
 

DEVELOPMENT OF FABRICATION AND CHARACTERIZATION 

TECHNIQUES FOR INORGANIC, ORGANIC AND  

HYBRID SEMICONDUCTOR DEVICES 

 

 

by 

 

ELMER RIVERA 

 

PATRICK KUNG, COMMITTEE CHAIR 

SEONGSIN MARGARET KIM 

SU GUPTA 

 

 

A THESIS 

 

 

Submitted in partial fulfillment of the requirements 

for the degree of Master of Science 

in the Department of Electrical and Computer Engineering 

in the Graduate School of 

The University of Alabama 

 

 

2015 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright Elmer Rivera 2015 

ALL RIGHTS RESERVED



 

ii 

 

 

 

 

 

 

 

ABSTRACT 

 

 

Different semiconducting types are applied in various fields of the semiconductor industry: 

organic, inorganic and hybrid. Each of these semiconducting types of materials have their own 

strengths as well as their weakness. Inorganic materials possess low absorption and high carrier 

mobility while organic materials possess high absorption and low carrier mobility. 

Inorganic/organic hybrid semiconducting devices take advantage of the mixing of these two 

types of semiconductors. By building a heterojunction with inorganic and organic materials, the 

advantages of each individual material is passes onto this new hybrid while cancelling out the 

disadvantages. 

In this master thesis, the fabrication procedure and characterization techniques are studied for 

inorganic, organic and hybrid semiconducting devices. For the inorganic materials, fabrication 

was performed in the MicroFabrication Facility in order to properly achieve small features in the 

micrometer range. Device processing was performed to achieve a high-electron mobility 

transistor using AlGaN/GaN and AlInN/GaN heterostructures. The fabrication procedure 

involved the defining of features through photolithography, ion mill etching, and electron-beam 

evaporation. Electrical characterization was performed on both heterostructures to make a 

comparison. The organic device studied was a photoconductor using the conducting polymer 

P3HT and an optical and electro-optic comparison was made with the addition of MWCNT into 

the polymer matrix. A hybrid pn-junction diode was fabricated using P3HT and electrical 
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measurements were performed and analyzed through an equivalent circuit to characterize and 

compare it to a P3HT:MWCNT active layer for the pn-junction. 
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CHAPTER 1  

INTRODUCTION 

The semiconductor industry uses a wide variety of combination of materials for device 

fabrication which can be separated into three types: inorganic, organic/inorganic hybrid, and 

organic devices. Inorganic semiconducting materials (GaN, SiC, InP, etc) are widely used due to 

their high carrier mobility in the fabrication of transistors for microprocessors. Organic devices 

are based on organic materials (graphene, carbon nanotubes, etc). They exhibit wide absorption 

optical range, flexibility, ease of fabrication, allowing them to be fabricated cheaply by roll-to-

roll processes in large areas. Organic/Inorganic hybrid devices are of great interest because they 

can potentially take the best of both inorganic and organic while avoiding the drawbacks. For 

example, a hybrid organic/inorganic device can possess a broad optical absorption from the 

organic component, and high carrier mobility from the inorganic component.  

 

Figure 1-1: Diagram of organic, inorganic and hybrid semiconducting devices. 

This thesis reports the development of the fabrication of three examples of semiconductor 

devices: inorganic HEMT, organic photoconductor, and. organic/inorganic hybrid pn-junction. A 
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device processing technique is introduced and discussed to fabricate inorganic high electron 

mobility transistors (HEMT). The fabrication method and electrical and optical characterization 

of an organic photoconductor based on the polymer poly (3-hexythiophene) (P3HT) is 

introduced and discussed including the doping of the polymer P3HT with multi-walled carbon 

nanotubes (MWCNT) to study the changes from this implementation. The third type of 

semiconducting devices discussed in this thesis is the inorganic/organic hybrid pn-junction 

device using P3HT:MWCNT as the active layer and depositing it on n-type Si to form a pn-

junction. The pn-junction was studied to understand the transport properties of the P3HT active 

layer with and without MWCNT doping.  

Chapter 2 gives background information on the physics behind the inorganic heterostructures 

AlGaN/GaN and AlInN/GaN. Background information on the organic materials poly (3-

hexilthiophene) and carbon nanotubes is also discussed as well as the benefits of hybrid devices. 

Chapter 3 discusses the processing techniques used in the fabrication of the HEMT devices. 

The deposition method used for the organic photodetector and inorganic/organic hybrid pn-

junction device is also discussed. The optical characterization methods for the optoelectronic 

devices is also discussed, as well as the details of the electrical characterization on wafer devices. 

Chapter 4 covers the fabrication details of the HEMT heterostructures in the clean room 

environment including challenges encountered. The results of the HEMT heterostructures are 

presented and discussed.  

Chapter 5 presents the fabrication process for the organic photoconductor. Electrical and 

optical characterization of the organic photoconductor is presented and interpreted. Then the 

electrical characterization for the hybrid pn-junction is demonstrated and discussed. 
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Chapter 6 discusses the fabrication method and characterization of the inorganic/organic 

hybrid pn-junction device. 

Chapter 7 presents conclusions for the work done as well as discusses future work that could 

be done in these three areas. 
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CHAPTER 2  

BACKGROUND 

2.1 Inorganic Materials and Devices 

Inorganic semiconducting materials such as Silicon (Si), Gallium Arsenide (GaAs), and 

Indium Phosphide (InP) have been greatly studied, but in recent years, focus has been placed on 

semiconducting III-nitride materials which cover a bandgap range between 0.7 eV and 6.2 eV. 

Their large bandgap indicates that these materials have potential for high power, and high 

temperature device applications. Gallium Nitride (GaN) can be used in optoelectronic devices 

such as lasers and photodetectors. Besides being operational at high power, GaN also has 

potential for operating at high frequencies in the tens of gigahertz range. The high electron 

mobility of GaN allows for fabrication of a GaN-based high electron mobility transistor 

(HEMT). GaN is typically grown on three types of substrates: Sapphire (Al2O3), Si, and Silicon 

Carbide (SiC). It is also possible to grow GaN on a GaN substrate, however due to its high price 

it would make the device unconventional in common applications. GaN grown on Si exhibits a 

large lattice mismatch giving it a disadvantage. When grown on SiC, GaN has a low lattice 

mismatch, and good thermal conductivity; however, the SiC substrate is expensive. An alternate 

substrate is Al2O3. GaN/Al2O3 produces a lattice mismatch smaller than its Si counterpart and it 

is a low cost material and has a high resistivity, making it one of most common types of 

substrates used in research. Inorganic materials are of interest in the semiconductor industry due 

to their high carrier mobilities. GaN based HEMT have attracted attention over traditional Si 
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based HEMT due to their wide and direct band gap allowing them to be used in high power and 

high frequency applications such as military and space applications. Table 2-1 displays some of 

the material properties [1-3]. 

Material Si GaN AlN InN P3HT MWCNT 

Bandgap (eV) 1.12 3.4 6.2 0.9 1.9 – 2.1 0 

Dielectric 

constant ϵr 

11.8 8.9 8.5 15.3 4.1 N/A 

Electron 

mobility μe 

(cm2/Vs) 

1350 440 300 70 – 250 1.7E-6 – 

9.4E-3 (hole) 

N/A 

Resistivity Medium High High High Medium Low 

Cost Low High High Low Low Low 

Table 2-1: Table of parameters for semiconducting materials and MWCNT. 

2.1.1 HEMT Background 

The heterojunction in the HEMT structure is often composed of a highly doped wide 

bandgap n-type layer to act as a donor and a non-doped narrow bandgap layer. The wide 

bandgap n-type layer is referred to as the barrier layer, the undoped wide bandgap layer is 

referred to as the spacer layer, and the non-doped narrow bandgap layer is known as the channel 

layer as it is shown in Figure 2-1. The heterojunction of these two materials forms what is known 

as a quantum well in the conduction band at the interface. Electrons are transferred from the 

barrier to the channel layers. These electrons then become trapped in the quantum well at the 

conduction band limiting them to a two dimensional space. The two dimensional space allows 
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the electrons to move faster without any impurity collisions forming a thin layer of high mobility 

conducting electrons at a high concentration giving the channel a low resistivity. This layer is 

known as the two dimensional electron gas (2DEG) and it is one of the primary characteristics of 

HEMT. The 2DEG layer is highly conductive due to its Fermi energy level being just above the 

Conduction band. The properties of the 2DEG layer can vary depending on the substrate, doping 

and method of growth.  

 

Figure 2-1: Three-dimensional and top view of a typical HEMT structure showing all three 

terminals of the devices. The heterojunction of the wide band-gap barrier layer and the narrow 

bandgap channel layer form a triangular quantum well in which electrons are trapped in the 

conduction band at the side of the channel layer known as the 2DEG. 

A current flow between the drain and the source is started by applying a positive bias at the 

drain. By increasing the drain potential, the current flow from drain to source will keep 

increasing linearly until it saturates. This current flow can be controlled with an applied bias at 
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the Schottky contact of the device, also known as the gate. When the device is under equilibrium 

conditions (a bias of zero volts), the 2DEG is not depleted meaning the depletion region at the 

gate is positioned just above the 2DEG. Once a negative bias is applied at the gate, the depletion 

region expands, penetrating the 2DEG. This causes the conduction band to shift above the Fermi 

level leading to the 2DEG becoming depleted. 

 

Figure 2-2: Band energy diagram of a typical HEMT heterostruture at (a) zero bias and at (b) 

a negative bias potential at the gate. 

2.1.2 AlGaN/GaN HEMT 

Initially, AlGaAs/GaAs HEMT structures were common as they were an improvement over 

typical MESFET devices in both speed and power performance, this performance could be 

further improved by doping the AlGaAs layer even more. However, as an alternative to highly 

doped AlGaAs, another structure can be realized: Aluminum Gallium Nitride (AlGaN) on GaN 
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HEMT. The AlGaN/GaN HEMT possesses a more negative threshold voltage than 

AlGaAs/GaAs without the need for doping. This is because of the polarization effect of Nitride 

in which charge carriers accumulate at the AlGaN/GaN interface forming the 2DEG layer. 

Nitride based materials, such as GaN, AlN, and InN, exist as Wurtzite or Zinc-Blende crystal 

structures. This case presents GaN with a Wurtzite crystal structure in which Ga and N are 

stacked in an ABABAB pattern. Spontaneous polarization occurs in Nitride because of a nonzero 

volume dipole moment existing in the Nitride crystal [4]. Piezoelectric effects also occur in the 

Nitride structure when they are stressed along a [0001] direction. The polarization and 

piezoelectric effects result in polarization charges and fields in the AlGaN/GaN hetero-structure. 

The polarizing effect produces positive electrostatic charges in the AlGaN/GaN interface, as well 

as negative electrostatic charges at the AlGaN surface. This gives the AlGaN layer an internal 

electric field. The charges in the interface create the 2DEG layer in the GaN layer positioned 

underneath the hetero-interface. 

 

Figure 2-3: Schematic of the AlGaN/GaN HEMT structure with the positive and negative 

induced charges causing a built in electric field Ep in the AlGaN layer. 

Typically, the AlGaN layer is fabricated with a ratio of Aluminum to Gallium of 30% Al to 

70% Ga. This makes the AlGaN layer have a higher energy band gap than the GaN layer. The 
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Aluminum content in the device has to be considered since it directly affects the density and 

mobility of the 2DEG layer. The 2DEG layer is also affected by interface roughness and alloy 

disorder scattering. One of the primary limitations of the AlGaN/GaN HEMT at room 

temperature is optical phonon scattering as well as alloy disorder scattering when there is a high 

carrier concentration. At low temperature conditions the device is subject to alloy disorder 

scattering due to the ternary nature of AlGaN, and interface roughness scattering which reduces 

the mobility of the 2DEG layer [5]. The alloy disorder scattering can be reduced by inserting a 

binary AlN barrier layer at the AlGaN/GaN interface (Figure 2-4), this in turn also leads to an 

increase in mobility and sheet charge density. Due to a polarization-induced dipole, this AlN 

layer, typically 1 nm thick, produces a larger conduction band offset ΔEC between the AlGaN 

and GaN [5-7]. The large ΔEC reduces alloy disorder scattering because it reduces the electron 

penetration into the AlGaN layer. Shen et al. [5] reported that by introducing an AlN barrier 

layer at the AlGaN/GaN interface the sheet charge density slightly increases and the room 

temperature mobility greatly increases as shown in Table 2-2. 
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Figure 2-4: Band Diagram for (a) conventional AlGaN/GaN and (b) AlGaN/GaN with a 1 nm 

AlN layer between the AlGaN and GaN layer. It is shown that in (b), due to the AlN barrier layer 

a large ΔEC is formed causing a small increase in the 2DEG concentration. 

Sample 

Si-doped cap 

AlGaN/UID 

AlGaN/AlN/GaN 

UID cap 

AlGaN/AlN/GaN 

Conventional 

AlGaN/GaN 

Sheet Charge Density [cm-2] 1.48x1013 1.22x1013 1.1x1013 

Room Temperature Mobility 

[cm2/V∙s] 

1542 1520 1200 

Table 2-2: Comparison of sheet charge density and room temperature mobility for conventional 

AlGaN/GaN, unintentionally-doped (UID) cap AlGaN/AlN/GaN and Si-doped cap AlGaN/UID 

AlGaN/AlN/GaN [5]. 
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Another issue with AlGaN/GaN HEMT heterostructures arises from its gate contact. The 

channel can be pinched off by applying an electric field under the Schottky gate metal contact. 

At low drain voltages there can be gate tunneling electrons in which case they are kept to a 

minimum. However, at high drain voltages the gate tunneling electrons increase therefore 

increasing the leaking current. This current can be minimized at high drain voltages by 

increasing the distance between the gate and the drain (≥2 µm) [8]. An alternative (or addition) 

to this is to deposit a 2 to 3 nm thin cap layer of GaN on top of the heterostructure. This cap layer 

is too thin to produce holes in the valence band, but it introduces a negative polarization charge 

at the heterojunction, increasing the effective Schottky barrier which improves the breakdown 

characteristics of the device as well as decreasing the gate leakage effect at high drain voltages 

[8, 9]. 

2.1.3 AlInN/GaN HEMT 

Many III-Nitride based binary compounds experience a large lattice-mismatch with each 

other leading to strained heterostructures which affects its valence band offset and bandgap. 

Aluminum Indium Nitride (AlInN) can be grown strain-free on Aluminum Nitride (AlN)/GaN 

providing a lattice-matched strain free heterostructures. The AlInN/GaN also exhibits a lower 

sheet resistance due to the high density 2DEG, but lowers the electron mobility [10]. Similar to 

the AlGaN/GaN structures discussed in Section 2.1.2, a 1 nm AlN barrier layer is introduced into 

the structure sandwiched in between the AlInN and GaN substrate. The AlN barrier layer aids in 

alloy scattering reduction and increases the separation of the 2DEG wavefunction from the 

heterointerface. While the creation of the 2DEG layer in the AlGaN/GaN is attributed to its 

lattice mismatched nature and piezoelectric polarization, in AlInN/GaN the piezoelectric 
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polarization is zero. Therefore, the 2DEG formation in AlInN/GaN is solely determined by 

spontaneous polarization occurring in the heterostructures [10, 11]. 

2.2 Organic Materials 

Organic semiconducting materials are an alternative to inorganic materials. The benefit of 

organic materials is their low cost, ease of implementation, and its capability to be fabricated in 

large scale by a roll-to-roll process. While inorganic materials have high carrier mobilities, 

organic materials possess lower carrier mobility characteristics. One of the benefits of organic 

materials is their wide absorption range allowing them to take advantage of more photons at 

different energy levels as opposed to its inorganic counterpart. Another benefit of organic 

materials is that they can be used to fabricate flexible optoelectronic devices and therefore could 

be fitted in a number of different applications. Poly (3-hexylthiophene) (P3HT) is a 

semiconducting polymer with a higher hole mobility than its electron mobility making it a hole 

transporting material, therefore it can be thought of as a p-type material. Polymers can easily be 

doped with other materials such as carbon nanotubes (CNTs), nanoparticles, and quantum dots 

making them a flexible candidate for the replacement of an inorganic material. In this thesis, the 

polymer poly (3-hexylthiophene) (P3HT) is bundled with multi-walled carbon nanotubes 

(MWCNT) in order to fabricate of an organic photoconductor. 

2.2.1 Poly (3-hexylthiophene) 

The semiconducting electron acceptor Poly (3-hexylthiophene) (P3HT) is an primarily used 

in organic and hybrid semiconductors as a p-type layer due to its high hole mobility enabling it 

to act as a hole transport material. P3HT is a π-conjugated alkylthiophene derivative meaning its 

p-orbitals overlap allowing delocalization of π electrons on all aligned p orbitals lowering the 

energy and stabilizing the polymer. P3HT also possesses strong absorption properties in the 
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visible spectra. Because of this it is possible to deposit thin film layers of P3HT and outperform 

inorganic materials in terms of absorption. P3HT also aids in carrier separation and charge 

carrier production in a heterojunction. Typically, fabrication process of P3HT-based devices can 

vary depending on the desired electrical properties and device structure. Previously reported 

values have shown that the bandgap of P3HT lies between 1.7-2.1 eV [1, 2]. In hybrid 

optoelectronics, P3HT is deposited directly on a substrate to form a heterojunction with an 

inorganic material and form a device which can benefit from both types of materials. For 

example, while P3HT has a strong absorption in the visible range and it is easy and cheap to 

fabricate, it has a low carrier mobility. Inorganic materials such as Silicon, Silicon Carbide, and 

Gallium Nitride possess a high carrier mobility but have a low absorption coefficient. By 

combining an organic and inorganic material a device can be fabricated with high carrier 

mobility as well as strong absorption leading to a low cost and highly efficient optoelectronic 

devices. P3HT is also used along with other organic materials, such as an electron acceptor, to 

form purely organic devices the most common combination being P3HT and the electron 

acceptor [6,6]-phenyl-C61 butyric acid methyl ester (PCBM). These organic materials have been 

deposited as individual layers stacked on top of one another however this caused the device to 

have low efficiencies due to the exciton disassociation length only allowing separation to occur 

at short distances from the bilayer junction. Most recently, P3HT and PCBM have been blended 

together in a solvent to form a bulk heterojunction device allowing it to exhibit better efficiencies 

attributed to the ease of an exciton to reach the interface and successfully separate. 
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Figure 2-5: Structure of the polymer poly (3-hexylthiophene). 

 

Figure 2-6: Conjugation in which each π electron is with its own π bond. 

Jin et al. fabricated a trilayer photoconductor architecture composed of 

P3HT:PCBM/TiOx/PCBM/Glass in which they obtained a responsivity of 2.15 A/W and 

concluded that the addition of a TiOx layer into a P3HT:PCBM device reduces recombination of 

photo-generated electrons and holes in the blend film due to the spatial separation between 

P3HT:PCBM and PCBM [12]. Jin et al. achieved a P3HT:PCBM photoconductor by depositing 

the active layer on a ZnO layer, they measured a high responsivity of 11 101 A W-1 at a field of 

1.5 x 106 V m-1 due to the high electron mobility of the ZnO film [13]. Melancon, et al. 

fabricated a photoconductor by introducing a semicontinous gold interlayer between an ITO 
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electrode and a P3HT:PCBM active layer, obtaining a gain response attributed to hole charge 

trapping in the semicontinous layer [14]. Yan et al. demonstrated a highly sensitive 

photoconductor based on P3HT:ZnO nanosheets with high response times attributed to the 

exciton separation occurring at the ZnO:P3HT interface [15]. 

2.2.2 Carbon Nanotubes 

Carbon nanotubes (CNT) are folded cylindrical sheets of carbon atoms in a hexagonal 

structure. CNTs have been implemented into organic hybrid devices and provide an 

improvement in electrical and mechanical properties and thermal stability due to their large 

contact area, high aspect ratio, electrical conductivity and high work function [16]. In polymeric 

devices, the CNTs act as an acceptor and exciton dissociation centers because of the high field at 

the polymer/CNT interface improving device efficiency [17, 18]. CNTs have also been shown to 

broaden and enhance absorbance and improve charge transfer processes [1, 16, 19]. There are 

different types of carbon nanotubes used in research each with its own individual properties. 

Single-walled carbon nanotubes refer to a single sheet of graphene rolled into a cylindrical shape 

and can be either metallic or semi-conducting materials. Double-walled carbon nanotubes are 

composed of a carbon nanotube inside of a larger-diameter carbon nanotube. Multi-walled 

carbon nanotubes (MWCNT), which are metallic, are composed of a series of carbon nanotubes 

with increasing size in diameters wrapped within one another in a series of concentric cylinders. 

SWCNTs are the most studied type of CNT in current research due to the fact they may either act 

as metallic or semiconducting and has been shown to have a bandgap in the range of 0 to 2 eV 

[20]. In hybrid devices, CNTs have been primarily used in photovoltaic research acting as an 

electron acceptor. CNTs have also been used to form electrodes in photovoltaics, as well as 

charge transport layers and hole extraction layers [20]. Typically, when used in a bulk 
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heterojunction much like the P3HT:PCBM bulk discussed in Section 2.2, it is blended in a 

solvent with another material, usually a polymer or small molecules. 

CNTs are an attractive option in optoelectronics due to their strong binding of excitons in the 

nanotubes and exhibiting photogenerated excitons when using semiconducting CNTs. Meshot et 

al. reported a hybrid film photoconductor composed of C60 rods and MWCNT with responsivity 

as high as 105 A/W and a high photoconductive gain attributed to charge carriers injected into the 

MWCNT (holes) and passing multiple times through the circuit before recombining [21]. Zhan et 

al. studied a Multi-walled Carbon Nanotube (MWCNT)-CuS nanoparticles hybrid structure in 

which the strong photoresponse was attributed to photo-generated exciton disassociation 

occurring across the Schottky junction between the MWCNT and the CuS nanoparticles [22].  

Arnold et al. reported a broad band photodetector by using a planar heterojunction formed by a 

polymer wrapped CNT with C60 to dissociate photogenerated excitons [19]. Ratha et al. reported 

that by implementing MWCNT into a P3HT:PCBM composite they improved stability of the 

active layer during ultraviolet or solar simulator exposure for extended periods of time [23]. Wu 

et al. reported that by doping P3HT with acid washed MWCNT an increase of 29% in power 

conversion efficiency was achieved due to the molecular organization between the materials and 

the fast carrier transport [17]. Jin et al. demonstrated that by adding carboxylic MWCNT to 

P3HT the crystallinity of the P3HT matrix and effective conjugation length was increased which 

they attributed to π-stacking between the P3HT and MWCNT [24]. 

2.3 Hybrid Materials and Devices 

Hybrid devices refer to a device which has implement both organic and inorganic materials 

to form a heterojunction. This allows a device to be fabricated which will have the benefits of 

organic materials, such as its absorption coefficient, with an inorganic material, such as its high 
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carrier mobility, and essentially taking out disadvantages of the individual materials. Hybrid 

devices are of interest because even though it will be more costly than the purely organic devices 

(due to the inorganic material), its efficiency will be higher because of the advantages that 

inorganic materials have over organic ones. A great benefit of hybrid devices is that some 

organic materials can be used to protect other materials in the heterojunction such as 

nanoparticles or quantum dots.  
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CHAPTER 3  

PROCESSING AND CHARACTERIZATION 

3.1 Introduction 

In order to fabricate HEMT structures from AlGaN(or AlInN)/GaN, device processing was 

performed using the following fabrication methods: photolithography, ion milling, electron beam 

evaporation, lift-off, and annealing. The organic and hybrid devices were fabricated by spin 

coating. Electrical characterization was performed on all three device structures including an 

electro-optical characterization technique for the hybrid device. Optical characterization for the 

organic device consisted of absorption spectroscopy, and photoluminescence.  

3.2 Photolithography 

Photolithography is a patterning process which is used in the semiconductor industry to 

transfer micro- or nano-patterns onto the desired device in order to achieve a structure. A 

chemical known as photoresist is a light-sensitive material which can have its chemical bonds 

altered when exposed to ultraviolet (UV) light. Photomasks are blanks, typically made out of 

quartz, with a pattern imprinted on it with Chromium used in the photolithography process. 

Photolithography is also known as “printing with light” because this process uses UV light to 

obtain a pattern on a device [25]. This process must be done in a clean room, a special room with 

a low level of contaminants such as dust particles and dirt, since the devices fabricated are in 

such a small scale that a single particle of dust is capable of shorting the device therefore ruining 

it. Even in the clean room, prior to lithography the wafer must be thoroughly cleaned to remove 
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any contaminants that might already be present on the surface. The wafer is then placed on a 

rotating stage during which photoresist is applied to the wafer and the stage is spun at a high 

speed in the range of thousands of rotations per minute (RPM) until the wafer has an even coat of 

the resist on its surface. Since the photoresist solution is in a solvent, the solvent must be 

completely evaporated to improve adhesion of the resist to the wafer; this is done by soft baking 

the resist after spin coating. The wafer is then exposed to UV light through a photomask (Figure 

3-1 (a)), the UV light breaks chemical bonds in the photoresist making it soluble in a developer 

solution but leaving the unexposed photoresist intact (Figure 3-1 (b)).  This is the principle of 

positive lithography. Metallization can now be performed with various methods such as 

sputtering or electron-beam evaporation (Figure 3-1(c)). The lift-off process is then done by 

submerging the wafer in a photoresist stripper solution which will remove any remaining 

photoresist whether it’s been exposed to UV light or not. The resist being lifted off which lies 

underneath a metal will remove the metal as well leaving behind a pattern corresponding to the 

photomask (Figure 3-1(d)). 

The photolithography process can also be used to etch patterns into a material such as a metal 

or insulator. Prior to coating the wafer with the resist, a layer of metal or insulator is deposited 

onto the surface of the wafer. The photoresist pattern can then be made as previously described 

(Figure 3-1(b’)) and an extra soft bake can be added at this point to make the photoresist more 

etch resistant. The pattern can now be etched using a reactive ion etching or ion milling 

procedure (Figure 3-1(c’)). The photoresist is resistant to etching, therefore the uncovered parts 

of the wafer will be etched faster and, after photoresist removal, the wafer will resemble Figure 

3-1(d’). 
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Figure 3-1: Photolithography process (a) wafer with photoresist is exposed to UV light 

through a mask (b) photoresist pattern is created on the wafer (c) metallization occurs (d) the 

resist is lifted off which removes the remaining resist as well as the metal on top of the resist. 

Several factors come into play during photolithography, the main one being the amount of 

time the wafer is exposed to UV light. Too much exposure can lead to overexposure of the resist 

while too little exposure leads to underexposure. Overexposure results in a pattern generated on 

the photoresist that is larger than the intended dimensions (Figure 3-2(b)), this is important since 

dimensions can be critical when fabricating devices in large amounts (such as millions of 

transistors on a wafer). Underexposure leads to a pattern on the photoresist that is smaller than 

intended or when after development not all the photoresist has been removed as intended (Figure 
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3-2(c)). This can lead to smaller features, or lifting all the metal after metallization or no etching 

occurring should etching be performed. 

 

Figure 3-2: In photolithography (a) improper exposure of the photoresist can lead to (b) 

overexposure when it is exposed for too long and (c) underexposure of photoresist when it is 

exposed for a shorter period of time. 

 

 

 



 

22 

 

3.3 Ion Milling Etching 

Ion milling is an etching process in which ions are emitted from a plasma discharge. The ions 

are usually inert gases such as Argon due to their high sputtering yield. The positive ions are 

accelerated towards the substrate which will sputter off layers from the wafer. Ion milling is 

performed in a vacuum chamber environment in the range of 4x10-6 Torr to reduce 

contamination as well as improve the etching method by making the mean free path of the ions 

larger. 

A neutralizer filament is used to emit electrons to cancel the positively charges of the ions 

without losing the kinetic energy generated from the ions. The wafer is placed in a vacuum 

rotating stage in the chamber and can be tilted to any angle with respect to the ion beam. Heat is 

generated when the ion beam hits the wafer and a sample with photoresist can be affected by the 

heat making it more difficult to remove the photoresist afterwards. The rotating stage can be 

water cooled to maintain the wafer at a lower temperature. A shutter is also in place to prevent 

overheating of the substrate. Due to the heating caused by the ions ion milling is a slow process 

and the wafer must be cooled in between etching to prevent any damage to the wafer. 
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Figure 3-3: Ion milling process in which an ion beam is generated by accelerating inert gas 

ions and directed to the wafer. A neutralizer is used to generate electrons to cancel out the 

positive charges of the ions while not affecting their kinetic energy. The wafer sits on a rotating 

water cooled stage to prevent overheating and damage to the wafer, a shutter is also in place for 

the same purpose.  

3.4 Electron Beam Evaporation 

Electron-beam (e-beam) evaporation is a physical vapor deposition (PVD) technique 

performed under high vacuum to deposit a uniform metal or insulating thin film onto a wafer. As 

the name implies, e-beam evaporation uses electrons in order to evaporate a material after which 

the material will precipitate onto the wafer as a thin film [25]. This process is widely used due to 

the purity that can be achieved with the high vacuum chamber and the uniformity of the thin film 

deposited. E-beam evaporation can be used to deposit different types of high purity metals and 
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insulators. Table 3-1 shows characteristics of the materials deposited with e-beam evaporation 

for the devices presented in this thesis. 

Material Chromium Copper Gold Nickel SiO2 Titanium 

Minimum 

Evaporation 

Temperature 

(°C) 

1157 1017 1132 1262 850 1453 

State of 

Evaporation 

Sublimes Melts Melts Melts Semimelts Melts 

Crucible 

Material 

W Graphite Al2O3, BN Al2O3 Ta Graphite 

Deposition 

Rate (Å/s) 

15 50 30 25 20 20 

Power (kW) 0.3 0.2 6 2 0.7 1.5 

Table 3-1: Temperatures, evaporation state and other characteristics for e-beam evaporation 

[26]. 

The electron beam generated is in the tens to hundreds of kilowatts (kW) with a high 

accelerating kinetic energy, the beam is then bent by a magnetic field in order to hit the center of 

the crucible [26]. The crucible is water cooled to avoid the crucible and the edges of the metal 

from melting, which prevents contamination from occurring. Once these electrons hit the 

material they will rapidly lose their kinetic energy to produce thermal energy which in turns 

melts, semimelts or sublimates the material in the crucible. The area hit by the electron beam will 



 

25 

 

melt the source material in a smooth and uniform manner over a small area. E-beam evaporation 

is performed under high vacuum (4x10-6 Torr and below) so that when the material is melted or 

sublimated it will then precipitate upwards and condensate onto the wafer as a thin film. The 

high vacuum is achieved by initially using a roughing pump to lower the pressure to 

approximately 1x10-2 Torr, after which a Cryo pump is used to reduce the pressure even further 

until the desired pressure is achieved. 

 

Figure 3-4: Schematic of E-beam evaporation in a vacuum chamber during which electrons 

are stimulated by a high accelerating voltage and bent by a magnetic field in order to hit the 

crucible which generates high thermal energy in the center of the material to sublimate or melt it. 

The material condenses upwards to the wafer as it is rotating coating the wafer with a uniform 

thin film.  
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High vacuum is highly desired when performing e-beam evaporation. By pumping down a 

chamber to high vacuum, the air and oxygen content within the chamber is greatly reduced. A 

material such as Aluminum can oxidize in a chamber with a poor vacuum and would therefore 

deposit Aluminum Oxide on the wafer. Low pressures help keep the oxygen concentration to a 

minimum. Another benefit of performing e-beam evaporation in a low pressure chamber is that a 

uniform coating can be achieved.  Since a chamber under vacuum has a lower concentration of 

particles, the distance traveled by one atom until it strikes another atom becomes larger, this 

distance is known as the mean free path. The mean free path of evaporated metal atoms is 

increased in a low pressure chamber. If the mean free path is higher than the dimensions of the 

chamber, the metal atoms strike the wafer first before striking another atom which guarantees 

that a uniform deposition is occurring. 

The evaporation of metal in an e-beam system follows the kinetic theory of gases. The metal 

atoms can be modeled as free rapidly moving particles in space, each with its own momentum 

and energy. This model describes the mean free path with the following equation: 

 

𝜆𝑚 =
𝑘𝐵𝑇

√2𝜋𝑃𝑑2
 

(3.1) 

in which d is the diameter of the particle, kB is the Boltzmann constant, T is the temperature, 

and P is its partial pressure in the chamber. Ideal gas law relates the partial pressure to the 

concentration of the particles n in the chamber: 

   

𝑃 =
𝑁𝑘𝑏𝑇

𝑉
 

(3.2) 
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in which V is the volume of the chamber and N is the number of particles. Equation (3.1) 

relates the partial pressure to the mean free path and it is observed, as previously discussed, that 

at lower pressures the mean free path increases. 

3.5 Spin Coating 

The chosen method of active layer deposition for the hybrid pn-junction and the organic 

photodetector was spin coating. The organic photoconductor was fabricated in a clean room 

environment using a Solitec 1150 Spinner. For the hybrid device, a spin coater was made in the 

lab by using a DC motor fitted with a short cylindrical acrylic stage. The DC motor was fixed 

between two pieces of acrylic. In order to maintain this homemade spincoater as leveled as 

possible, the two acrylic pieces had a rod at each corner, each with a rubber feet at the bottom. 

Using these rods and two nuts on the acrylic piece, the leveling of the spin coater could be 

adjusted as necessary. The level was measured by placing a level bubble on top of the acrylic 

stage. The speed of the DC motor was controlled by a DC power supply which varied its output 

voltage between 0.3 V and 0.6 V. During spin coating, the sample was held to the stage using 

double sided carbon tape. A control experiment was performed to determine the thickness of the 

deposited layer as a function of voltage by depositing a P3HT solution onto a glass substrate 

(Figure 3-5). The thickness was confirmed using SEM. It was found that at the lowest voltage at 

which the DC motor would rotate, which was 0.3 V, we could achieve an active layer with a 

thickness of approximately 148 nm. At a voltage of 0.6 V, a thickness of 53.8 nm could be 

achieved. While the DC motor was able to tolerate higher voltages than 0.6 V, beyond this 

voltage range the polymer layer would begin to accumulate to the edges, making them unsuitable 

for device usage due to the required stable surface area necessary for testing. Due to its 

uniformity, the 0.3 V spin coating method was adopted as the standard in the fabrication 
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procedure of the hybrid devices. The thickness profile changed if the P3HT contained MWCNT, 

therefore it was important to measure a MWCNT doped P3HT layer in order to properly 

calculate any experimental data. It was found that during a spin coating process at 0.3 V a 

thickness of 566 nm could be achieved with the P3HT:MWCNT solution. 

 

Figure 3-5: Thickness profile of the homemade spin coater using a P3HT solution on glass 

substrate. 

 

Figure 3-6: Schematic of spin coating. 

3.6 Scanning Electron Microscopy 

A scanning electron microscope (SEM) was used in order to observe the sample surface as 

well as measure the thickness of the material deposited on the hybrid pn-junction and organic 
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photoconductor. A Phillips XL-30 SEM and a JEOL 7000F field emission SEM were used to 

obtain the images. Both SEMs were used with a 20 kV beam and a chamber pressure of 

approximately 10-5 Pa. Cross-sectional images were obtained by cutting a small piece from the 

device using a diamond-tipped cutting tool. 

3.7 Absorption Spectroscopy 

Absorption spectroscopy is a characterization technique used to obtain optical information 

from a device. During absorption spectroscopy, a beam of light from a Xenon (Xe) lamp is 

separated by a prism or diffraction grating into its component wavelengths within a range of 300 

nm to 1 μm. A Cary 50 Spectrophotometer was used which has the advantage of only using a 

single beam for all measurements while standard equipment uses two beams: one for a reference, 

and another one for the sample; while the Cary 50 measures the reference first, stores it as I0, and 

then measures the sample beam taking into account the reference measurement. It is important to 

use a transparent or semi-transparent substrate during absorption spectroscopy in order to obtain 

a reliable result as well as taking into account any absorption or reflection due to the type of 

substrate being used. As the wavelength is varied during absorption spectroscopy, the sample 

will only absorb photons at a certain wavelength range depending on its properties. Once the 

beam passes through the sample, a detector is used to collect the sample intensity I. Absorption is 

plotted with the following equation:  

   
𝐴 = log (

𝐼0

𝐼
) 

(3.3) 

but in this thesis the transmission mode was used and plotted as I/I0 as a percentage (%T). UV-

VIS transmission spectrum was acquired for the pn-junction and organic photoconductor to 

analyze the optical properties of the active layer. 
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Figure 3-7: Schematic of UV-VIS absorption spectroscopy. 

3.8 Photoluminescence Spectroscopy 

Photoluminescence (PL) spectroscopy is a non-contact, non-destructive optical 

characterization technique used in the semiconductor field to analyze optical material properties 

such as: bandgap, recombination mechanism, and defect or impurity detection. The PL method 

consists of exposing a device to monochromatic light and collecting the signal over a range of 

wavelengths. Since the light is changing, the energy of this light is changing as well in an 

inversely proportional matter following Equation (3.3) in which E is the energy, h is Planck’s 

constant, υ is the frequency, c is the speed of light, and λ is the wavelength. Upon exposure, the 

sample will absorb the light (at which point) if the photon has enough energy it will excite an 

electron from the valence band to the conduction band; this is called photo-excitation. The 

excited electron then relaxes to its equilibrium state during which it has to release the 

accumulated energy. The release of this energy can lead to the emission of characteristic light by 
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a radiative process (Figure 3-8). The energy of the emitted light corresponds to the difference of 

the conduction and valence energy levels known as the bandgap. 

   

𝐸 = ℎ𝜐 =
ℎ𝑐

𝜆
 

(3.4) 

 

Figure 3-8: Photon emission by photoluminescence spectroscopy. 

3.9 Electro-optic Measurements 

Electrical characterization was performed on all devices to obtain current-voltage 

characteristics by using a two-point probe method on a Keithley 2612A sourcemeter unit. 

Characterization was performed on wafer samples using a Semiprobe MA-8005 manipulator 

with a Tungsten probe to properly contact the devices. HEMT devices were directly contact 

using the Tungsten probes onto their Ti/Au contact pads. However, in order to contact diode 

devices, GaIn eutectic was used to make contact to the P3HT and n-Si substrate. The organic 

photoconductor had a GaIn interdigitated contact made on the surface. Photoresponse 

measurement was conducted by measuring the IV-characteristics using the sourcemeter 

mentioned previously while the sample was exposed with monochromatic light. The 

monochromatic light was directed through a fiber optic from a 200 Watt Newport 67005 Xe arc 
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lamp coupled to a Princeton Instruments Monovista spectroscopy system. The fiber optic light 

was directed through the microscope column in which the light was focused through the 

objective onto the sample area of interest. 

 

Figure 3-9: Schematic of electro-optic measurement for pn-junction device. 
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CHAPTER 4  

INORGANIC DEVICES 

4.1 Inorganic Devices 

Two different types of HEMT heterostructures were fabricated: AlGaN/GaN, and 

AlInN/GaN. This section will discuss the device processing for two types of HEMT: AlInN/GaN 

and AlGaN/GaN. Next, the electrical characterization methodology as well as the results will be 

presented and discussed. Using metal organic vapor phase epitaxy (MOVPE), AlInN/GaN and 

AlGaN/GaN heterostructures were grown on c-plane sapphire substrates. Then, in a clean room 

environment, device processing took place in order to fabricate the desired features to create a 

HEMT device. 

4.1.1 Fabrication 

Device processing began with lithography processing, S1808 positive photoresist was spin 

coated onto the desired device using a 400 RPM spread cycle for 0.3 seconds and a 3000 RPM 

spin cycle for 30 seconds. When patterning small features for metallization, LOR3B lift-off resist 

was spin coated on the sample prior to the S1808 layer. The S1808 layer was then soft baked for 

one minute at 115°C. The LOR3B was spin coated using a 400 RPM spread cycle for 0.3 

seconds following by a 3000 RPM spin cycle for 45 seconds. The LOR3B was then hard baked 

for 5 minutes at 150°C. Ion mill etching was used for mesa isolation (Figure 4-1(a)) which 

defines an active device area. Defining an active area is important since this isolates all of the 

transistors on the wafer by interrupting the 2DEG layer of the heterostruture. Remaining resist 
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was removed by sonicating the samples in a resist stripper solvent for 15 minutes. Ohmic 

contacts were first patterned by photolithography on top of the mesa structure. The ohmic 

contacts were realized through a lift-off process of Ti/Au deposited by e-beam evaporation 

(Figure 4-1 (b)). The Ti/Au ohmic contacts were deposited in a ratio of 50nm/50nm. These 

ohmic contacts were deposited as the Source and the Drain of the device. Ohmic contacts are 

important in the HEMT device since high resistivity can degrade the output characteristics of the 

device such as its saturation current and transconductance. Formation of a proper Schottky 

contact with a high barrier height and low leakage current is key in HEMT device processing. 

Schottky contacts were patterned using photolithography to form gates with a length between 3-7 

µm. Through e-beam evaporation, the Schottky contact was formed by depositing Ni/Au (Figure 

4-1 (c)). Contact pads were patterned using photolithography followed by an e-beam deposition 

of Ti/Au (Figure 4-1 (d)). The contact pads are to properly contact the three terminals of the 

HEMT for electrical characterization and are important to the device since parasitics in the 

contacts can affect device performance during electrical characterization. The samples were 

annealed at 500°C under vacuum for two minutes to reduce degradation of the ohmic contacts at 

the Source and Drain and to form a stable ohmic contact. 



 

35 

 

 

Figure 4-1: HEMT device processing begins with (a) mesa isolation using ion mill etching, 

(b) source and drain are defined by e-beam deposition of Ti/Au, (c) a gate is patterned using 

lithography and Ni/Au is deposited using e-beam, (d) and to conduct electrical measurements 

with ease contact pads are deposited of Ti/Au using e-beam. 

The main challenge during the HEMT fabrication process is the realization of a gate (Figure 

4-2). Since the gate is quite small (between 3-5 μm), aligning it to the mesa and the source and 

drain proved to be difficult. In addition, due to the spacing between the source and the drain, 

there was a limiting distance where the gate could go as it could not come into contact with 

either the source or the drain. Because of this, exposure times had to be especially considered 

since if the gate is too wide, even if it is perfectly center, can come into contact with the source 

and drain and produce a short in the device. The geometry of the mask introduced another 

limitation. A total of eight transistors could be exposed at once, but it was found that the further 

away the pattern was from the center of the mask aligner, the more difficult it was to achieve a 

proper exposure. Typically only 6 of the 8 transistors achieved proper exposure with variations 

in parameters occurring from day to day. Primarily, those far away from the center were 

underexposed. A longer development time of the resist was tested from 30 seconds to 45 
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seconds, but it was found that while this developed the previously inadequate gates, it 

overdeveloped the remaining 6 devices. While using a longer exposure made it possible to create 

the features in distant transistors, the ones closer to the center became overexposed. The 

spincoating process for both the LOR3B and S1808 resist was changed to form a thinner layer of 

resist. Each resist was spin coated for 0.3 seconds at 400 RPM and then for 30 seconds, 45 

seconds in the case of LOR3B, at 7000 RPM. The reduction in the resist layer allowed the 

exposure time to lower and made it easier to achieve successful patterning of the features across 

all the transistors. 

 

Figure 4-2: Microscope image of (a) underexposed gate in the HEMT device and (b) after 

using thinner photoresist in the HEMT device. 

4.1.2 Results and Discussion 

Evaluation of the HEMT devices was performed by collecting and analyzing electrical 

measurements. Three types of electrical measurements were conducted: saturation current, 

transconductance gm, and gate leakage IG. Hall measurements were also conducted for both 

heterostructures. Electrical characterization was performed on the AlGaN/GaN (Figure 4-3) and 

the AlInN/GaN (Figure 4-4) HEMT heterostructure.  

Gate Drain 

Source 

(a) (b) 

Source 
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Figure 4-3: Structure of the AlGaN/GaN HEMT device. 

 

Figure 4-4: Structure of the AlInN/GaN HEMT device. 

The hall measurements from both heterostructures is shown in Table 4-1. The sheet carrier 

density nS and the mobility μ was extracted from the hall measurements for both AlGaN and 

AlInN. From the hall measurement data, the sheet carrier density of 2.69 X 1013 cm-2 for AlInN 

is higher than the sheet carrier density of 1.06 X 1013 cm-2 for AlGaN. A comparison of the 

mobilities however shows that AlGaN possesses the higher mobility of 1395 cm2/Vs in 

comparison to 660 cm2/Vs for AlInN. 
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 nS (cm-2) μ (cm2/Vs) 

AlGaN 1.06 X 1013 1395 

AlInN 2.69 X 1013 660 

Table 4-1: Hall measurement data for AlGaN and AlInN. 

  The output characteristic of a transistor is the drain current ID as a function of the drain-

source voltage. The current transport along the 2DEG is started by placing a voltage potential 

across the drain and the source. A voltage potential is then applied at the gate in order to control 

the magnitude of the current. The gate voltage potential can be negative which will cause the 

space charge below the gate to expand towards the two dimensional channel. Once the channel is 

reached, the region under the gate will begin to deplete and the channel will then be pinched off. 

As the drain-source voltage is increased, the drain-source current will begin to increase linearly 

until it reaches a saturating point during which the current will stabilize [3]. By measuring the 

drain current change while sweeping the drain-source voltage at different gate potentials we can 

observe the saturation current ID of the transistor. Drain current measurements are represented 

proportionally to the gate length LG and are therefore in units of mA/mm. Figure 4-5 shows the 

output saturation current for the AlGaN/GaN HEMT structure exhibiting a maximum saturation 

current of 500 μA/mm at a gate voltage of 1 V.  
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Figure 4-5: Output characteristic of an AlGaN/GaN HEMT structure proportional to its gate 

length LG. The saturation current ID is shown at different gate voltage potentials with a gate-

source voltage step size of 1V. 

 

The transconductance of the HEMT is an important parameter in characterization which 

indicates the gain of the device; it determines the quality of the HEMT for microwave 

applications. Transconductance is defined as the change of the drain current ID over the change 

of the gate-source voltage at a constant VDS during which the saturation current ID is reached. The 

transconductance gm is given by: 

 
𝑔𝑚 =

𝜕𝐼𝐷

𝜕𝑉𝐺𝑆
 

( 4-1) 

VGS = 1V 

ΔVGS = 1V 
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The transconductance, just as the saturation current, is shown proportionally to the gate 

length LG and it has units of mS/mm. Both the saturation current ID and the transconductance gm 

are displayed in the same plot but with different Y-axis. The transconductance of AlGaN/GaN 

HEMT is shown in Figure 4-6 in which the red curve indicates the saturation current ID and the 

blue curve indicates the transconductance gm. Transconductance can be used to as a comparison 

in which the higher transconductance indicates a decrease in resistance of the source terminal.  

 

Figure 4-6: Drain current ID and transconductance gm as a function of gate-source voltage. 

Both of these parameters are also plotted proportionally to the gate length LG of the AlGaN/GaN 

HEMT. 

One of the current desired applications for HEMT is in the millimeter wave frequency range. 

The HEMT can function in the millimeter range however it requires a thinner top barrier to 
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reduce short channel effects which will in turn allow higher cut off frequencies for the device 

[27]. But a thinner top barrier will also allow surface depletion effects to occur to the 2DEG. A 

gate leakage measurement is a way of observing the magnitude of leakage occurring due to the 

tunneling across the top barrier. The gate leakage measurement consists of measuring the gate 

current IG as a function of the voltage across the gate-source VGS and it is plotted as log(IG)-VGS 

while there isn't a potential present across the drain-source. The gate leakage is shown in Figure 

4-7 for the AlGaN/GaN HEMT structure exhibiting a maximum leaking current in the μA range. 

 

Figure 4-7: The gate leakage current IG is plotted as a logarithmic function of the gate-source 

voltage VGS for an AlGaN/GaN HEMT. 

 The second HEMT structure fabricated was the lattice matched AlInN/GaN HEMT 

structure. As with the AlGaN/GaN HEMT, the same output characteristics, transconductance and 
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gate leakage current was studied for the AlInN/GaN HEMT structure. When comparing the two 

heterostructures, the AlInN/GaN exhibits a higher saturation current output (Figure 4-8) of 

approximately 2.5 mA/mm at a gate voltage of 1 V in comparison to the AlGaN saturation 

current of 0.5 mA/mm. The higher current density in the AlInN/GaN HEMT device is attributed 

to the higher sheet-carrier density in the channel generating a higher electric field across the 

gate-drain terminals [28]. A comparison of the transconductance gm of both these devices shows 

that AlGaN/GaN has a peak transconductance of 0.2 mS/mm and AlInN/GaN exhibits a peak 

transconductance of 0.85 mS/mm. This increase in peak transconductance can also be attributed 

to the higher sheet-carrier density. Another interpretation of the higher transconductance is that 

the source resistance has decreased, allowing more current flow to reach the source terminal of 

the AlInN/GaN HEMT [3]. 
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Figure 4-8: Output characteristics of AlInN/GaN HEMT. 

 

  

Figure 4-9: Drain current and transconductance gm for AlInN/GaN HEMT. 

 

VGS = 1V 

ΔVGS = 1V 
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The gate leakage current was compared across both devices as well. The gate leakage current 

for AlInN/GaN is shown in Figure 4-10. Under forward gate bias, both AlGaN/GaN and 

AlInN/GaN HEMT exhibited a leakage current in the microampere range. Under reverse gate 

bias, the AlGaN/GaN device has a peak leakage current in the hundreds of nanoamperes, while 

AlInN/GaN has a peak leakage current in the nanoampere range. This decrease in gate leakage 

current can be attribute to more bound charges at the heterointerface of the AlInN/GaN HEMT 

heterostructures meaning higher electric fields are being generated across the barrier [29]. 

 

Figure 4-10: Gate leakage current IG for AlInN/GaN HEMT. 
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CHAPTER 5  

ORGANIC DEVICES 

5.1 Organic Devices 

An organic photodetector based on P3HT was fabricated. The P3HT active layer was then 

doped with MWCNT to study the contributions that the MWCNT could make to the 

photodetector. In this section, the fabrication method and procedure for an organic photodetector 

are discussed. Electrical characterization results of the device are presented and interpreted. 

5.1.1 Fabrication 

MWCNT were used as received from TCI America and possess a diameter of 10-20 nm and 

a length of 5-15 um, and P3HT was received from Rieke Metals possessing a 91-94% 

regioregularity. 

The rr-P3HT was weighted and dissolved in 1,2-4 trichlorobenzene in a test tube heated to 

70°C until it was completely dissolved. For the MWCNT doped P3HT, the MWCNT was 

weighted out and deposited into the same test tube while the P3HT was dissolving. The solution 

was then allowed to cool to room temperature before deposition. The MWCNT were added to 

achieve the following concentrations: 17%, 29%, and 37% of MWCNT. A Silicon substrate was 

prepared by depositing 100 nm of SiO2 using EBPVD to create an insulating substrate. A 10 

nm/75 nm Ti/Au interdigitated pattern with 800 um finger electrode spacing was deposited using 

EBPVD. For optical characterization, the solution was placed in a sonication bath for 10 minutes 

at room temperature in order to disperse the MWCNT. For the photoconductor, the solution was 
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sonicated for 20 minutes at 40°C to disperse the MWCNT. Next the solution was placed in a 

centrifuge at 2000 RPM for 10 minutes to separate bundled MWCNT. For the photoconductor, 

the solution was spincoated onto the interdigitated substrate using a spread step at 400 RPM for 3 

seconds followed by a spin at 1650 RPM for 60 seconds. The spin coating method was chosen 

over drop deposition because during spin coating the CNTs will help the polymer chains align 

leading to a higher crystallinity which provides better performance as well as improving surface 

morphology [17, 30]. Samples for optical characterization were deposited on a glass substrate for 

absorption, and a Si substrate for PL. The sample was placed under vacuum for drying. The 

photoconductor device was then annealed in an N2 environment at 120°C for 10 minutes. This 

process achieved an active layer thickness of approximately 25 nm in average as confirmed by 

the SEM image shown in Figure 5-1. Using GaIn eutectic, an interdigitated pattern is created on 

top of the active layer in order to characterize the vertical transport properties of the 

photoconductor. 
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Figure 5-1: SEM image of active layer for the organic photoconductor. 

5.1.2 Results and Discussion 

In order to properly characterize the P3HT polymer and to observe any optical changes due 

to the increasing concentration of MWCNT the absorption is studied using UV-VIS absorption 

spectroscopy in normalized transmission mode which is shown in Figure 5-2 in which the arrows 

indicate 100% transmission for their corresponding curve by color. The P3HT only absorption 

shows that P3HT is active in the visible range with its absorption beginning at approximately 

635 nm corresponding to its bandgap of 1.951 eV. P3HT absorption has peaks at 520 nm, 550 

nm and 600 nm with the strongest absorption occurring at 520 nm attributed to the π–π 

electronic transition in the polymer [23]. With the increase in MWCNT a blueshift is observed in 

the transmission dip (absorption peak) until it reaches a concentration of 29 wt.%, and a redshift 

with a concentration of 38 wt.%. The blueshift corresponds to a disruption in the π-conjugation 

meaning the film has degraded due to the introduction of MWCNT. The redshift implies that the 
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effective conjugation length has increased [24] meaning that charges can travel for longer 

distances before they encounter a trap or barrier. Higher intensities of absorption are observed at 

the 550 nm peak and the 600 nm vibronic shoulder peak with increasing MWCNT. This increase 

in shoulder peak absorption suggests that the P3HT:MWCNT has formed ordered structure 

domains in which the P3HT unfold and align to the nanotube (Figure 5-3) which is further 

supported by the redshift [17, 31]. Higher absorptions are also observed at 325 nm and between 

650 nm and 850 nm with increasing content of MWCNT meaning that the addition of the 

nanotubes is increasing the response of the active layer in this range. 

 

Figure 5-2: Normalized UV-VIS absorption in transmission mode of P3HT:MWCNT with 17 

wt.%, 29 wt.% and 38 wt.% in which the arrows indicate 100% transmission. 
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Figure 5-3: Wrapping of the P3HT around the CNT [32]. 

The addition of MWCNT to the polymer matrix can also affect its charge transfer properties 

since it is capable of either accepting or donating electrons from the P3HT excited or grounded 

state [23, 33]. To study the change in charge transfer the photoluminescence (PL) spectra was 

collected using a 532 nm laser and it is shown in Figure 5-4 for a P3HT only sample, and 

P3HT:MWCNT samples with concentrations of 17 wt.%, 29 wt.%, and 38 wt.%. The PL spectra 

of P3HT shows two peaks, one peak at 690 nm with the highest intensity attributed to the 

radiative decay of excitons between polymer intermediate states, and another at 628 nm which 

indicates the bandgap of the material at 1.97 eV which is within the range of values found in 

previous reports and close to the value reported for the optical absorption spectra. With the 

addition of more MWCNT onto the P3HT polymer matrix, the PL spectra demonstrates a 

quenching effect of the photoemission intensity. Photoinduced charge separation occurring 

between the electron donor and acceptor are the cause of the PL quenching, and the reduction in 

PL intensity also points to a faster charge transfer from P3HT to MWCNT. [24]. In this case, 

after an electron is excited to the conduction band, it then relaxes to the MWCNT and becomes 

trapped without emitting photons leading to a reduction of PL intensity. The MWCNT are also 

keeping the electron and hole physically separated, making recombination less probable. With 

the addition of 29 wt.% and 38 wt.%, the PL intensity is still quenched compared to P3HT only 
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but it has increased in comparison to 17 wt.%. This is because of internal scattering or reflections 

due to the MWCNT in the polymer matrix [30]. 

 

 

 

 

Figure 5-4: Photoluminescence spectra of P3HT:MWCNT with concentrations of 17 wt.%, 

29 wt.% and 38 wt.%. 

In order to fully understand the electrical change occurring with the addition of MWCNT to 

the active layer a responsivity spectrum was obtained from photoresponse measurements using 

isolated active layers of P3HT and P3HT:MWCNT and is shown in Figure 5-5. The active layers 

used for these measurements were approximately 25 nm thick which is close to what Chi et al. 

reported as the optimum thickness for P3HT of 30 nm stating that if the layer was too thin the 

P3HT would not efficiently block electrons [34]. The responsivity for a P3HT-only thin film 
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shows a peak at 640 nm (350.65 A/W) attributed to the material bandgap as can be observed 

from the absorption and PL data previously shown. The addition of MWCNT leads to a large 

increase in responsivity and a broadening of the response with transitions occurring at 600 nm. 

The 600 nm transition is consistent with the absorption data collected which indicates that the 

addition of nanotubes contribute to the shoulder peak in the absorption spectrum. The 

responsivity magnitude has also increased as much as 20 times the P3HT only thin film. This 

implies that the incorporation of MWCNT into a polymer P3HT matrix creates photoconductor 

with gain. A photoconductive gain occurs due to an unbalanced charge transport in which one 

charge carrier is collected faster than the other [14]. From the responsivity measurements, the 

carrier lifetime was calculated using the following formula: 

 
𝜏 =

𝑙

𝜇𝐸𝐴
𝐺   ( 5-1) 

where τ is the carrier lifetime, l is the thickness of the active layer, μ is the hole mobility, EA 

is the applied electric field, and G is the gain. Assuming a hole mobility of 2.8 X 10-2 cm2V-1s-1 

for P3HT [35] and 3.4 X 10-2 cm2V-1s-1 for P3HT:MWCNT [36], the P3HT only film has a 

carrier lifetime of 0.326 μs while the P3HT:MWCNT layer shows a prolonged carrier lifetime of 

6.89 μs, consistent with the responsivity magnitude increase of approximately 20 times. The gain 

mechanism shown in Figure 5-6 can be explained as follows: when light strikes the polymer, it 

generates an electron-hole pair which is thereby separated, the electron then drifts to the 

MWCNT and becomes trapped in it allowing only the hole to drift to the opposite side. Once the 

hole leaves the material, in order to maintain charge neutrality, another hole is injected. This 

procedure repeats until the electron recombines, making holes the carriers that contribute to the 

photocurrent and leading to an increase in responsivity. The MWCNT also aid in exciton 
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dissociation at the P3HT:MWCNT interface, further preventing recombination from occurring at 

the interface which could cause a reduction in photocurrent. The electron trapping mechanism, 

along with the exciton dissociation centres from the MWCNT producing a photoconductive gain 

in the device. 

 

Figure 5-5: Responsivity measurement for a P3HT only device and a 33 wt. % MWCNT 

device. 
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Figure 5-6: Band diagram of P3HT:MWCNT photoconductor. 
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CHAPTER 6  

HYBRID DEVICES 

6.1 Hybrid Devices 

As previously mentioned, the optical properties of a P3HT active layer are enhanced with the 

addition of MWCNT into the active layer. To study the transport properties of the 

P3HT:MWCNT bulk heterostruture, a pn-junction diode was fabricated which allowed for 

analysis of electrical characteristics of the device. Pn-junction devices were fabricated on n-

Silicon substrates to study the effect that the addition of MWCNT would have on the transport 

properties of the active film.  

6.1.1 Fabrication 

The hybrid pn-junction device was fabricated using the same methodology discussed in 

Section 5.1.1 to prepare the solution. As the devices for optical characterization, the solution was 

sonicated for 10 minutes at room temperature. This was followed by placing the solution in a 

centrifuge for 10 minutes at 2000 RPM.  After this, the solution is spin coated onto the desired 

substrate. To form a pn-junction, the polymer was deposited on an n-type Silicon substrate. After 

spin coating, the sample was placed under vacuum for four hours to dry. This process achieved 

an active layer of approximately 566 nm as formed by SEM shown in Figure 6-1. Electrical 

contacts were made using GaIn eutectic on the active layer and on the Si substrate to properly 

probe them for characterization. 
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Figure 6-1: SEM image showing the thickness of the pn-junction. 

6.1.2 Results and Discussion 

Current-Voltage measurements were obtained for the hybrid pn-junction device by applying 

bias across it and using the P3HT as the anode and the Si substrate as the cathode and measuring 

the current (Figure 6-2 inset). The device measurements were taken as follows: one measurement 

from zero to positive voltage, and a second measurement from zero to negative voltage. The 

resulting IV curve is shown in Figure 6-2 and it shows that with the addition of 17 wt.% 

MWCNT into the polymer matrix the forward current of the device has dropped drastically by a 

factor of twenty-seven times.  The current in the negative voltage range shows an increase in 

magnitude with the addition of MWCNT.  
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Figure 6-2: IV characteristic of hybrid pn-junction device with and without MWCNT. 

An equivalent circuit, based on a model by Pallares et al.[37], is shown in Figure 6-3 in 

which VA is the applied voltage across the device, VD is the voltage drop across the diode, and VB 

is the voltage drop in the bulk. Therefore 

 𝑉𝐴 = 𝑉𝐵 + 𝑉𝐷  ( 6-1) 

The equivalent circuit includes a series resistance RS to account for ohmic contact losses, a 

shunt resistance RSH for leakage currents, and a space-charge-limited current mechanism (SCLC) 

to describe the current in the higher voltage range. The SCLC is a nonlinear current-voltage 

relationship which is described by the relationship I = kVm, in which k relates to film thickness, 

trap distribution and conductivity, and m relates to the density of states of the transport path [38]. 
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If m=2 then it describes an SCLC with no available states (or occupied states), and if m>2 then it 

is describing an SCLC with available states. 

 

Figure 6-3: Equivalent circuit for the pn-junction device. 

Prior to electrical characterization, GaIn eutectic was applied to the active layer/Si samples in 

order to properly probe them. Electrical characterization was performed on two samples: a P3HT 

only sample, and a P3HT sample with 17 wt.% of MWCNT. The current for these devices was 

collected under a bias from -1 V to 1 V. Using the equivalent circuit shown in Figure 6-3 the IV-

curves were fitted. For VA < 0.08 V, the RSH was determined to be the dominant term, therefore in 

that voltage range the current was fitted as: 

 
𝐼𝐷  =  

𝑉𝐴

𝑅𝑆𝐻
   ( 6-2) 

where ID is the total current entering the circuit. The voltage range of 0.08 V < VA < 0.73 V 

(1.0 V for the 17 wt.% MWCNT) possesses a current relationship which can be fitted with the 

following: 

 𝐼𝐷  =  𝐼𝑆 [exp (
𝑞

𝑛𝑘𝐵𝑇
(𝑉𝐴 −  𝐼𝐷𝑅𝑆)) − 1] ( 6-3) 

where IS is the saturation current, q is the elementary charge, n is the ideality factor, kB is the 

Boltzmann constant, and T is the temperature. For voltages greater than 0.73 V, the current was 

fitted using the SCLC as the dominant term leading to an equation of 
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 𝐼𝐷  =  𝑘𝑉𝑚 ( 6-4) 

The barrier height ϕB between the inorganic Si substrate and the organic active layer was 

calculated using the relationship of the saturation current IS: 

 
𝐼𝑠 = 𝐴𝐶𝐴∗𝑇2 exp (−

𝑞𝜙𝐵

𝑘𝐵𝑇
) ( 6-5) 

where AC is the contact area, and A* is the Richardson constant, which is 1.92 X 10-6 A m-2 K-

2. The incorporation of MWCNT into the P3HT matrix has reduced the current by a factor of 29. 

A reduced dark current is imperative for a photoconductor since it helps produce a high signal-

to-noise ratio [39]. The data were fitted using Equations 6-2 to 6-4 and are shown in Figure 6-4. 

The extracted parameters RS, RSH, m, ϕB and n are listed in Table 6-1. In the low voltage region, 

the current is dominated by RSH, which lowers with the addition of MWCNT, indicating that the 

addition of MWCNT increases leakage across the junction and reduces defects in the film [40]. 

The barrier height ϕB reduces from 0.8443 V to 0.8338 V further confirming an increase in 

leakage across the junction. The barrier height found is consistent with the typical barrier heights 

found in the literature which are 0.82 eV to 0.96 eV for P3HT/n-Si [2, 41], 1.1 eV for 

P3HT/6H/SiC [42], and 0.77 eV for P3HT:PCBM/n-Si [43]. In the medium voltage region, the 

current is dominated by a diode and a series resistance RS which increased with the addition of 

MWCNT from 8.6 kΩ to 240 kΩ. In the same region, the diode was fitted and an ideality factor 

of 2.81 and 3.18 was found for P3HT and P3HT:MWCNT respectively. The increase in ideality 

factor is an indication of carrier traps in the film meaning that the MWCNT are generating 

carrier traps which is why the forward current is lower with MWCNT. At a higher voltage, the 

current is dominated by the SCLC mechanism from which a value for parameter m of 4.1 is 

obtained for P3HT. The P3HT:MWCNT film however does not exhibit properties of an SCLC 
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element as the curve in the forward region is fitted by a diode in series with resistance RS. 

Therefore in P3HT the conduction is helped by the space charge with states in the film allowing 

holes to be transported. The addition of MWCNT into the P3HT polymer matrix deactivates the 

SCLC element, meaning the MWCNT reduced the available states for charges to hop into while 

under a voltage bias. 

 

Figure 6-4: Current comparison and fitting of (a) P3HT only and (b) P3HT:MWCNT device. 

Sample RS (kΩ) RSH (MΩ) m ϕB (V) n 

P3HT 8.6 15 4.1 0.8443 2.81 

17 wt.% 240 4.6 N/A 0.8338 3.18 

Table 6-1: Extracted parameters from IV fitting. 
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CHAPTER 7  

CONCLUSION AND FUTURE WORK 

7.1 Conclusion 

Three types of semiconducting structures have been discussed: inorganic, organic and 

organic/inorganic hybrid structures. The inorganic devices examined were AlGaN/GaN and 

AlInN/GaN HEMT heterostructures. The fabrication of the HEMT structures and the electrical 

characterization have been demonstrated and discussed. These HEMT devices were processed in 

a clean room environment in which photolithography was used for the patterning of the 

structures including the mesa, the source and the drain, the gate, and the contact pads for 

electrical characterization. Ion milling was used for defining and isolating the active area of 

several devices on a single wafer. E-beam deposition was used for metallization of the source 

and drain, the gate, and the contact pads. The AlGaN/GaN and AlInN/GaN HEMT were 

characterized through a series of IV measurements. The IV measurements conducted involved a 

measurement of the output characteristic across the source and the drain with different gate bias, 

a transconductance measurement by taking the derivative of the drain current at a constant drain-

source voltage as the gate-source bias was varied, and a gate leakage current measurement by 

varying the gate-source voltage and measuring the gate current. A comparative study was 

performed between the AlGaN/GaN and AlInN/GaN HEMT heterostructures. The AlInN/GaN 

HEMT device exhibited a higher output saturation current which was attributed to its higher 

sheet-carrier density in the channel which leads to inducing a higher electric field in the gate-



 

61 

 

drain area. The transconductance was also attributed to the higher sheet-carrier density as well as 

a decrease in the source resistance. The gate leakage did not change across device under forward 

bias, but under reverse bias the AlInN/GaN HEMT device had a lower current attributed to a 

higher concentration of bound charges at the heterointerface which produces a higher electric 

field across the barrier.  

An organic photoconductor was fabricated and analyzed with an active layer composed of 

P3HT:MWCNT. Optical characterization of the active layer included PL and UV-VIS 

absorption. Electrical characterization was also performed in the form of responsivity. With the 

addition of MWCNT into the P3HT polymer matrix an increase in responsivity as much as 20 

times was observed, along with a higher carrier lifetime. The MWCNT acted as electron traps in 

the P3HT polymer matrix, therefore allowing more holes to contribute to the photocurrent until 

the trapped electron recombined or reached the anode. With the same active layer of 

P3HT:MWCNT, a pn-junction device was fabricated on n-type Si and analyzed. The pn-junction 

device was characterized by IV measurements. An equivalent circuit was designed and used to 

fit to the electrical measurements of the pn-junction device. It was found that the addition of 

MWCNT into the polymer matrix decreases shunt resistance and decreases the barrier height 

meaning that more leakage occurs, increased ideality factor which implies the introduction of 

traps into the structure, and suppresses SCLC states and allowing conduction only to occur as a 

diode and a series resistance.  

7.2 Future Work 

For both HEMT structures, gate patterning was a real challenge in which constant exposure 

to resist and strain from the procedure have limited the characteristics of the transistors. Further 

work needs to be done to streamline the process of gate definition in order to process better 
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quality HEMT structures. The organic photoconductor can be further analyzed by using different 

levels of high concentrations of MWCNT into the polymer as well as time response 

measurements. Different concentrations of MWCNT can also be used for the hybrid pn-junction 

device. Another alternative for both optoelectronic devices is to dope the P3HT with something 

in addition to MWCNT such as quantum dots or nanoparticles which can help broaden the 

absorption range. 
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