of vacuum, εr is the relative dielectric constant of 3.9 for 

SiO2, and dox is the dielectric layer thickness of 300 nm. IDS is the drain-source current, 

VDS is the voltage between the drain and source terminals, and VGS is the voltage between 

the gate and source terminals.  
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3.2 Photodetectors 

Photodetectors are typically used as light-sensors. They absorb light or photons and convert 

that into electrons based on the photoelectric effect. Depending on the bandgap, different 

materials are used to detect different bands of the electromagnetic spectrum. 2D materials 

have been studied and investigated extensively for their applications in photodetectors for 

a wide range of bandgaps, from ultraviolet to visible to infrared65,66. Photodetectors are 

generally two-terminal devices with a source and a drain. The basic difference between a 

photodetector and a transistor is that incident photons are used to excite electron-hole pairs 

for transport in photodetectors instead of having an electric field through gate-bias 

modulating the channel. Figure 3.2 shows the schematic of a transistor-type photodetector. 

The only difference it has with Figure 3.1 is that it doesn’t have a gate terminal; instead, 

light is used for carrier modulation. 

 

Figure 3.2 Schematic of a transistor-type photodetector with 2D MoS2. A transistor shown 

in Figure 3.1 can be used as a photodetector if the carrier transport in the channel is 

modulated by light instead of a gate-bias. (figure not to scale) 
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Photoresponsivity and external quantum efficiency (EQE) is commonly used to quantify 

and compare photodetectors’ performance.  

Photoresponsivity (R) is defined as the ratio of the photogenerated current to the incident 

light power on the effective device area. It is expressed as R = Iph/Pin, where Iph is the 

photocurrent and Pin is the incident light power within the effective device area. The 

photogenerated source-drain current, Iph, is measured at a given wavelength for a given 

source-drain bias, VDS, and the laser incident power is also measured at that wavelength 

using a calibrated photodiode. The ratio between the two gives the photoresponsivity at 

that particular wavelength. 

On the other hand, EQE is the ratio of the number of electrons generated by the device to 

the number of incoming photons. When we express that per unit time, the following 

equation is used to calculate the EQE: 

𝐸𝑄𝐸(𝜆) =  
𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑂𝑢𝑡

𝑃ℎ𝑜𝑡𝑜𝑛𝑠 𝐼𝑛
=  

𝐼𝑝ℎ(𝜆)

𝑞
𝑃𝑖𝑛(𝜆)

ℎ𝑐

𝜆

⁄    (3.2) 

Here, q is the charge of one electron, h is Planck’s constant, c is the speed of light in 

vacuum, and λ is the incident wavelength in vacuum.  

EQE is experimentally measured by sweeping the laser wavelength in a broad spectral 

range, typically between 400 and 800 nm for monolayer MoS2-based photodetectors, 

accounting for their direct 1.8 eV bandgap in the monolayer form. The photogenerated 

source-drain current, Iph, is measured at every wavelength for a given source-drain bias, 

VDS, typically 5 V in our experiments.  The laser incident power, Pin, is measured at each 
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wavelength using a calibrated photodiode. The effective power within the device channel 

is then calculated and plugged into the above equation to calculate EQE. 

While traditional thin-film photodetectors fabricated with Si and InGaAs dominate the 

market, 2D materials based photodetectors have been demonstrated with excellent 

properties in recent years, including high EQE of  30% for graphene‐WS2‐graphene67, 

ultrahigh photoresponsivity up to ~1010 AW−1 for graphene‐MoS2
68, high photogain up to 

~108 for graphene‐MoS2
69, and ultrahigh sensitivity of D* ~1015 Jones. 2D materials are 

particularly attractive for photodetectors because of their extraordinary light-matter 

interactions and ability to absorb a much higher percentage of incoming light per unit 

thickness than traditional semiconductors, as discussed in Chapter 2. 

 

3.3 Optoelectronic Device Performance 

In this work, back-gated FET devices with several channel lengths and widths were 

fabricated, as shown in Figure 3.3. The results from the 10 µm channel length and 100 µm 

channel width are presented here. First, monolayer MoS2 is grown on a sapphire substrate 

using CVD and then transferred on to SiO2-on-Si substrate. The 300 nm SiO2 layer on the 

Si substrate serves as the gate dielectric. Devices are then patterned using electron-beam 

lithography (EBL) to establish drain and source contact locations. A back-gate electrode is 

contacted by scratching through the oxide layer for applying a gate voltage. Finally, 5 nm 

of Ti followed by 45 nm of Au is deposited as source, drain, and gate contact metals using 

electron-beam evaporation. Details of the fabrication process is described in Appendix A. 
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The devices are then characterized for output characteristics, transfer characteristics, and 

photogenerated current. 

 

Figure 3.3 Optical micrograph of an array of devices with variable channel length and 

100 µm channel width. 5 nm Ti capped with 45 nm Au is used as contacts on monolayer 

MoS2 for transistor and photodetector applications. Gate contact is not shown in the image. 

Figure 3.4 shows an output characteristic curve of a MoS2-based transistor. The source-

drain voltage is swept between -5 V to 5 V for five gate biases, VG= -20 V, -10 V, 0 V, 10 

V, and 20 V. At negative gate biases, the channel is void of free carriers. The ~linear IDS-

VDS behavior indicates ohmic contact between the MoS2 and Ti/Au contacts. 
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Figure 3.4 Output characteristics of a MoS2-based FET. The source-drain voltage is swept 

between -5 V to 5 V for five gate biases, VG= -20 V, -10 V, 0 V, 10 V, and 20 V. The red 

and yellow lines overlap each other. 

Figure 3.5 shows a transfer characteristic curve. IDS is plotted in linear (left) and 

logarithmic (right) scales. VG is swept from -80V to 80V under Vds = 2, 4, 6, and 8 V. With 

positive gate voltages, the devices turn on, indicating an n-type transistor behavior. The 

Ion/Ioff ratio of this device can reach ~106. From the transfer characteristic curves, the field-

effect mobility is extracted as 3.3 cm2V-1s-1, which is on par for large-area synthesized 

MoS2-based transistors70–72. The mobility could be further improved by improving the film 

quality during growth by introducing seed layers for larger domains and also by passivating 

S vacancies in the MoS2 lattice. Previous studies have also pointed out that defect states 

and traps in the band structure affect the electronic transport and thus carrier mobility73.  
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Figure 3.5 Transfer characteristics of a MoS2-based FET. IDS is plotted in linear (left) and 

logarithmic (right) scales. VG is swept from -80V to 80V under Vds = 2, 4, 6, and 8 V.  

Carrier mobility is one of the most important electronic properties of the synthesized MoS2 

films, as stated earlier. This helps compare with literature data and state-of-the-art 

performance and is required in electronic device design for modeling and simulations. For 

example, in designing the MoS2-based photovoltaic devices discussed in Chapter 4, 

mobility is one of the most important inputs, and thus it is extremely important that 

mobility values are known from transistor operation. Transistors are as such the first 

building blocks in designing optoelectronic devices with these novel materials. 

Figure 3.6 shows photogenerated current for a photodetector with a channel length of 10 

µm and a channel width of 100 µm. 5 nm of Ti capped with 45 nm of Au is used as 

source/drain contacts. The incident wavelength is swept between 400 and 800 nm with an 

interval of 1 nm. The photocurrent is measured for 3 different source-drain voltages, VDS= 

0 V, 1 V, and 5 V. Spectral photocurrent was measured under illumination from a 
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supercontinuum light source using a laser line tunable filter to scan the wavelength. Dark 

current was subtracted from the illuminated current to show true photo-induced current. 

 

Figure 3.6 Wavelength dependent photocurrent for a monolayer MoS2-based transistor-

type photodetector. Measurements are taken between 400 and 800 nm monochromatic 

illumination for three different source-drain voltages, VDS= 0 V, 1 V, and 5 V. 

EQE and photoresponsivity are measured by measuring the incident photon-flux and 

effective power within the device area. EQE provides an important understanding of the 

device performance and thus material quality as it shows the response of the device at each 

individual wavelength vs. the cumulative response over the entire spectral range. Figure 

3.7 plots the EQE of the transistor-type photodetector between 400 and 800 nm. It shows 

a 25% quantum efficiency at 420 nm incident wavelength, measured at a source-drain bias 

of 5V. Photoresponsivity of the same device is calculated to be 0.09 A/W also at 420 nm 

incidence for an input power of 0.1 mW.  
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Figure 3.7 External Quantum Efficiency (EQE) of a monolayer MoS2-based transistor-type 

photodetector. The measurements were performed between 400 and 800 nm with a source-

drain bias of 5V.  

The optoelectronic devices show relatively good performance for as-is synthesized MoS2. 

We further treat these devices with a chemical called 1,2-Dichloroethane to enhance their 

optoelectronic performance, as discussed in the next section. 

3.4 Chemical Treatments for Enhanced Performance 

Chemical-based treatments are performed to improve the performance of as-fabricated 

devices. In particular, 1,2-dichloroethane (DCE) is used to treat the FET-type 

photodetectors, as previously demonstrated by Yang et al.74. The monolayer MoS2 devices 

were soaked in the DCE solution for 4 hours at 60 ⁰C. Results show an increase in the 

photocurrent response of the devices. The advantages of this method are that it is non-

destructive to the metal contacts (hence devices can be treated post-fabrication), it does not 

require transfer from the substrate, and also, it is applicable for CVD-grown wafer-scale 

MoS2 devices. 
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Figure 3.8 Photocurrent of a photodetector before and after DCE treatment. The 

photocurrents were measured at regular time intervals post DCE treatment to study the 

time-dependent decay. Measurements were performed under 5V source-drain bias. 

Photocurrent was measured before and immediately after the DCE treatment, revealing a 

~25x photocurrent increase at the 420nm C-peak and a ~2.5x enhancement throughout the 

rest of the visible spectrum, as can be seen in Figure 3.8 and 3.9. Dark current was 

subtracted from the photocurrent in each measurements to show the true photo-generated 

current. However, the enhancement degraded over time when exposed to ambient air, and 

subsequent measurements in a regular time interval show a gradual decrease in the 

photocurrent that follows an exponential decay, as shown in Figure 3.9. The enhanced 

photocurrent at shorter wavelengths is retained even after 2 hours of exposure to the  

ambient environment, while at longer wavelengths, the enhancement decays to ~pre-

treatment levels within ~1 hour of exposure. 
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Figure 3.9 Enhancement in photocurrent followed by DCE treatment. The enhancement 

factor is calculated by dividing the post-treatment photocurrents by the pre-treatment 

reference photocurrent at each wavelength. 

The improvement in the performance is attributed to chlorine atoms from the DCE solution 

substituting for sulfur vacancies in the MoS2, thus reducing defects in the material. We 

hypothesize that the enhanced photocurrent is caused by a combination of reduced contact 

resistance between the metal contacts and the semiconductor, improved n-dopant 

concentration in the MoS2 layer, and the passivation of dangling bonds to reduce Shockley-

Reed-Hall (SRH) recombination. The interplay of these three components will inform the 

implementation of this treatment in optoelectronic device applications. The better 

enhancement at shorter wavelengths could possibly be coming from reduced surface 

recombination velocity where the higher energy photons are absorbed. It may also be 

possible to attribute this short wavelength enhancement to changes in the band structure of 

MoS2 due to the introduction of the chlorine atoms.  
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Figure 3.10 Spectral photocurrent measured at regular time intervals post-DCE treatment 

at monochromatic wavelengths of 420, 620, and 660 nm; these wavelengths roughly 

correspond to the excitonic A, B, and C peaks of monolayer MoS2. All measurements were 

performed under a 5V source-drain bias. 
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Figure 3.9 shows the spectral photocurrent measured at regular time intervals post-DCE 

treatment at monochromatic wavelengths of 420, 620, and 660 nm; these wavelengths 

roughly corresponds to the excitonic A, B, and C peaks of monolayer MoS2. All 

measurements were performed under a 5V source-drain bias and dark current was 

subtracted from the illuminated current to only account for photogenerated transport.  

The measurements show that the photocurrents exponentially decay with time to the ~pre-

treatment level within the 1st hour of exposure to the ambient air for all three wavelengths. 

The exponential decay rate most likely indicates fast evaporation of chlorine in the air when 

exposed. This study should be particularly helpful in designing experiments for the 

retention of these enhancements. 

3.5 Conclusions and Future Work 

In this chapter, we discussed the development and analysis of basic electronic and 

optoelectronic devices, such as transistors and photodetectors, fabricated with 2D MoS2 

and symmetric of Ti/Au contacts for both source and drain. The eventual goal of this project 

is to make atomically thin photovoltaic devices with 2D materials. To that end, the work 

presented in this chapter essentially lays the groundwork.  

There are several fundamental questions that this chapter answers to help reach that point. 

For example, we extract mobility here to understand the electronic transport quality of the 

synthesized MoS2 films. Furthermore, the EQE measurements combine the optical and the 

electronic transport efficiencies at each wavelength by taking into account the absorption, 

electron-hole pair generation, and collection of the carriers in the external circuit. For a 

photodetector, this is calculated by taking the ratio of electrons out over photons in, and 
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the same is applicable for photovoltaic devices, even though their operation and 

applications are different. The first part of this chapter presents figure-of-merits for the 

overall material quality and device designs and acts as a guide for the photovoltaic devices 

discussed in the next chapter. The same approach very well can be taken for designing 2D 

MoS2-based photoemitters. 

The second part of this chapter focuses on the improvement of the optoelectronic 

performance of photodetectors via chemical treatment. DCE is shown to be effective in 

enhancing the photocurrent of a photodetector; however, when exposed to the ambient air, 

the enhancement quickly decays back to ~pre-treatment levels. There’s much room for 

future work on this end. An effective encapsulation of the devices right after the chemical 

treatment will be significant.  

Future work on the DCE treatment includes but not limited to the following steps to better 

understand and lock-in the impact of the treatment: measuring contact resistance before 

and after treatment using the transfer-length matrix (TLM) method; measuring doping 

concentration before and after treatments; measuring carrier lifetime & defect density in 

the material; optimizing the DCE soaking duration and soaking temperature; studying 

degradation over time; and most importantly, coming up with an effective encapsulant to 

retain the enhancement. 

To that end, some preliminary work has been performed. Fabricated photodetectors with 

extended contacts have been chemically treated with DCE inside a glovebox and then 

encapsulated with PDMS. The PDMS is cured inside the glove box before exposing it to 

air. Initial device characterization shows promising results, although PDMS doesn’t bond 
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well with MoS2 and as such peels off of the MoS2 surface with minimal contact. This is 

not surprising, as these 2D materials have very weak out-of-plane bonds to their substrate, 

and so further studies are needed for finding an effective encapsulation to retain these 

optoelectronic enhancements. 
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Methods 

Device Fabrication. Device patterns were created using a RAITH Voyager 100 electron 

beam lithography system. Metal contacts were deposited in an Angstrom Engineering 

Nexdep electron-beam evaporator tool.  

Characterization. Electronic transport measurements were performed by a LabView 

program using Keithley 2450 and 2460 sourcemeters. Photocurrent measurements were 

made using a Fianium (now NKT Photonics) super-continuum laser and Photon, Etc. laser 

line tunable filters (LLTF) for selecting monochromatic wavelengths; this combination is 

capable of emitting light from 390 nm to beyond 2400 nm in wavelength. 
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4 LARGE-AREA, MONOLAYER MOS2-BASED 

SCHOTTKY-JUNCTION PHOTOVOLTAICS 

The strong light-matter interaction in 2D TMDCs such as MoS2 results in a very high 

absorptance and photogeneration in these materials, making them suitable materials for 

flexible and transparent photovoltaics75–77. In this chapter, we present a Schottky-junction 

photovoltaic device using large-area 2D MoS2 with lateral (in-plane) current flow and 

asymmetric contacts. 

As Bernardi et al. predicted back in 2013, sub-nm thick 2D TMDC materials can achieve 

one order of magnitude higher sunlight absorption per unit thickness than GaAs and Si, 

and thus can achieve 1-3 orders of magnitude higher power densities than the best existing 

ultrathin solar cells. These properties make the potential for 2D photovoltaics enormous13. 

Jariwala et al. also predicted in 2017 in their perspective article that monolayer TMDC 

based photovoltaic cells can achieve a maximum of 27% power conversion efficiency 

using the detailed balance theory78. However, to date, the power conversion efficiency in 

all-2D photovoltaic devices has been under ~5%.  

Open-circuit voltage (VOC) is a critical parameter for PV that gives insight into device 

quality and performance potential. Fontana et al. demonstrated Schottky-junction 
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photovoltaics with exfoliated ~50 nm thick MoS2 and Pd and Au contacts and achieved a 

VOC of 0.1 V79. Choi et al. demonstrated a lateral Schottky-junction device with Pd and 

Cr/Au contacts and exfoliated multilayer MoS2; their device as-is showed a VOC of 0.08 V; 

however, with AuCl3 doping, they were able to improve the VOC to 0.2 V80. Wi et al. also 

utilized multilayer exfoliated MoS2 to demonstrate a plasma-induced p-doping: a p-n 

junction photovoltaic device with a VOC of 0.13 V and power conversion efficiency of 

0.34% as-is was treated with CHF3 treatment, resulting in improvement of these values to 

0.28 V and 2.8%, respectively81. Cora et al. demonstrated a vertical Schottky-junction PV 

device with exfoliated 16 nm WS2 and asymmetric Au and Ag contacts to achieve 0.256 V 

of VOC and a power conversion efficiency of 0.46% under AM1.5G solar spectrum82. In 

this work, we demonstrate a lateral Schottky-junction photovoltaic device with CVD-

grown monolayer MoS2 and Au/Ti and Pt contacts. This is one of the first works to report 

2D PV device performance using large-area, scalable 2D material synthesis.  

4.1 Device Structure and Fabrication 

Two different structures of lateral photovoltaic devices have been fabricated and 

characterized. The first set of photovoltaic devices is very similar in design to the 

transistors and photodetectors discussed in Chapter 3, except that these photovoltaic 

devices use asymmetric contacts for carrier (electron and hole) separation instead of having 

symmetric contacts for both source and drain. Figure 4.1 shows the schematic of a 

Schottky-junction photovoltaic device with asymmetric contacts on 2D MoS2. Note the 

difference in color for source and drain, indicating metals of different work functions. This 

is uesful for forming the Schottky-barrier and achieving carrier separation with no applied 
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source-drain bias. The main difference between this work and the transistors and 

photodetectors shown in Figure 3.1 And 3.2 is that these use asymmetric contacts, which 

requires extra steps in fabrication for alignment lithography and two steps of metal 

deposition. The details of this fabrication process are described in Appendix A. 

 

Figure 4.1 Schematic of a Schottky-junction photovoltaic device with asymmetric contacts 

on 2D MoS2. Note the difference in color for source and drain, indicating metals of 

different work functions. 

Considering the similarities in the device architectures, these devices have been carefully 

designed to demonstrate an all-in-one architecture. Figure 4.2 shows the top-view design 

of such an architecture. The left two contact pads represent symmetric contacts for both 

source and drain. By contacting the left two symmetric contact pads, the device can be 

operated as a transistor (with an external gate bias) or as a photodetector; alternatively, the 

right two asymmetric contact pads can be probed to use this as a photovoltaic device. The 

asymmetric contact device can also be operated as a photo emitter if the underlying active 

materials have good radiative efficiency. Depending on which contacts are probed and how 

the device is biased, the same device thus can be operated as a transistor, photodetector, 

photovoltaic, or photo emitter. This design is further modified, as shown later in this 
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chapter, to make multiple devices within a small area using the same all-in-one concept. 

That all being said, in this chapter, the main focus will be the asymmetric contact 

photovoltaic devices.  

 

Figure 4.2 An all-in-one optoelectronic device architecture. By contacting the left two 

symmetric contact pads, the device can be operated as a transistor (with an external gate 

contact) or photodetector; the right two asymmetric contact pads can be probed to use this 

as a photovoltaic device. 

In the second device design, conventional grid finger and busbar type solar cells are 

designed with two metal contacts laterally interlocking each other on top or under a sheet 

of monolayer MoS2. Details of this device geometry and fabrication process are shown in 

Appendix A. 

Schottky-junction photovoltaics are fundamentally different from traditional solar cells in 

terms of how their built-in voltage is formed; in a conventional solar cell, a p-type and a n-

type semiconductor material are brought together to form what is known as a p-n junction. 

Due to the offsets in the p-type and n-type materials’ Fermi levels, a built-in potential 

difference is created, which results in electron-hole pair carrier separation. In a Schottky-
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junction solar cell, however, the built-in voltage is formed by the offset between the Fermi 

levels of the semiconductor and the metal contact83. At the interface between the 

semiconductor and metal, band bending happens due to the said band offsets, and a so-

called Schottky barrier drives the carrier separation. Two metal contact materials need to 

be chosen carefully to design a Schottky-junction photovoltaic device with MoS2,  such 

that they each align to the conduction or valence band of MoS2 for electron or hole 

collection, respectively. For this work, metals with various work functions are studied, as 

shown in Figure 4.3. Several low work function metals such as Yt, Sc, Mo, and Ti are 

considered for electron collection, while high work function metals such as Co, Ni, Au, Pd, 

and Pt are considered for hole collection. In the middle of the plot is shown the band 

structure of monolayer MoS2 having a bandgap of 1.85 eV. The criteria for effective carrier 

separation, i.e., electron and hole collection in two separate contacts, are shown on the right 

and left.  

 

Figure 4.3 Band structure schematic for monolayer MoS2, showing metal work function 

requirements for carrier (electron and hole) separation. Possible low and high work 

function metals are listed on the right and left, respectively.  
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To create the differing Schottky junctions in our experimental devices, Ti and Pt are 

initially chosen as the contact metals because of their low (4.33 eV) and high (5.64 eV) 

work functions and their wide use to-date for contacting 2D MoS2. These asymmetric 

contacts create the necessary band offsets at the metal-MoS2 interface between the Fermi 

levels of these metals and that of MoS2, thus driving the electrons toward Ti and holes 

toward Pt and separating the photo-generated carriers without any applied bias. 

     

     

Figure 4.4 fabricated asymmetric contact Schottky-junction solar cells with Ti and Pt 

contacts.  The top row shows the all-in-one symmetric and anti-symmetric device 

architecture, while the bottom row shows more traditional finger-busbar type solar cells. 
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Figure 4.4 shows the fabricated asymmetric contact Schottky-junction solar cells with Ti 

and Pt contacts.  The top row shows the all-in-one architecture, while the bottom row shows 

the traditional finger-busbar type solar cells. In the top row contact-pad devices, the 

contacts were deposited on top of MoS2. The channel length and width here are 10 µm and 

100 µm, respectively. In the finger-busbar type devices, the contacts were first deposited 

on SiO2-on-Si substrates and monolayer MoS2 was transferred on top. The interlocking 

fingers are 15 µm wide with 10 µm channels between them. Devices were fabricated in 

arrays to generate more measurable devices for the same film, enabling measurements with 

statistical significance. 

4.2 Photovoltaic Performance 

 

Figure 4.5 An illuminated asymmetric contact Schottky-junction solar cell with 2D MoS2. 

The laser excitation wavelength is 660 nm. 

Devices were characterized for open-circuit voltage (VOC), short-circuit current (ISC) and 

short-circuit current density (JSC), power conversion efficiency (η), fill-factor, series 

resistance (RS), and shunt resistance (RSH), all at room temperature. The devices were 

illuminated by monochromatic laser excitation with high concentration and standard one-
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sun AM1.5G in a solar simulator. Figure 4.5 shows an illuminated solar cell in the all-in-

one architecture with an excitation wavelength of 660 nm. The laser power is swept to 

study the current-voltage relationships at different intensity of the input irradiance. 

 

Figure 4.6 J-V plot of a Schottky-junction MoS2 solar cell with 660 nm laser excitation, as 

shown in Figure 4.5. The laser flux was varied with a maximum of 15.97 15.97 W/cm2 flux. 

Figure 4.6 shows the J-V plot of the solar cell shown in Figure 4.5. The monochromatic 

660 nm laser excitation was swept up to 15.97 W/cm2 photon flux. The solar cell shows a 

VOC of 160 mV and a JSC of 2 µA/cm2 at 0.73 W/cm2 illumination. At 15.97 W/cm2 flux, 

the VOC and JSC are recorded as 270 mV and 11.5 µA/cm2, respectively. 

Figure 4.7 shows a finger-busbar type solar cell's photovoltaic performance for 

monochromatic and standard 1-sun AM1.5D illumination conditions. As shown, the VOC 

and JSC are recorded as 260 mV and 1.07 µA/cm2, respectively, at ~8 sun equivalent 

illumination with 660 nm excitation laser. Under 1-sun AM1.5D illumination in a solar 

simulator, the VOC and JSC reduces to 110 mV and 0.18 µA/cm2, respectively, 
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Figure 4.7 J-V plot of a finger-busbar type Schottky-junction MoS2 solar cell with 

monochromatic 660 nm laser excitation and 1-sun equivalent AM1.5G illumination. 

From the 1-sun I-V plots, the following solar cell figures-of-merit are extracted to 

understand the overall 1-sun performance better. The efficiency, fill-factor, series and 

shunt resistances are calculated using previously published methods84,85. 

Table 4.1 Figures-of-merit for the finger-busbar type asymmetric contact Schottky-junction 

MoS2-based solar cell under 1-sun AM1.5G illumination 

VMP (V) 0.05 

IMP (mA) 1.32E-07   

VOC (V) 0.11 

ISC (mA) 2.64E-07 

JSC (mA/cm^2) 1.76E-04   

Fill-Factor (%) 22.72% 

Efficiency, η (%) 0.0000044%   

RS (ohm.cm^2) 147875 

RSH (ohm.cm^2) 656610 
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The figure-of-merit values are not very high, but these are some of the first all-2D solar 

cells made with CVD-grown monolayer MoS2 films. However, the VOC value is 

particularly high for CVD-grown monolayer MoS2. Cho et al. fabricated a WSe2/MoS2 

heterojunction with exfoliated 5 to 10 layers of WSe2 and MoS2 each and achieved a VOC 

of 0.36 V under 1-sun illumination without any passivation86. We have not found any report 

of CVD-grown monolayer MoS2-based photovoltaics characterized under 1-sun 

illumination to compare our results with and believe our result is the first ever large-area 

2D PV device. Several analyses are performed to better understand the device performance, 

including EQE and IQE measurements and resistance measurements.  

 

Figure 4.8 Absorption, EQE, and IQE of the finger-busbar type Schottky-junction MoS2-

based solar cell. 

Figure 4.8 shows the Absorption, EQE, and IQE vs. wavelength for the finger-busbar type 

solar cell. The EQE corresponds to the ratio of electrons out to photons in, whereas the IQE 

is calculated by taking the ratio of electrons out to photons absorbed. Thus, the IQE is a 

measure of the electronic efficiency of the material/device alone, while the EQE accounts 
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for both electronic and optical efficiencies. As the monolayer MoS2 absorbs ~3-20% of the 

incoming light above its optical bandgap energy of 1.8 eV, the optical performance is quite 

good as-is given the atomic thicknesses. The electronic performance is where it lacks 

severely. The low IQE across the spectrum clearly shows that the device has insufficient 

electronic transport by about 3 to 4 orders of magnitude.  

To understand the limitations in electronic transport, the solar cell is divided into a 

resistance network consisting of the probes, the contacts pads, the fingers and the busbars,  

the contact resistance at the metal-semiconductor interface, and the sheet resistance. The 

total resistance from the fingers and busbars came to be 225 Ω, showing that the bulk of 

the resistance comes from the contact and sheet resistance. To extract these values, the 

transfer length method (TLM) is used87. Figure 4.9 shows a TLM grid on monolayer MoS2 

with variable channel lengths from 1 µm and 150 µm. These measurements are performed 

with both Ti/Au contacts and Pt contacts. 

 

Figure 4.9 A TLM grid pattern on monolayer MoS2 with variable channel lengths from 1 

µm to 150 µm. These structures are used to extract the contact resistivity at the metal-

semiconductor interface and the sheet resistivity of the semiconducting material. 
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Figure 4.10 TLM plots for Ti-MoS2 and Pt-MoS2 devices. The resistances are plotted for 

various channel lengths. Contact resistance is extracted from the y-axis intercept of the 

linear fit (divided by 2) and the sheet resistance is calculated by taking the slope of the 

linear fit line and dividing it by the channel width. 

By analyzing the data shown in Figure 4.10 , the average contact resistivity of the Pt-MoS2 

and Ti-MoS2 interface is calculated to be 45.33 Ω.cm2 and 17.5 Ω.cm2, respectively. The 

average sheet resistivity is estimated to be 2.34 x 108 Ω/□. The high contact and sheet 

resistivity in these devices contribute significantly to their poor electronic transport 

performance. In comparison, contact resistance is typically in the 10-6 Ω.cm2 range for a 

good solar cell88,89. Also, sheet resistance needs to be sufficiently low for lateral transport, 

preferable in the 50-100 Ω/□ range90. 

A spatial photocurrent map is also generated by selectively illuminating part of the device 

spatially and recording the photogenerated current at each location. Figure 4.11 shows such 

a photocurrent map. The map shows that the photocurrent is higher only when the 

illumination is close to the Pt contact. The likely cause for this is that the photogenerated 

carriers recombine before they can make it to the contacts if they are too far away, 

indicating low lateral diffusion length of the carriers. Also, the lateral diffusion length for 
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electrons is much higher compared to that of the holes. Thus an electron generated further 

away from the Ti contact can make its way to the contact, whereas any holes generated far 

from the Pt contact recombine before they can be collected. We believe this is why we only 

see photocurrent near the Pt contact.  

 

Figure 4.11 Spatial photocurrent map of a Schottky-junction MoS2-based solar cell, 

showing photogeneration and collection mostly near the Pt contacts. 

A COMSOL multiphysics-based model is generated to further understand the device 

performance and help guide future device designs. 
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4.3 Optoelectronic Device Model 

A 1D finite element analysis device model is built using the COMSOL Multiphysics 

simulation tool’s Semiconductor Module. This model simulates a MoS2-based solar cell 

device with a 10 µm channel in between asymmetric Ti and Pt contacts, as shown in Figure 

4.12.  

 

Figure 4.12 Schematic of a MoS2-based solar cell with 10 µm channel in between 

asymmetric Ti and Pt contacts, generated in the COMSOL Multiphysics software. 

The model uses a homogenous doping in the active MoS2 material by using the Analytical 

Doping Model built in to COMSOL. Eq. 4.1 is used to calculate photogeneration that 

includes the solar irradiance and MoS2 absorption spectra. The absorption spectra is 

calculated in Eq. 4.2  by using the extinction coefficienct of monolayer MoS2 (discussed 

in Chapter 2). The Shockley-Read-Hall recombination model is implemented in a Trap-
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Assisted Recombination feature, also built in to the COMSOL tool. Eq. 4.3 shows the 

photon flux that is used to calculate the photogeneration.  

𝐺 = ∫ 𝛼(𝜆)𝜑(𝜆) exp(−𝛼(𝜆)𝑧) 𝑑𝜆
∞

0
     4.1 

𝛼(𝜆) =
4𝜋𝜅(𝛼(𝜆))

𝜆
     4.2 

𝜑(𝜆) =
𝜆

ℎ𝑐
𝐹(𝜆)     4.3 

Here, z is the depth into the device, λ is the wavelength in vacuum, κ(λ) is the wavelength-

dependent extinction coefficient, and F(λ) denotes the AM1.5G spectral irradiance. With 

100% IQE, i.e., all the electron-hole pairs that are generated are collected, a maximum of 

1.34 mA/cm2 JSC is estimated for monolayer MoS2-based solar cells. 

To account for the lateral junction where the solar cell is illuminated from the top, the 

photogeneration is assumed to be homogeneous between the contacts with a monolayer 

MoS2 thickness of 0.65 nm. Here, the photogeneration occurs in the z-direction while the 

electronic transport happens in the x-direction in the 1D lateral PV model. The cross-

sectional area considered for device simulation is the area encompassing the thickness of 

the material times the width of the channel, 0.65 nm and 100 µm, respectively. For JSC 

calculations, a different area is used; the area is given by the length and width of the 

channel; in this case, 10 µm and 100 µm, respectively. The model uses several user-defined 

parameters such as mobility (3.3 cm2V-1s-1, extracted from experimental measurements), a 

doping concentration of 1x1016 cm-3 91, bandgap of monolayer MoS2 as 1.85 eV6, electron 

affinity of 4.5 eV92, relative permittivity of 4.293, and an electron lifetime of 611 ns94.  
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The model calculates the energy bandstructure diagram of the device, as shown in Figure 

4.13. The band bending between MoS2 and the contact metals is demonstrated here. On the 

left side is the Ti contact with 4.3 eV work function that aligns well with the conduction 

band of MoS2; hence an ~ohmic contact forms at this metal-semiconductor junction. On 

the right side, Pt forms a large Schottky-barrier, as evident by the large band-bending, 

which is essential for the carrier separation but also negatively impacts the electronic 

transport.  This large band-bending is one of the reasons for the low measured electronic 

transport in the device. 

 

Figure 4.13 Band structure of a Ti-MoS2-Pt Schottky-junction solar cell showing the 

assymetric band bending at the metal-semiconductor interfaces. The larger bend on the 

right side between MoS2 and Pt indicates a large Schottky barrier. 
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Once the model is established, the current-voltage relationship of the device is studied 

under forward bias. Figure 4.14 shows the simulated I-V plot usingthe parameters listed 

above. The model predicts a VOC of 900 mV and a JSC of 4.2 µA/cm2. 

 

Figure 4.14 Simulated I-V curve of a monolayer MoS2-based solar cell with asymmetric 

Ti-Pt contacts under AM1.5G solar irradiance. 

The mismatch between the model and experiment VOC comes in part from work function 

mismatch. While the model assumes literature values for Ti and Pt work functions, each 

deposition condition is different, and as such, it warrants a direct work function 

measurement of our deposited metal contacts. Such measurements are currently underway. 

Also, the low JSC affects the VOC as well and further lowers it. 

The modeled JSC can be matched with the experimental JSC by tuning the parameters in the 

model. For example, changing the mobility and the doping concentration by one order of 

magnitude each brings down the modeled JSC to within very close proximity to the 

experimental JSC. 
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This semiconductor device physics model is critical to understanding 2D PV device 

performance. More importantly, it should help design future photovoltaic devices with 2D 

materials with significantly enhanced performance for real-world impact.  

4.4 Conclusion  

In summary, this chapter presents the design, modeling, fabrication, and characterization 

of monolayer MoS2-based Schottky-junction photovoltaic devices with asymmetric Ti and 

Pt contacts. Two different architectures of devices were fabricated and characterized. 

Devices with asymmetric contact pads similar to transistors and photodetectors were 

characterized under monochromatic laser illumination. VOC of 270 mV was recorded, 

which is better than previously reported values for monolayer TMDC based Schottky-

junction photovoltaics. Finger-busbar type solar cells were also fabricated and 

characterized under monochromatic laser and 1-sun illumination. The measured VOC of 

110 mV under 1-sun illumination is one of the highest recorded VOC’s for 2D TMDC based 

Schottky-junction solar cells. The devices suffer from low current density as a result of 

poor electronic transport in the material and into the contacts.  

4.5 Future Work 

There is a lot room of room for improvement in 2D photovoltaic device design and 

fabrication. To begin with, the optical absorption can be further enhanced by applying 

optical coatings to the front as outlined in Chapter 2, or a back reflector can also be used 

as the back contact for vertical solar cells. Effective light trapping mechanisms need to be 

integrated into the device structures, including nanostructures that can be utilized for 
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enhanced photon capture. Passivating surface treatments such as the DCE treatment shown 

in Chapter 3 can significantly improve the carrier transport and thus the overall 

performance of a photovoltaic device. 

Contact engineering is a big part of the device design, and with optimized contacts, the 

VOC and JSC of the Schottky-junction solar cells can be improved substantially. Knowing 

the exact work function of a metal is a key piece in this puzzle, as that would allow us to 

model the devices accurately. Choosing from a number of metals with varying work 

functions as shown in Figure 4.3 will enable us to design the devices such that the Schottky-

barrier height is just large enough for carrier separation but at the same time does not limit 

the carrier flow significantly.  

Large-area devices with contact patterns also need to be carefully designed. For the finger-

busbar type devices, the fingers' pitch and width need to be optimized for minimum 

shadowing (applicable for the top contact, if any), to prevent leakage, and to maximize the 

photogenerated carriers' collection. 

Another short-term goal could be designing 2D photovoltaics with thicker 2D films. For 

example, assuming 100% IQE, a photovoltaic device made with tri-layer MoS2 generates 

a maximum JSC of 3.23 mA/cm2 vs. the 1.34 mA/cm2 from monolayer MoS2. 

While most discussions thus far have revolved around lateral photovoltaics, vertical 

Schottky-junction 2D PV should be the penultimate goal before suitable p-n junctions can 

be fabricated. With vertical Schottky junctions, the devices would not be affected by low 

lateral transport efficiency. Instead, the carriers will have to diffuse through sub-nm films, 
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unlocking the 2D films' true potential. The bottom contact can also be used as a reflecting 

back, which will further increase the photogeneration. 

Finally, p-n homojunction/heterojunction photovoltaics also hold a lot of potential. If MoS2 

or any other particular TMDC can be effectively doped to be both n-type and p-type, a 

homojunction photovoltaic device can be fabricated. Another way is to make 

heterojunction devices, such as WSe2/MoS2 or WSe2/MoSe2 heterojunctions. There has 

been some work on that end but with minimum success57,95. 

Lastly, all the approaches mentioned above hold the potential for being transferred on to 

transparent and flexible substrates. 2D materials that are only angstroms thick and absorb 

only 5-20% of the incoming light can revolutionize the way photovoltaics are made today.  

Such semi-transparent and/or flexible devices can have widespread applications where 

optical throughput or high bend-radius are required. And as mentioned at the outset, 2D 

PV is an excellent candidate for any weight or space constrained PV applications, 

especially those in space. 
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5 TRANSMISSIVE ACTIVE COOLING IN A HYBRID 

SOLAR CONVERTER  

This chapter details the development of a hybrid solar converter that consists of an optically 

transmissive CPV module and a thermal receiver. In particular, we detail the novel design, 

fabrication, and characterization of a microchannel-based optically transmissive active 

cooling system for CPV cells that couples the CPV module optically to a thermal receiver 

directly behind it.  

Hybrid spectrum-splitting transmissive CPV/T (tCPV/T) systems use CPV cells to collect 

high-energy UV and visible light to generate electricity but transmit IR wavelengths for 

thermal collection.  This IR transmission allows the CPV and thermal systems to be 

thermally decoupled, significantly reducing the thermal load on the CPV portion while 

enabling simultaneous high-temperature solar thermal collection96.  This system makes 

efficient use of the entire solar spectrum by collecting visible and IR light using spectrum-

optimized means. Such a transmissive system is also highly tolerant of light spillage around 

and between CPV cells, unlike in conventional dense array CPV systems, as the spilled 

light may be captured very efficiently in the thermal receiver. Importantly, high-

temperature thermal collection also opens up industrial applications that require process 
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temperatures from 100 to 450 C or higher97.  However, despite the transmission of the 

infrared wavelengths through the CPV component, high concentrations of solar flux still 

require a cooling system to allow the CPV system to operate efficiently and to prevent 

premature degradation. In order to preserve the transmissive nature of the system, the 

cooling system must also be transmissive and optically compatible with the tCPV/T 

system.  

Tripanagnostopoulos et al. presented a hybrid system with photovoltaic modules and 

thermal collectors that uses active cooling for extracting heat from the PV module; the 

extracted heat improves the PV module performance while the thermal energy may be used 

in several ways98. Zakharchenko et al. studied several PV modules, including that of c-Si, 

a-Si, and CuInSe2, and their design for efficient heat extraction in a hybrid system99.  

Otanicar et al. published a parametric comparison of different concentrated hybrid solar 

PV/T configurations and showed that waste heat recovery from PV cells significantly 

improves performance, with total exergetic efficiencies exceeding 40%100; a similar 

parametric study was shown by Rezania et al.101. Looser et al. designed a hybrid system 

that uses heat transfer fluids in front of the PV cells as a direct absorption filter102. Mojiri 

et al. also presented a decoupled spectral-splitting hybrid CPV/T system103. In a recent 

review, Ju et al. exhaustively reviewed the state-of-the-art of PV-CSP hybrid 

technologies104. In all cases, it is evident that the high concentration of sunlight in a CPV/T 

system typically results in very high cell temperature and requires some form of cooling. 

To enable active cooling of a tCPV/T system, we present here the design, fabrication, 

characterization, and on-sun validation of 100 m thick transmissive microchannels 
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capable of maintaining the temperatures of a dense array of CPV cells below 110 C for 

fluxes up to 300 suns. This is the first demonstration of an optically transmissive active 

cooling system, with potential applications beyond CPV/T, including optoelectronics, 

photocatalysis, and more. 

5.1 System Overview 

 

Figure 5.1 CAD drawing of the transmissive CPV module; the transmissive active cooling 

microchannels are highlighted. 

The transmissive CPV module consists of thirty-six 5.5 x 5.5 mm high-efficiency III-V 

triple-junction solar cells21 that are arranged in four quadrants, each having nine cells in a 

3x3 array as shown in Figure 5.1. Figure 5.2 shows a schematic cross-section of the CPV 

module. The cells are encapsulated in Sylgard 184 polydimethylsiloxane (PDMS) between 

a top quartz and bottom c-axis sapphire window. Sapphire is used as the bottom window 

for its high thermal conductivity and high transparency. Electrodes for the cells are 
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embedded within the top and bottom window to minimize the distance between the cells 

and the sapphire substrate, improving heat transfer to the cooling channels.  Below the 

sapphire layer, seven active cooling microchannels run under each one of the cell rows 

orthogonal to the cell electrodes. Each microchannel is 5.5 mm wide, 100 m deep, and 

runs for the entire length of the module window, as shown in Figure 5.1. The channels are 

made using PDMS on a transparent bottom quartz window and attached to the underside 

of the sapphire window. Water is used as the cooling fluid and is pumped into the 

microchannels using a 12V diaphragm pump in a closed-loop cycle. Heat absorbed in the 

cells conducts through the sapphire substrate and is carried out to the flowing cooling 

water. A forced-air radiator is used to reduce the water temperature before it is cycled back 

in to the microchannels. The high thermal conductivity of sapphire ensures efficient radial 

heat transfer between cells to minimize hot spots due to varying irradiance distribution and 

provides a low resistance axial conduction path to the microchannels. A pressure regulator 

is used to control the inlet manifold pressure to the microchannels, which determines the 

coolant velocity and flowrate. Thermocouples are embedded in several locations between 

cells and within the manifold coolant stream for real-time temperature measurements. A 

top collar and bottom manifold house the CPV cell stack while providing the inlets and 

outlets for the cooling channels, cell electrodes, and thermocouples.  
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Figure 5.2 Cross-sectional schematic of the CPV module (layers not to scale) 

The transmissive microchannels allow low-energy photons that are not absorbed by the 

solar cells to continue transmitting through the cooling system and ultimately reach a 

thermal receiver. Depending on working fluids and user needs, the thermal receiver can 

collect this as process heat at temperatures up to 550 C96.  

5.2 Modeling 

This section discusses the optical, thermal, and microfluidic models for the transmissive 

active cooling system. 

5.2.1 Optical Model 

The transfer-matrix method is used to calculate the reflection, absorption, and transmission 

in each layer of the spectrum splitting CPV module to determine the overall optical 

transmission through the module. The thickness of each layer is considerably larger than 

the range of the wavelength that we are interested in. Assuming a planar plate between 
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entrance medium and exit medium, the overall transmittance is calculated by summing all 

components exiting the bottom of the plate, and the cumulative reflectance is obtained from 

the sum of all parts reflected at the entrance interface105. The total absorption is then 

calculated by deducting transmittance and the reflectance from unity. Details on the optical 

modeling are published by Ji et al.19.   

 

Figure 5.3 Energy weighted module transmission for different microchannels thickness 

assuming water as the coolant fluid. 

Figure 5.3 shows the solar-spectrum-energy-weighted transmission for different 

microchannel thicknesses. The inband and out-of-band solar-spectrum-energy-weighted 

transmissions are defined below. 

Inband solar-spectrum-energy-weighted transmission: 

𝑇𝑖𝑛𝑏𝑎𝑛𝑑 =  
∫ 𝑡(λ)

873𝑛𝑚

280𝑛𝑚
𝐷𝐴𝑀1.5𝐷(λ)𝑑λ

∫ 𝐷𝐴𝑀1.5𝐷(λ)𝑑λ
873𝑛𝑚

280𝑛𝑚

    (5.1) 
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Out-of-band solar-spectrum-energy-weighted transmission:  

𝑇𝑜𝑢𝑡−𝑜𝑓−𝑏𝑎𝑛𝑑 =  
∫ 𝑡(λ)

2500nm

873nm
𝐷𝐴𝑀1.5𝐷(λ)𝑑λ

∫ 𝐷𝐴𝑀1.5𝐷(λ)𝑑λ
2500nm

873nm

    (5.2) 

The bypass region is the region of the module aperture window with no cells (see Figure 

5.1). Total solar spectrum transmission is plotted for the bypass region with and without 

microchannels, whereas only the out-of-band transmission is plotted for the cell region, 

since the cells are designed to absorb light up to 873 nm. The modeled energy weighted 

transmission for the module with 100 µm thick microchannels is 92.3% (total), 88.2% 

(total), and 64.5% (out-of-band) for the bypass region without channels, bypass region with 

channels, and cell region, respectively. The effect of PDMS base layer thickness is also 

studied as shown in Figure 5.4. 

 

Figure 5.4 Effect of PDMS base layer thickness on the solar-spectrum-energy-weighted 

transmission of the CPV module. 
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5.2.2 Thermal Model 

Table 5.1 Thermal properties of each component of the CPV78. The top, bottom and lateral 

regions are shown in Figure 5.5. 

Top: R = 107 K/W 

PDMS k = 0.20 W/m-K 

Quartz k = 1.38 W/m-K 

Air h = 1000 W/m2K 

Lateral: R = 1818 K/W 

PDMS k = 0.20 W/m-K 

Cell Q = 1 to 7 W 

Bottom: R = 7 K/W 

PDMS k = 0.20 W/m-K 

Sapphire k = 27 W/m-K 

Water k = 0.64 W/m-K, Nu = 5.39 

Cooling system efficacy was predicted through thermal modeling and optical flux map 

analysis. Table 5.1 summarizes thermal properties of each component and cumulative 

thermal resistance106. Because the heat transfer coefficient through the sapphire to the 

microchannels is much greater than through the quartz top window or radially to the 

aluminum collar, the model can be reduced to a 1D heat transfer problem taking the path 

shown by the arrows in Figure 5.5 (cell-encapsulant-sapphire-cooling channel).  
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Figure 5.5 Schematic of thermal model geometry with primary heat flow path illustrated. 

Figure 5.6  shows the equivalent thermal resistance network for the module. Tair, Tqua, Tenc_t, 

Tcell, Tenc_b, Tsap, and Twat are the temperatures of the ambient air, top surface of the quartz 

window, encapsulant on top of the cell, cell, encapsulant at the bottom of the cell, sapphire 

and the cooling water, respectively. Rrad and Rconv are thermal resistances for radiation and 

convection from the top window, while Rqua, Renc, Rsap, and Rwat represents the thermal 

resistances of the quartz window, encapsulant later, sapphire, and water, respectively.  

 

Figure 5.6 Schematic of the equivalent thermal resistance network. 
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The thickness of the PDMS encapsulant and the sapphire substrate were kept at minimum 

to ensure maximum heat transfer to the microchannels. Water is chosen as the cooling fluid 

since it is inexpensive, does not suffer from degradation over time, and has better heat 

transfer properties compared to silicone and synthetic oils.  

𝑇𝑛 = 𝑇𝑤,𝑛−1 + 𝑄𝑛 (𝑐𝑝 ∗ 𝑚̇)⁄ + 𝑄𝑛 ∗ 𝑅𝑛  (5.3) 

Eq. 5.3 is used to model the temperature of the cell during operation. To determine the 

input thermal load (Qn), a flux map of the incident solar rays is used in conjunction with 

the heat fraction of incoming light. The heat fraction is a function of the cell electrical 

efficiency, band gap, and IR transmissivity and expresses the portion of incident light that 

is converted to heat. Combined with the flux map, the total thermal load, Qn, can be 

determined for every cell in the array. Tw,n-1 is the temperature of the cooling fluid flowing 

under the cells. This will increase as water moves downstream in the microchannel. To 

account for this, the thermal model calculates Tw,n-1 under each cell, moving along a 

channel. The thermal resistance (Rn) of the microfluidic channels is calculated using the 

equation shown below in (5.4) and (5.5). This modeling allows for the prediction of a range 

of cell temperatures for a given design, manufacturing errors, and changes in input power. 

The high lateral thermal resistance between two adjacent cells validates the 1D 

approximation of the model. 

 

 



90 

 

 

5.2.2.1 Thermal Resistance of the Microfluidic Channel (Rn) 

𝑅𝑛 = 𝑅𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒 + 𝑅𝑃𝐷𝑀𝑆 + 𝑅𝑤𝑎𝑡𝑒𝑟     (5.4) 

 

Here, 

• Rsapphire is the thermal resistance of the sapphire substrate 

• RPDMS is the thermal resistance of the PDMS under the cell array 

• Rwater is the thermal resistance of the water in the channel 

𝑅𝑛 =
1

𝐴𝑟𝑒𝑎𝑐𝑒𝑙𝑙
(

𝑡𝑠𝑎𝑝ℎ

𝑘𝑠𝑎𝑝ℎ
+

𝑡𝑃𝐷𝑀𝑆

𝑘𝑃𝐷𝑀𝑆
+

𝐷𝐻

𝑁𝑢⋅𝑘𝑤𝑎𝑡𝑒𝑟
)   (5.5) 

Here:  

• Areacell = 30.25mm2 

• tsaph = 2 mm: thickness of sapphire substrate 

• ksaph = 27 W/m-K: thermal conductivity of sapphire substrate 

• tPDMS = 25 µm: thickness of PDMS under the cell array 

• kPDMS = 0.20 W/m-K: thermal conductivity of PDMS under the cell array 

• twater = 100 µm: thickness of water in the microchannels 

• kwater = 0.64 W/m-K: thermal conductivity of water 
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5.2.2.2 Modeled Temperature Map with and without Active Cooling 

 

Figure 5.7 Temperature map of CPV module with (left) active microfluidic cooling and 

(right) passive cooling from top window convection only. The non-uniformity in the cell 

temperatures is a result of non-uniform flux pattern which was obtained from the 

concentrating mirror at the outdoor test site. Maps share same color palette. 

Figure 5.7 shows the modeled temperature maps for the CPV with and without active 

cooling at an average concentration of 550 suns. With only natural convection passing over 

the top window, cell stagnation temperatures can reach upwards of 665 ⁰C. In order to 

avoid encapsulant degradation and cell failure, the maximum allowed cell temperature in 

the module is 110 C107, demonstrating the necessity for robust thermal management. As 

the thermal model shows in Figure 5.7, active microchannel cooling allows cells to be 

maintained well below the 110 ⁰C threshold. 
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5.2.3 Microfluidic Model 

The most critical design parameter of the microchannels is the channel depth. The selection 

of channel depth affects the maximum cell temperature based on changes in thermal 

resistance, total energy transmission, and pressure drop across the channels. The thermal 

resistance of the microfluidic channel (Rwat) is driven by the convection coefficient (hconv), 

given in Eq. (5.6), where the fully-developed Nusselt number is assumed to be 5.36 for 

isoflux, parallel plates, with one side insulated108, k is the thermal conductivity of water, 

and Dh is the hydraulic diameter. The hydraulic diameter is 4 times the ratio between the 

cross-sectional area of flow path and the wetted perimeter as shown in Eq. (5.7), which for 

a rectangular cross section reduces to Eq. (5.8) where W and D are the width and depth of 

the channel, respectively (Figure 5.8). It is evident that increasing the channel depth 

increases Dh and reduces the hconv which leads to lower cooling power and greater cell 

temperatures. 

 

Figure 5.8 A rectangular microchannel to demonstrate the hydraulic diameter. 

The pressure drop is directly influenced by the channel depth that regulates the required 

pumping power and the flowrate in the channels. As such, the microchannels and 

surrounding module need to be designed to avoid delamination of PDMS channels from 



93 

 

 

the sapphire substrate and fracturing of the sapphire. The pressure drop across the channels 

is calculated using the Darcy-Weisbach equation given in Eq. (5.9). Here, ΔP is the 

pressure drop across the channels, L is the length of a channel, fD is the Darcy friction 

factor, ρ is the density of water, <ν> is mean flow velocity and Dh is the hydraulic diameter. 

The Reynolds number is calculated using Eq. (5.10), Q is the mass flowrate, Dh is the 

hydraulic diameter, A is cross-sectional area, and µ is the viscosity of water. For laminar 

flow (Re<2300) fD can be calculated by Eq. (5.11), which makes the Darcy-Weisbach 

equation equivalent to the Hagen-Poiseuille model.  

ℎ𝑐𝑜𝑛𝑣 =  
𝑁𝑢∗𝑘

𝐷ℎ
     (5.6) 

𝐷ℎ =
4𝐴

𝑃
     (5.7) 

 𝐷ℎ,𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 =
2𝑊𝐷

𝑊+𝐷
         (5.8) 

Δ𝑃

𝐿
=

𝑓𝐷𝜌<𝑣>2

2𝐷ℎ
     (5.9) 

𝑅𝑒 =  
𝑄𝐷ℎ

𝐴𝜇
     (5.10) 

𝑓𝐷 =
64

𝑅𝑒
     (5.11) 

Figure 5.9 plots two important metrics, maximum cell temperature and pressure drop in 

the channels, as a function of channel depth at 550 suns irradiance and a constant flowrate 

of 10 g/s. There are two critical constraints: the working pressure in the channels must not 
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exceed ~16 psi (110.3 kPa) to prevent breaking of the sapphire substrate (safety factor of 

1.0) and the maximum cell temperature must stay below 110 ⁰C to prevent long term 

damage to the CPV module. This allows a range of 100 µm to 230 µm for the depth of the 

microchannels to stay within design constraints. To maximize optical transmission, 100 

µm channel depth is chosen. 

 

Figure 5.9 Plot of maximum cell temperature and pressure drop across the microchannels 

as a function of channel depth, with 550 suns irradiance. 

5.2.4 Analytical Model for Flowrate vs. Pressure drop 

The analytical model is developed using the Darcy-Weisbach equation. The model 

corresponds to only the microchannels and does not include the manifold with water inlets 

and outlets. The experimental data matched closely to ~130 µm thick microchannels. The 

mismatch in the model and experiment arises from the occasional cross-talk between the 

channels, allowing extra flow path for the water other than the microfluidic channels. It is 

also possible that PDMS expands under heat allowing for deeper channels. 
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Figure 5.10 Modeled and experimental pressure drop vs. flowrate in the microchannels. 

Red line represents a linear fit to the experimental data. 

To assure that the flow is fully developed before reaching the cells, the hydraulic and 

thermal entry length were calculated using Eq. (5.12) and (5.13), where Pr is the Prandtl 

number defined in equation (5.14) and cp is the specific heat of water. From this it is found 

that the laminar flow develops before the first cell across all flow rates. The thermal profile 

is not fully developed within the channels before reaching the cells for flow rates greater 

than 5 g/s. The effects of this is discussed towards the end of the chapter in the cooling 

performance section. 

𝐿𝑙𝑎𝑚,𝑓𝑙𝑜𝑤 = 0.05𝑅𝑒𝐷ℎ     (5.12) 

𝐿𝑙𝑎𝑚,𝑡ℎ𝑒𝑟𝑚 = 0.05𝑅𝑒𝑃𝑟𝐷ℎ    (5.13) 

𝑃𝑟 =  
𝑐𝑝𝜇

𝑘
     (5.14) 
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5.3 Fabrication of Microchannels 

 

Figure 5.11 Complete process flow of the microchannels fabrication process. 

The 100 m thick microchannels are fabricated out of PDMS using a stamping method109. 

Figure 5.11 summarizes the process. Dow Corning Sylgard 184 silicone elastomer is mixed 

at 10:1 (base:curing agent) and thoroughly degassed using an ultrasonic bath for 15 minutes 

followed by degassing in a vacuum chamber for 1 hour. The channel plate, consisting of a 

glass piece centered in an aluminum collar with inlet/outlet and mechanical fixation holes, 

is submerged into the PDMS bath. The stamp is formed by CNC milling the inverse pattern 
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of the channels into an aluminum block. It is important to get mirror-smooth finish in the 

aluminum stamp to prevent texturing of the microchannel surface that could lead to light 

scattering. The stamp is coated with a fluoroform release layer that facilitates an easy 

release from PDMS after curing. The fluoroform layer is deposited using CHF3 gas in a 

reactive ion etcher (RIE) chamber, details of which can be found in the supplementary 

materials. The stamp is pressed into the PDMS to be in hard contact with the channel plate 

and weighted down as shown in Figure 5.11: step 1 and 2. The stack is degassed in a 

vacuum chamber for three hours to get rid of any air bubbles trapped underneath the stamp. 

Then the stack is left on a hotplate at 100 C for 3 hours to cure the PDMS. Finally, the 

stamp is removed from the cured PDMS as shown in Figure 5.11: step 3, leaving patterned 

and cured PDMS microchannels on the channel plate. The stamping process allows for 

channel fabrication on top of the channel plate without any base layer, resulting in high 

transmission of infrared light to the thermal receiver. 

The patterns on the stamp inversely translate into the PDMS, i.e., any ridge in the stamp 

becomes a raise in the PDMS and vice versa. Figure 5.12 shows the height profile of the 

stamp, comparing it to the height profile of the microchannels using an optical 

profilometer. The stamp was also made using SU-8 3050 negative photoresists, both on 

silicon wafers and glass windows using photolithography. For alignment purposes, the 

glass window has certain advantages as the stamp window but SU-8 doesn’t adhere very 

well on glass windows. SU-8 on silicon wafer as a mold is commonly used, but in this case, 

that poses certain disadvantages for alignment to the channel plate. Finally, aluminum is 

robust and can be used over and over without any issues as a stamp. With the aid of 
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alignment pins machined both on the stamp and the channel plate, the stamp and module 

may be aligned with ease.  

   

Figure 5.12 Optical profilometer showing step height of the stamp (left) and the 

microchannels (right). 

Ensuring easy and clean release of the stamp from the cured PDMS is critical in the 

fabrication process. The stamps are coated with fluoroform deposited by a RIE tool using 

CHF3 gas. For comparison, they are also coated with trichloro(octadecyl)silane (OTS) 

solution dissolved in pentane and then their contact angles are measured. Figure 5.13 shows 

comparative contact angle measurements on glass, silicon, and aluminum with OTS and 

fluoroform coating. High contact angle represents low surface energy meaning less 

favorable for bonding, thereby ensuring easy release from the PDMS microchannels. 

Aluminum with fluoroform, having the highest contact angle, is hence used for fabricating 

the microchannels. 

The recipe used in the RIE for fluoroform deposition is as follows: RIE power 50 W, 

pressure 250 mTorr, CHF3 flow 100 sccm, and time 10 min. 
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Figure 5.13 Contact angle measurement on glass, aluminum and silicon substrates with a 

droplet of water, with OTS and Fluoroform release layers and no release layer as 

reference. 

Figure 5.14 top and bottom show a photograph of the stamp and fabricated channels on the 

channel plate, respectively. The microchannels are finally attached to the sapphire window 

using a commercial transparent optical adhesive (NOA 86H, Norland Products Inc.) that is 

selectively applied on the channel walls and on the outside perimeter using a stencil. The 

bonded sapphire-microchannels assembly is leak-tested using a submerged air test and 

holds seal at 30 psi, exceeding operational pressure. 

Alternatively, the PDMS microchannels can be attached to the sapphire substrate using 

plasma enhanced bonding in a vacuum plasma chamber with the presence of oxygen gas110; 

for optimal bonding, the sapphire must be coated with an adhesion promoter (e.g. Dow 

Corning 1200 OS primer). Bonding between PDMS and bare untreated sapphire was 
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insufficient despite several attempts at different pressures, plasma source powers, flowrates 

of oxygen, and durations. 

 

 

Figure 5.14 Photograph of the stamp (top) and the fabricated channels on the channel 

plate (bottom). 

5.4 Results and Discussion 

In the next section we will discuss the results of various characterizations such as flow 

characteristics, optical transmission, and cooling performance. 
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5.4.1 Flow Characteristics 

 

Figure 5.15 Fluid flow loop showing the test setup. The accumulator expansion tank was 

pre-charged to 40 psi on the air bladder side. 

The flowrate of the microchannels as a function of pressure was tested using a fluid flow 

loop as shown in Figure 5.15. The following is a list of hardware that were used for the 

fluid-flow test, in order from inlet to outlet: 

1) Inlet to water reservoir, which stores distilled water 

2) 12 V diaphragm pump (4.3 L/min) with 35 psi pressure cut-off switch 

3) 5 m water filter   

4) 2-gallon pre-pressurized (40 psi) accumulator tank  

5) 0-60 psi pressure regulator with gauge   

6) CPV module 

7) Outlet to water reservoir resting on a scale for gravimetric flowrate reading 
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Lastly, 3/8” ID tubing was used for the test loop, except at the CPV module, which was 

designed for 1/8” ID tubes. A photograph of this fluid flow testbed is shown in Figure 5.16.  

 

Figure 5.16 Photograph showing different components of the fluid-flow test setup. 

Flowrate is calculated gravimetrically by measuring the water mass at the outlet reservoir 

at regular intervals. The pressure is measured before the module inlets and plotted vs. the 

flowrate as shown in Figure 5.17. The outlet of the module is at atmospheric pressure 

without any further drop downstream.  Thus, the pressure measured at the inlet of the 

module represents the pressure drop across the microchannels and the inlet/outlet 

manifolds.  A maximum flowrate of 16.7 g/s was achieved for 13 psi (89.6 kPa) pressure 

drop. The linear fit to the plot has a slope of 1.3±0.03 m-1s-1. An analytical model is 

developed using the Darcy-Weisbach equation to compare the flowrate vs. pressure 

characteristics, and the results are in good agreement with experimental findings for 

channels with 130 m depth.  The Reynolds numbers tested in the channels has a range of 

57 to 953 for a fluid flow velocity of 0.3 ms-1 to 4.3 ms-1, respectively. The calculated 

Reynolds numbers along with the linear relationship between the flowrate and pressure 
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drop is indicative of laminar nature of the flow within the microfluidic channels. The 

calculated hconv is 1.7x104 W/m2K for Nu = 5.36 which meets the minimum requirement 

of hconv>104 W/m2K. 

 

Figure 5.17 Pressure drop vs. flowrate in the microchannels. The red line shows a fit to 

the expected Darcy-Weisbach linear relationship for laminar flow. 

5.4.2 Optical Transmission 

Figure 5.18 (a) and (b) show transmission data for the optical stack of the CPV module, 

which includes a top quartz superstrate, PDMS-encapsulated CPV cells, and a bottom 

sapphire superstrate. The transmission is experimentally measured using a broadband 

(185nm to 1700nm) spectrometer (Ocean Optics). The UV-VIS-NIR light is provided by a 

balanced deuterium-halogen light source. The cell region transmission is plotted in Figure 

5.18 (a) where the energy-weighted out-of-band (λ > 873 nm) transmission is modeled as 

65.4% and experimentally measured as 57.3%. The mismatch between model and 

experiment results from air bubbles trapped between the cells and the encapsulant, creating 

more reflecting interfaces. Microscope images of the air bubbles are added in the 
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supplementary information. Figure 5.18 (b) plots the transmission of the bypass regions, 

which are adjacent to the cells and contain only PDMS. For the bypass region, the total 

modeled energy-weighted transmission is 88%, and experimental is 89.5%. The 

differences between model and measurement is also attributed to measurement errors and 

differences in thicknesses of the different layers between model and experiments. 

 

Figure 5.18 Transmission measurements and models for the optical stack without 

microchannels (a) cell region and (b) bypass region. (c) Transmission measurement and 

model for the microchannels only. (d) Energy weighted transmission at the three different 

regions of the CPV module with microchannels attached, i.e., cell region, bypass region 

with channels with 100 µm water, and bypass region without channels. 
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Transmission spectra for the microchannel layer, which includes the PDMS channels and 

the quartz channel plate, is shown in Figure 5.18 (c). The model and the measured data 

match closely and the energy-weighted transmission is 93% (model) and 93.2% 

(experiment).  

The energy weighted transmission for the three different regions of the CPV module with 

microchannels attached, i.e., cell regions, bypass region with channels (100 m water), and 

bypass region without channels are shown in Figure 5.18 (d). Contrary to intuition, the total 

transmission increases in part of the module with the inclusion of the microchannels due 

to refractive-index matching between sapphire and water-PDMS relative to sapphire and 

air. For the bypass region without channels, the total solar-spectrum-energy-weighted 

transmission increases by 0.9% relative with the attachment of the microchannels. On the 

other hand, for the cell region and bypass region with channels, the total solar-spectrum-

energy-weighted transmission drop by 14.1% and 9.2% relative, respectively, due to the 

absorption losses in water. Table 5.2 lists the energy-weighted transmission and power 

flow in the three different regions of the CPV module. The active cooling microchannels 

reduce the total experimentally measured energy-weighted transmission of the CPV 

module by 5.2% relative, whereas the model shows an improvement in transmission by 

0.4% relative. The relative improvement predicted by the model is due to the reduction in 

Fresnel reflections at the sapphire-air interface when the PDMS and quartz layers from the 

active cooling are added to the back of the module.  
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Table 5.2 Modeled and experimental energy-weighted transmission in all three regions of 

the CPV module, with corresponding power flow. 

Region Cell Bypass 

with 

channel 

Bypass 

without 

channel 

Total 

Input power (%) 54 18 28 100 

Input power (W) 1176.1 392.1 609.8 2178  

Total solar energy-weighted transmission of 

the CPV module without active cooling - 

Experiment (%) 

18.9 89.5 N/A 

Transmitted power of the CPV module 

without active cooling (W) 

222.3 350.9 545.8 1119 

Total energy-weighted transmission of the 

CPV module with active cooling 

microchannels - Experiment (%) 

16.2 81.3 90.3 N/A 

Transmitted power of the CPV module with 

active cooling microchannels (W) 

191 318.7 550.7 1060.4 

Power loss/gain with the addition of active 

cooling microchannels - Experiment (W) 

-31.3 -32.2 +4.9 -58.6 

Power loss/gain with the addition of active 

cooling microchannels - Experiment (%) 

-14.1 -9.2 +0.9 -5.2 

 

Total energy-weighted transmission of the 

CPV module without active cooling - Model 

(%) 

21.6 88 N/A 

Transmitted power of the CPV module 

without active cooling (W) 

253.8 345 536.7 1135.5 

Total energy-weighted transmission of the 

CPV module with active cooling 

microchannels - Model (%) 

21.1 87.3 90.1 N/A 

Transmitted power of the CPV module with 

active cooling microchannels (W) 

248.4 342.3 549.5 1140.2 

Power loss/gain with the addition of active 

cooling microchannels - Model (W) 

-5.4 -2.8 +12.8 +4.6 

Power loss/gain with the addition of active 

cooling microchannels - Model (%) 

-2.1 -0.8 +2.4 +0.4 
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5.4.3 CPV Cooling Performance 

 

Figure 5.19 (a) Map showing distribution of solar energy flux on the CPV module. Black 

dots represent three locations where thermocouples were placed to monitor real-time 

temperatures. The scale bar represents number of suns. (b) Measured DNI for the ~8-hour 

period of testing shown here, in San Diego, Ca. Only 35% of the mirror area was exposed 

during CPV operation (c) Typical cell temperature vs DNI plot demonstrating linear 

relation, plotted only for “on-sun” data. (d) Temperature measurements for the three 

thermocouple locations shown in (a), water inlet, and water outlet. 
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The cooling channels were tested in an outdoor CPV testbed in San Diego, CA. All 

monitored regions were maintained below the threshold temperature of 110 C throughout 

the duration of the test with peak solar direct normal irradiance (DNI) of 937 W/m2 masked 

down to 35% exposed mirror area to an average concentration of 163 suns on the module. 

Figure 5.19 (a) is a flux map showing the concentration distribution across the CPV plane 

and Figure 5.19 (b) plots the DNI for a ~8-hour testing period. Figure 5.19 (c) plots the 

change in cell temperature (T-Tw) with respect to the measured DNI averaged over all cells 

once the system has achieved steady state. As temperature is approximately linear with 

power input at low temperatures according to Fourier’s law (Q*R=dT), a fit line can be 

drawn to determine the thermal resistance of the module under each thermocouple. Figure 

5.19 (d) shows the cell temperatures in three different locations marked in Figure 5.19 (a) 

as well as the inlet and outlet temperature of the cooling water. These temperature 

measurements correspond to the DNI plot shown in Figure 5.19 (b). The pressure drop 

across the channel was 1.4 psi (9.5 kPa) and average flowrate was 1.5 g/s during the 

outdoor tests. Additionally, the cooling water extracts ~20% of the input power that reaches 

the CPV/T assembly (70 W out of 400 W incident power), adding a third output low 

temperature thermal energy stream to the existing electricity and high temperature thermal 

energy outputs. More details on the system testbed, power streams, and overall 

transmissive CPV module electrical performance is published by Robertson et al.111. 

Table 5.3 includes the modeled and measured maximum temperatures and thermal 

resistances for the three monitored regions. The calculated thermal resistance varied from 

3-9 K/W. TC1 measured relatively higher temperature than TC2 and TC3, even though 

TC1 was at lower concentration spot compared to TC2 and TC3. The large range of thermal 
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resistances and this irregular trend of temperatures and thermal resistances is most likely 

due to heterogeneity in the manufacturing process, including varying thickness of the 

encapsulant or the presence of air bubbles under individual cells (bubbles size ranging from 

0 to 80% of the cell area were observed) increasing thermal resistance. As shown, the 

measured thermal resistances also vary from the modeled values.  

Table 5.3 Modeled and measured maximum temperatures and thermal resistance for the 

average concentration and at three different thermocouple (TC) locations (as shown in 

Figure 5.19a) marked as TC1, TC2, and TC3. 

  Maximum Temperature 

[C] 

Thermal Resistance 

[K/W] 

Location Concentration Modeled Measured Modeled Measured 

Average 163 43 57 8.34 5.23±0.38 

TC1 157 41 69 10.2 9.35±0.08 

TC2 170 43 48 7.27 3.21±0.04 

TC3 175 44 54 7.27 7.25±0.11 

 

There are several differences between the model and the experimental conditions. First, the 

model ignored the potential for air bubble formation under the cells due to the stochastic 

nature of their development and large error in determining the volume fraction and 

distribution under the cells in the CPV module. Air bubbles increase the thermal resistance 

compared to the model. Second, the model assumes fully thermally developed flow. 

However, as noted in the analytical model for flowrate vs. pressure drop section, at the 

flow rates used in the testing, the thermal profile is not fully developed potentially leading 

to greater heat transfer. Finally, the model under-predicts the cell temperature but over-
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predicts the thermal resistance. It is possible that the thermocouples were heated up 

themselves and measured higher cell temperatures. Also, the CPV module received spillage 

power from the mirror that introduced additional heat to the module collar. These extra 

heat sources may have added to experimentally measured cell temperature, which the 

model did not take into account.  

5.5 Conclusions and Future Work 

In conclusion, 100 µm thick microfluidic channels are fabricated and implemented in a 

hybrid transmissive CPV/T system. Using the maximum experimental thermal resistance, 

the peak concentration a cell can withstand before reaching the 110 C threshold is 

projected as 665 suns. When unmasked to 100% mirror area, the concentration on the CPV 

module would range from 300 to 665 suns with an average of 450 suns. This would lead 

to a temperature distribution ranging from 65 C to 109 C with a mean of 82 C; the 

thermal resistance used in this projection is the experimentally obtained one instead of the 

calculated one and hence the difference from the model in Section 5.2. As seen in Figure 

5.19a, there are a number of hot spots within the flux map where mirror defects or loading 

deflection may cause non-homogeneity within the flux pattern. A more uniform 

distribution of the flux from the mirror and greater uniformity in the manufacturing process 

is required to enable increased reliability and predictability in thermal performance. 

The data presented here shows great potential for active cooling of CPV modules while 

selectively splitting the incident spectrum and transmitting the low energy photons through 

the CPV module. The major advantage of this design is the transmissive nature of the active 

cooling system, which is otherwise non-existent in prior art. However, one major challenge 
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of this design is the use of a sapphire window. Sapphire is generally expensive compared 

to traditional window materials, but it is essential for the aforementioned design due to its 

high thermal conductivity; the price of synthetic sapphire may come down substantially as 

large-scale personal electronics markets incorporate its use. Alternate CPV module designs 

that use direct fluid cooling of the cells may enable transmissive CPV active cooling 

without the use of sapphire. Another major challenge is the air bubbles that form due to 

delamination of the encapsulant at the cell-PDMS interface. Better adhesion between the 

cells and the encapsulant is critical and would improve the performance of the cooling 

system substantially. Similar to other CPV technologies, this problem is addressable in the 

manufacturing phase. Keeping the inlet water temperature low enough can also present a 

challenge during hot summer days, and the cooling system needs to take this into account. 
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6 CONCLUSION 

In conclusion, this dissertation presents two promising approaches for future solar energy 

conversion technologies - 2D TMDC-based photovoltaic devices and hybrid CPV/thermal 

solar converters. Scalable and large-area synthesis of 2D MoS2 is presented along with 

extensive optical and electronic characterization. Various optoelectronic devices, including 

transistors, photodetectors, and photovoltaics, have been designed, fabricated, and 

characterized. On the other hand, a microfluidic active cooling system is designed, 

fabricated, and characterized for application in a hybrid CPV/thermal solar converter. 

6.1 2D Materials-based Optoelectronic Devices 

2D materials are very promising materials for future optoelectronic applications. In 

Chapter 2, an extensive optical characterization of 2D MoS2 is presented. Chapters 3 and 

4 presents the optoelectronic devices made with 2D MoS2. 

In Chapter 2, the optical properties of 2D MoS2 have been presented using variable angle 

spectroscopic ellipsometry measurements over a broad spectral range between 190 nm to 

1700 nm. The ellipsometry data are sensitive to birefringence effects in the thickest thin-

film sample. These birefringence effects are investigated and an analysis method is 

developed to analyze the ellipsometry data and extract the in-plane and out-of-plane optical 
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properties. The complex refractive index is then used to calculate reflectance, 

transmittance, and absorption of the MoS2 films using the transfer matrix method (TMM) 

and matched with experimentally measured transmittance of the same samples. The 

modeled results show that monolayer, few-layer, and thin-film MoS2 absorbs 7.4%, 12.6%, 

and 32.4% of the incident light, respectively, between 300 nm to 700 nm. When normalized 

to per unit-thickness absorption, monolayer MoS2 absorbs 12.1%/nm. In comparison, few-

layer and thin-film MoS2 absorbs 5.9%/nm and 1.1%/nm, respectively, clearly showing 

superior light-matter interaction in the monolayer and few-layer films. TMM models are 

further used to design optical coatings for these films to either confine absorption in a 

narrow bandwidth for photodetector applications or enhance broadband absorption for 

photovoltaic applications. A thin film of TiO2 is shown to be effective in limiting 

absorption in monolayer and few-layer MoS2 to only 300 to 550 nm incident light. In 

comparison, 60 nm of SiN on top of thin-film MoS2, as an anti-reflection coating, increases 

the broadband absorption between 300 nm and 800 nm by 44.1%, relatively, from 29.1% 

absorption without any ARC to 41.9% absorption with the SiN layer. Furthermore, the 

model calculates absorption in 250 nm thin-film MoS2 to be 59.4%, and with an additional 

60 nm ITO on top, the absorption is enhanced to 77.9% (between 300 nm and 800 nm 

incident light in both cases). The model also predicts that, assuming a 100% internal 

quantum efficiency, the Jsc of a photovoltaic device made with 250 nm thin-film MoS2 can 

be improved from 20.3 mA/cm2 to 26.8 mA/cm2 with the addition of the 60 nm ITO 

coating, a 32% relative increase. These experiments and models illustrate the usefulness of 

this complex refractive index data for designing future optoelectronic devices using 2D 

MoS2. 
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In Chapter 3, bottom-gated transistors and photodetectors are fabricated with monolayer 

MoS2 with 10 µm channel length and 100 µm channel width. 5 nm Ti capped by 45 nm of 

Au are used for symmetric source-drain contacts. The bottom gate is probed at the highly-

doped Si layer underneath the native oxide layer by scratching through the oxide layer. A 

high carrier mobility of 3.3 cm2V-1s-1 is achieved with 300 nm SiO2 as the gate dielectric. 

The carrier mobility could be improved by using a high-k dielectric for transistor 

applications. EQE and photoresponsivity are also presented for the transistor-type 

photodetectors. It shows a 25% EQE at 420 nm incident wavelength, measured at a source-

drain bias of 5V. Photoresponsivity of the same device is calculated to be 0.09 A/W also 

at 420 nm incidence for an input power of 0.1 mW. Finally, a chemical treatment method 

is presented that effectively enhances the photocurrent of a photodetector. By soaking the 

photodetectors in 1,2-Dichloroethane for 4 hours at 60 °C, their photocurrent increases by 

a factor of ~25x at the 420 nm C-peak and ~2.5x throughout the rest of the visible spectrum. 

The improvement in the performance is attributed to chlorine atoms from the DCE solution 

substituting sulfur vacancies, thus reducing defects in the material. 

In chapter 4, we presented the design principles, fabrication, characterization, and an 

optoelectronic model of a large-area Schottky-junction monolayer MoS2-based 

photovoltaic device. Au/Ti and Pt are used as asymmetric contacts for electron and hole 

collection, respectively. Two different kinds of devices are fabricated: one simple square 

contact-pad type device with asymmetric contacts similar to a transistor or photodetector 

in architecture, and another finger-busbar type device, much like a typical solar cell with 

interlocking asymmetric contacts. With monolayer MoS2 on Ti and Pt contacts, a VOC of 

270 mV is achieved with the simple square contact pad type device under monochromatic 
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high-intensity laser illumination. At the same time, the finger-busbar device shows a VOC 

of 110 mV under one-sun AM1.5D illumination. The devices are limited by hole transport, 

resulting in low current density and low overall power conversion efficiency. Various 

approaches have been proposed at the end of the chapter to improve the device 

performance.  

6.2 2D Materials Outlook 

In the short term, a vertical Schottky-junction photovoltaic device made with asymmetric 

Ti and Pt contacts is the lowest hanging fruit82. For easier fabrication, 2D MoS2 can be 

directly transferred onto the bottom Pt contact. Finger patterns can be drawn on the top for 

Ti contacts, thus avoiding alignment steps in the lithography. Particular attention must be 

given to material uniformity, device geometry, and passivation of contacts. 

For future devices, further improvement of the CVD-grown 2D materials' carrier mobility 

and effective doping are vital. With effective p-type and n-type doping, p-n junction based 

device structures can be fabricated for better carrier separation. As mentioned earlier, MoS2 

has a native n-type doping. Since most optoelectronic applications require controlled 

bipolar doping for charge separation, it is crucial to increase the n-dopant concentration in 

the n-type MoS2 as well as to be able to dope them to become p-type. Improvement in the 

n-doping can be achieved by replacing sulfur vacancies with chlorine or other atoms, as 

shown in Chapter 3. P-type MoS2 can be achieved by partially substituting Mo with Nb 

host atoms in112, for example, the seed layer of TVS-grown TMDCs. Other elements like 

V and Ta that are in the same group as Nb in the periodic table could also be effective p-

type dopant for MoS2. 
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Furthermore, it is essential to clearly identify device architectures for carrier modulation 

and charge separation with effective contact schemes113. Various metals, including Sc, In, 

Al, Cr, Mo, Ni, Au, and Pd, as well as conductive oxides such as ITO and NiO, are 

proposed for 2D photovoltaics to obtain higher VOC; extensive work needs to be carried 

out in this regard78. 

Heterojunction devices of n-type MoS2 with p-type WSe2 have been fabricated as an 

alternative to homojunction, but they usually suffer from their type-II band offset114. In 

summary, it is important to carefully identify the best device architecture for homojunction 

vs. heterojunction devices, lateral vs. vertical devices, and to employ contact engineering 

with not only metals but also conductive oxides.  

In the short term, lateral heterojunction devices using MoS2-WSe2 are also promising. Still, 

only a vertical stack of a p-type and n-type 2D TMDCs can unleash the true potential of 

these materials. Also, because of their enormous potential for use in space photovoltaics 

technology due to their very high specific power density and radiation hardness115, 

multijunction 2D photovoltaics can be a gamechanger in the future.  

6.3 Transmissive Active Cooling in a Hybrid Solar Converter 

In Chapter 5, transmissive microchannels were designed, fabricated, characterized, and 

field-tested for the cooling of a hybrid CPV/T system. This is the first demonstration of an 

optically transparent cooling system for CPV modules. An optimum design was found 

utilizing a sapphire substrate and 100 m thick microchannels running underneath the cells. 

The microchannels were fabricated using polydimethylsiloxane by a highly repeatable 
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stamping method.  The cooling channels keep CPV cell temperatures below 69 C under 

concentrated testing up to 175 suns, and an experimentally-validated model predicts that 

the cell temperatures stay below the designated maximum of 110 C for up to 665 suns. 

The microchannels are transparent to the solar spectrum and were found to decrease the 

solar-spectrum-energy-weighted transmission of the module by only 5.2% relative to a 

module without any cooling channels. The CPV module achieves a transmission of 58% 

(out-of-band), 85.6% and 91.8% of concentrated sunlight, respectively for the cell region, 

the bypass region with channels and the bypass region without channels. Maximum 

flowrate through the cooling channels was measured to be 16.7 g/s with a 13 psi (89.6 kPa) 

pressure drop in the channels. 

6.4 Transmissive Microchannels Outlook 

The microfluidic channels presented here enable the active cooling of transmissive CPV 

modules coupled to high temperature thermal receivers for hybrid solar energy conversion 

applications. They can be utilized for coupling photovoltaic electricity cogeneration to 

other applications such as thermal energy storage for dispatchable electricity production, 

industrial process heating in a wide range of settings, desalination, ammonia generation, 

water heating, photocatalysis, and more. Beyond solar energy conversion, optically 

transmissive microchannel cooling can open new doors for other types of optoelectronic 

device applications that have yet to be explored. 
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6.5 Final Thoughts 

I can see that the application of 2D MoS2 will soon be extended beyond the optoelectronic 

devices presented here to metasurfaces and other interesting photonic devices. Figure 6.1 

is an experimental nanoantenna array patterned from monolayer MoS2 that is only 0.65 nm 

thick. The patterns were fabricated by electron-beam lithography followed by MoS2 

etching. These could likely be used to create gate tunable dynamic metasurfaces to 

modulate optical properties in the visible spectrum116. We have to wait to see what the 

future holds for these exciting materials, but it is safe to say that MoS2 and other 2D 

TMDCs are here to stay. 

 

Figure 6.1 SEM image of anoantenna array patterned from monolayer MoS2 by electron-

beam lithography followed by MoS2 etching. The exciting applications of such photonic 

structures are yet to be fully explored.  
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APPENDIX A: OPTOELECTRONIC DEVICE 

FABRICATION 

This appendix contains step-by-step recipes for fabricating 2D MoS2-based optoelectronic 

devices. 

1. Start with a SiO2-on-Si substrate. Cleave it roughly into a 1 cm x 1 cm piece. Clean 

the sample with solvents: acetone and IPA, and dry with blowing N2. Descum the 

sample with the following recipe: 10 sccm O2, 500 mTorr, 45 W, 60 seconds 

2. Either synthesize MoS2 directly on top or transfer sapphire-grown MoS2 on top. 

The synthesis and transfer methods are described in detail in Chapter 2. For the 

finger-busbar type photovoltaic devices, MoS2 is transferred on top of the contacts 

as the last step. For all other devices, MoS2 is grown or transferred on to the SiO2-

on-Si substrate at this step.  

3. Clean the sample with solvents: acetone and IPA, and dry with blowing N2. 

4. Spin coat the sample with 600 nm PMMA 950 A7. The spin coating is a two-step 

process: 

a. Step 1: 15 seconds, 500 rpm speed, 100 rpm acceleration 

b. Step 2: 45 seconds, 4000 rpm speed, 500 rpm acceleration 

5. Bake at 180 °C for 90 seconds. 



120 

 

 

6. Do electron beam lithography (EBL) to write the device patterns using the 

following process parameters: 

a. High current (HC) mode (typically 28000 pA current), 50 kV beam, 60 µm 

aperture  

b. Dose: 650 µC/cm2, area step size and line spacing: 5-20 nm, Dwell time is 

calculated by the software using the measured current, set dose, and set area 

step size/line spacing. 

c. 500 µm write fields are used  

7. Draw patterns using the GDS drawing tool and set the starting coordinate of the 

total write field in the position list such that the patterns are at the center of the 

sample. 

8. Once the exposure is complete, remove the sample from the EBL tool and develop 

using the MIBK:IPA 1:3 developer for 30 seconds. Rinse IPA on the sample to 

clean off the residual MIBK. 

9. Scratch off on the side on SiO2 to expose the underlying highly doped Si layer for 

gate contacts- only needed for transistors 

10.  Descum the sample before loading inside the electron beam evaporator with the 

following process recipe: 10 sccm O2, 500 mTorr, 45 W, 5 seconds 

11. Deposit 5 nm Ti followed by 45 nm Au- the source-drain metals for the symmetric 

contact devices and gate for transistors. Ti is in direct contact with MoS2; the Au 

layer is a capping layer to prevent Ti oxidation. Ti and Au are both deposited at 1 

A/s deposition rate. Note- this step will only deposit the contact metal for either 

source or drain for the asymmetric contact devices.  
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12. Lift-off metals and PMMA in a petri dish with acetone. Use pipette for agitation. 

Occasionally this step will require an ultra sonicator lift off the metals. 

Step 12 would be the last step for symmetric-contact transistors and photodetectors 

fabrication. The following steps are only required for asymmetric-contact photovoltaics 

fabrication. 

13. Repeat steps 3 through 8. In step 6, do a 3 point alignment lithography for the 

asymmetric contacts; they must align with the 1st metal contacts for designed 

channel width and length. 

14. Descum the sample before loading inside the electron beam evaporator for the 2nd 

metal deposition with the following process recipe: 10 sccm O2, 500 mTorr, 45 W, 

5 seconds 

15. Deposit 50 nm Pt as the 2nd metal contact with a  deposition rate of 1 A/s. Lift-off 

metals and PMMA in a petri dish with acetone. Use pipette for agitation. 

16. Check under an optical microscope and confirm channel length and width before 

proceeding to further characterizations. 
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The following two schematics show the important steps of the fabrication process.  

Symmetric-Contact Devices: 

 

 

Asymmetric-Contact Devices:
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Optical micrographs of various stages of the fabrication process for the 

asymmetric-contact-pad devices 

1st EBL step (post-development) 

   

 

1st metal deposition (post liftoff) 
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2nd EBL step with 3 point alignment (post-development) 

   

 

2nd metal deposition (post liftoff) 
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GDS design of the finger-busbar type devices 

The top image shows an array of ten devices with extended contact pads. The bottom image 

shows a zoom-in of one individual finger-busbar type device. The scale bar is 500 µm in 

the top image and 20 µm in the bottom image.  
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Optical micrographs of various stages of the fabrication process for the 

asymmetric-contact-pad devices 

1st EBL step (post-development) 

   

 

1st metal deposition (post liftoff) 
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2nd EBL step with 3 point alignment (post-development) 

   

 

2nd metal deposition (post liftoff) 
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Optical micrographs of various asymmetric-contact devices 

In all three of the following micrographs, the left contact pads are Au/Ti and the right 

contact pads are Pt. 

 

 

 



129 

 

 

Patterns post-exposure-development showing MoS2 films (top) vs. MoS2 

flakes (bottom) 
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TLM grid fabrication process  

Step 1: Draw patterns using EBL 

 

 

Step 2: Deposit contact metal and transfer MoS2 on top 
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Step 3: 3 point alignment EBL to draw area for MoS2 etching. 

 

 

Step 4: Etch MoS2from the exposed area using O2 plasma etching (10 sccm O2, 500 mTorr, 

45 W, 120 seconds) 
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Step 5: Remove PMMA using acetone and toluene.  
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