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Abstract 

Investigating semiconductor materials and devices at the nanoscale has become crucial in 

order to maintain the exponential development in today’s technology. There is a critical need for 

making devices lower in power consumption and smaller in size. Nanoscale semiconductor 

materials provide a powerful platform for optoelectronic device engineers. They own interesting 

properties which include enhanced photoconductivity and size-tunable interband transitions. 

In this research, different types of nanostructures were investigated for optoelectronic 

devices: nanocrystals, nanowires, and thin-films. First, lead selenide nanocrystals with narrow 

bandgap were synthesized, size-tailored, and functionalized with molecular ligands for the 

application of uncooled near-infrared photodetectors. The devices showed strong room-

temperature responsivity that is covering the entire near-infrared spectral region. In the second 

investigation self-powered devices based on asymmetric Schottky contacts were designed and 

fabricated to efficiently detect near-infrared radiations without external biasing. The dimensions 

and the type of the metal contacts were optimized in order to improve on the device 

performance. Then silicon nanowires were integrated with the asymmetric contacts to further 

enhance the performance of the self-powered detectors by increasing the light absorption. Third, 

an array of gold thin-films was designed to enhance the photocurrent in the near-infrared through 

the internal photoemission of hot electrons. The photocurrent enhancement was studied as 

function of thickness and type of the metal thin-film.  

Overall, those investigations provided important design considerations for future 

optoelectronic devices based on nanostructures. Moreover, the implementation of nanostructures 

with the devices showed superior performance as compared to the bulk.  
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I. Introduction 

The electromagnetic spectrum in the optical regime can be divided into three main 

spectral regions: ultra-violet, visible, and near-infrared. The wavelength range of each spectral 

region is shown in figure 1.1. Several optoelectronic devices were designed to operate in the 

near-infrared including: solar cells, light emitting diodes, and photodetectors [1]–[3]. Detection 

of near-infrared light is essential for variety of applications ranging from remote sensing to non-

invasive biomedical diagnostics [4]–[6]. Furthermore, near-infrared detection has expanded to 

cover sensitive military applications like: night vision, target acquisition, and surveillance [7]–

[9]. This has urged researchers to find new materials for devices capable of efficiently detecting 

wider spectral range in the near-infrared region.  

Optical fiber communication is considered as the most important application that operates 

at wavelengths of 1.3 and 1.55 µm, where the fiber dispersion is minimized. Another application 

based on near-infrared is optocouplers that are used for noise isolation and transmission of data 

through harsh environment. In addition to biomedical imaging that utilizes near-infrared 

detection for neuroscience research and cognitive studying. Near-infrared detection is also used 

for thermal efficiency analysis, optical switches, and microwave photonics. 

 

Figure 1.1 Electromagnetic spectrum in the optical region. 

Ultra-violet                   Visible                                      Near-Infrared 

  175 nm          350 nm                                        780 nm                                      2.5 μm              
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In the past years, the research on the investigation of semiconductor nanomaterials has 

gained a considerable attention [10]–[12]. Several nanostructures based on materials belonging 

to groups IV and III-V were studied to extract their optical, structural, and electrical 

characteristics [13], [14]. However, the incorporation of those nanomaterials with various 

optoelectronic devices is still not fully developed and requires further investigation.  

  Semiconductor nanomaterials, especially nanocrystals and nanowires, were widely 

investigated for future optoelectronic devices for their superior optical and electrical properties 

as compared to the bulk [15]. Examples on the optical properties of nanomaterials are: quantum 

confinement, bandgap tuning, antireflection property, and high optical absorption coefficient 

[16]–[18]. These properties are extremely useful for optoelectronic devices and could be 

exploited to improve on the performance of devices [19], [20]. The interband transitions between 

the conduction and valence bands within the confined band structure of the nanocrystals can be 

used in detecting a specific region within the near-infrared and  to control the wavelength of 

emitted photons in light emitting diodes [21], [22]. Additionally, the antireflection property 

exhibited in nanowires can be used to enhance the light absorption and improve on the light-

matter interaction in nanoscale devices [23], [24].  

Chapter 1 is an introductory to the nanomaterials and their implementation in near-

infrared detectors. This chapter discusses the optical and electrical properties of the 

nanomaterials used in this research. Furthermore, the chapter deals with the physics behind near-

infrared photodetectors, Schottky junctions, and internal photoemission phenomena. 

Chapter 2 is dedicated to discuss the approaches used in: synthesis of nanocrystals, ligand 

exchange, growth of nanowires, and the fabrication of devices. The fabrication techniques that 
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were used in this research are wet and dry etching, optical photolithography, and metal thin-film 

deposition.  

Chapter 3 will discuss the techniques used to extract the optical and electrical 

characteristics of the grown nanomaterials and the fabricated devices. The optical properties 

were measured by using optical absorbance, photoluminescence, external quantum efficiency, 

and spectral response. The electrical properties of the devices were extracted by measuring the 

current-voltage characteristics under both dark and illumination conditions.  

Chapter 4 presents and discusses the main outcomes of the research conducted to 

investigate the effect of nanostructures for optoelectronic devices. This chapter is divided into 

four main parts: PbSe nanocrystals and their application for photodetectors, self-powered near-

infrared photodetectors, Si nanowires for enhancing the performance of near-infrared 

photodetectors, and hot electrons injection across Au thin-films. 

Finally, in chapter 5 the research projects are summarized and concluded along with 

suggested future work. 

A. Nanocrystals 

Overview 

Nanocrystals, also known as colloidal quantum dots, are useful for wide range of 

optoelectronic devices for their interesting optical and electrical properties. The bandgap of the 

nanocrystals can be easily controlled by varying the size of the nanocrystals [18]. This feature 

can be used to tune the spectral response of devices between the visible and infrared spectral 

regions depending on the applications [25]. Furthermore, the nanocrystals can be grown at low 
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temperatures and processed while suspended inside a solution [26]. This allows for the formation 

of thin-films of nanocrystals using non-vacuum deposition techniques like: drop cast, dip 

coating, and spin coating.  

Nanocrystals are usually grown using colloidal growth, which involves mixing the 

precursors together and heating them at high temperature (150-300 
o
C) under inert gas 

atmosphere for a specific period of time [27]. The size of the grown nanocrystals depends on the 

growth temperature and the reaction time [21]. Usually longer reaction time will result in larger 

size of the nanocrystals. After the synthesis process, purifying the synthesized nanocrystals is 

essential to remove the reaction byproducts, unreacted components, and poorly capped 

nanocrystals. Finally the synthesized nanocrystals are dispersed inside a non-polar solvent for 

future processing and device fabrication. Nanocrystals grown by chemical routes are inherently 

n-type semiconductor.  

Inorganic semiconductor nanocrystals are formed from binary, ternary, and quaternary 

elements belonging to several groups, like III-V and II-IV. For example, nanocrystals based on 

CdSe were investigated to control their size and shape [28]. Furthermore, optoelectronic devices 

based on binary compound nanocrystals were fabricated and characterized for photovoltaic 

applications, light emission, and photodetection [21], [29]. Nanocrystals can be capped with 

shells to improve on the photoluminescence and the emission of light, such as CdSe–ZnS core–

shell, which is useful for light emitting diodes [30].  

Nanocrystals based on ternary compound, such as CuInSe2, were investigated to replace 

the heavy metals, like lead and cadmium, and to be implemented in light harvesting applications 

for their high optical absorption coefficient [31]. Perovskite nanocrystal made from four 
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elements is another immerging discipline that caught the attention recently for the interesting 

optical properties. This includes high luminescence quantum yield and sharp and tunable 

emission peak [32].  

PbSe nanocrystals 

Narrow-bandgap nanocrystals hold great potential for detecting the low energy part of the 

near-infrared spectral region (0.6-0.9 eV). And therefore can be used as a possible candidate in 

replacing the quantum wells for room-temperature near-infrared detection. Especially they are 

capable of detecting normal incident light and exhibit low dark current at room-temperature [33]. 

This feature enables photodetectors based on narrow-bandgap nanocrystals to operate without 

cooling down to cryogenic temperatures (77 K) in an attempt to reduce the thermal generation of 

carries and consequently lower down the dark current [34]. 

Several narrow-bandgap nanocrystals were investigated for uncooled near-infrared 

detection including: PbS and HgTe [35], [36]. Among them is PbSe nanocrystals which possess 

interesting optical and electrical characteristics and therefore were implemented in various 

optoelectronic devices such as phototransistors, optical switches, and solar cells [37]–[39]. Lead 

selenide nanocrystals exhibit large Bohr exciton radius of 46 nm, which will allow in achieving 

extremely strong quantum confinement regime [40]. Size-tunable interband transition is another 

interesting property of PbSe nanocrystals that enables detecting wavelengths between 1 to 4 µm 

[41]. In addition, PbSe is a direct bandgap material with bandgap of 0.26 eV in bulk [42]. 

Furthermore, multiple exciton generation in PbSe nanocrystals can help in achieving high power 

conversion efficiency for photovoltaic applications [38]. All of these optical and electrical 
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characteristics have made PbSe nanocrystals an interesting material for various optoelectronic 

devices that can be primarily used in near-infrared detection.  

Several synthetic routes were proposed to grow high quality PbSe nanocrystals. Hot 

injection is one of the famous techniques in synthesizing PbSe nanocrystals [40]. It is based on 

the reaction between selenium stock solution and lead organic precursor at high temperature for a 

specific period of time. The selenium solution is prepared separately and it is injected into the 

lead precursor at temperature of 140 
o
C. Once the selenium is injected, nucleation occurs and 

continues to evolve into spherical PbSe nanocrystals that are capped with organic ligands. After 

the injection, the PbSe nanocrystals are allowed to grow between 20 seconds to four minutes. 

Further increase in the reaction time (>4 minutes) can result in the aggregations of the 

nanocrystals and will produce larger size with different shapes of nanocrystals like: square and 

star. The size of the synthesized PbSe nanocrystals can vary between 3 to 10 nm for reaction 

times less than 40 seconds. It is noted that larger size of PbSe nanocrystals will cause further 

narrowing in the bandgap and thus enables photodetectors to detect photons with lower energy. 

However, this will result in a significant increase in the dark current and will reduce the 

detectivity and the spectral response of the devices.  

Ligand Exchange 

Nanocrystals grown using colloidal growth are capped with long organic ligands, such as 

oleic acid, which are made from long hydro-carbon chain. Those long organic ligands are 

extremely important to control the nucleation and the growth of the nanocrystals during the 

synthesis process [43]. Additionally, the ligands provide a chemical passivation for the 

nanocrystals, which is important to prevent aggregation and consequently the ability to 
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uniformly disperse the nanocrystals inside solvents. Therefore, the ligands enable nanocrystals to 

be dispersed inside a solution and thus creating thin-films of nanocrystals using spin or dip 

coating.  

On the other hand, the ligands negatively impact the transport of carries between 

nanocrystals and consequently reduce the carrier mobility in the formed thin-films [44]. This is 

due to the fact that the ligands surrounding the nanocrystals are insulators and they prevent the 

photo-excited carriers from transportation between the nanocrystals under the influence of 

applied electric field. As a result, the long organic ligands should be exchanged with shorter and 

more conducting ones to enable the photo-excited carriers from tunneling between the 

nanocrystals [45]. The ligand exchange process is depicted in figure 1.2, and it shows how the 

long ligands are exchanged with shorter ligands that will reduce the spatial separation between 

adjacent nanocrystals. 

 

 

Figure 1.2 Ligand exchange process in nanocrystals grown using colloidal growth. 

Example on the importance of ligand exchange on the performance of devices is CdSe 

nanocrystals [21], which are typically capped with oleic acid, an extremely long organic ligands 

consisting of 18 carbon atoms. Therefore the original ligands need to be exchanged with more 

Nanocrystals capped with 

original long ligands               

Nanocrystals capped with 

new shorter ligands               

Ligand 

 

Exchange               
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conducting ligands. For this purpose, the oleic acid was replaced with pyridine, which resulted in 

a significant improvement on the spectral response of the device with a photocurrent to dark 

current ratio of 10
5
.  The new ligands (pyridine) allowed the photo-excited carriers in the 

nanocrystals to circulate between the electrodes of the device and generate high photocurrent as 

compared to the dark current.  

Quantum Confinement 

 Quantum confinement in nanocrystals results from the zero degree of freedom in the 

quantum dot nanostructure, similar to the situation of an electron trapped inside a box [46]. In 

such system, the electrons are treated as waves and allowed to exist in discretized energy levels, 

also called energy states. The wavelength (λ) associated with electrons can be found by using the 

de-Broglie relation, which is expressed as the following:  

 
p

h

k





2
                                                              (1.1) 

where k is the wave number (cm
-1

), h is the Planck’s constant, and p is the momentum. The 

momentum depends on the kinetic energy (E) and can be found by *)2/(2 mpE  , where m* is 

the effective mass of electrons. In nanoscale systems, the wavelengths associated with electrons 

cannot be neglected and are on the same order of the diameter of the nanocrystals. According to 

this, the wave properties of photons can be applied to electrons. The electrons are expressed by 

wave functions, ψ(r,t), that can be found by solving a set of Schrodinger equations. The square of 

the electron wave function, |ψ(r,t)|
2
= ψ(r,t) ψ*(r,t), will give the probability of finding electrons 

at a certain point in time and space. 
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 By solving Schrodinger equations for a confined system, such as nanocrystals, it will be 

found that electrons are allowed to stay in discrete energy states in both the conduction and 

valence bands, as shown in figure 1.3. Electrons can undergo transitions between energy states in 

the valence band to another energy states in the conduction band, which is called interband 

transition. Also electrons can do transitions between bound-to-bound or bound-to-continuum 

energy states within the conduction band, which is called intersubband transitions [46]. The 

bound-to-continuum intersubband transitions are important for devices, since the electron will 

become free and no more bound to the atom. According to this model, the effective bandgap is 

defined as the separation between the lowest energy state in the valence band and the lowest 

energy state in the conduction band. The effective bandgap (Eg*) is labeled in figure 1.3. 

 

Figure 1.3 Sketch of the band structure of nanocrystals. 

Valence band 

Conduction 

band 

E
g
* 

Interband  

transition 

Bound-bound Bound-continuum 

Continuum level 



10 
 

Optical Properties 

 The optical properties of the nanocrystals greatly depend on their sizes. When the 

diameter of the nanocrystals is reduced, the energy separation between the discretized energy 

states becomes larger and fewer electronic transitions are obtained. This will result in increasing 

the bandgap. The effective bandgap (Eg*) of the nanocrystals can be found using [46]: 

2

22
2

gg
*2

*
dm

xEE


                                                   (1.2) 

where Eg is the bandgap in bulk,   is the reduced Planck’s constant, x is the reduced photon 

energy, m* is the reduced effective mass, and d is the diameter of nanocrystals. According to 

equation 1.2, the effective bandgap of the nanocrystals is larger than the bulk bandgap and 

inversely proportional to square of the diameter of the nanocrystals. This means that a larger size 

of nanocrystals will shift the onset of the absorption spectrum into longer wavelength (less 

energy). To convert between energy (eV) into wavelength (nm) the relation λ=1240/E is used. 

Another important factor that determines the optical property of the nanomaterials is the 

oscillator strength, which is the probability of obtaining an electronic transition between energy 

states [46]. Usually in nanocrystals, the oscillator strength associated with the interband 

transition between ground state in the valence band to ground state in the conduction band is the 

highest. This will result in stronger excitonic absorption of photons with energy equal to the 

effective bandgap of the nanocrystals. 

 The inverse of the absorption is called photoluminescence (PL). It is a radiative process 

and occurs after the electrons are excited into the conduction band by the absorption of photons 

with sufficient energy, E ≥ Eg*. In this process, when the electrons relax back from the 
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conduction band into the valence band, the energy is released as photons with wavelength of

Ech /. , where c is the speed of the light. It is noted that not all of the absorbed energy are 

emitted as photons; some of the energy is lost as vibrations to the atoms. This means that part of 

the energy is released in the form of generated phonons. As a result, the PL spectrum is shifted 

into lower energy (red shift) as compared to the absorption spectrum, which is called Stokes shift 

[46]. The typical optical absorbance and PL spectra of PbSe nanocrystals are plotted together in 

figure 1.4. This shows how the PL spectrum exhibits a red shift as compared to the absorbance 

due to the Stokes shift.  
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Figure 1.4 Absorbance and PL spectra of PbSe nanocrystals showing the Stokes shift. 

B. Nanowires 

 Nanowires exhibit one degree of freedom unlike the nanocrystals, which means that the 

charges are confined in two directions. Nanowires can be fabricated with diameters ranging 
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between 50 to 500 nm and using different materials, such as, ZnO, TiO2, and GaAs [47]–[49]. 

Many approaches were proposed to grow the nanowires like: sol-gel, vapor-liquid-solid, and top-

down etching [50], [51]. Nanowires are used in variety of applications, like gate-all-around 

transistors, biosensors, antireflection coatings, and hydrophobic surfaces. For example, the 

nanowires can increase the aspect ratio of the active area of biosensors and therefore can increase 

the sensitivity of the device.  

 Silicon nanowires were implemented in optoelectronic devices for the interesting optical 

and electrical properties [52]–[55]. This includes enhanced light-matter interaction, quantum 

confinement, antireflection property, and efficient charge collection [56]–[58]. Silicon nanowires 

can be grown by using different top-down etching approaches based on metal-assisted wet 

etching, like electroless etching and nanosphere lithography [59]. In these methods, the surface 

of Si is coated with noble metals like silver or gold, which will catalyze etching the surface of Si 

in a faster rate as compared to uncovered areas [60]. Figure 1.5 is a top scanning electron 

microscopy (SEM) image showing Si nanowires grown by metal-assisted wet etching.  

It is very important to control the dimensions of the Si nanowires, since the optical 

properties depend on the diameter and length of the nanowires. The spectral absorption can be 

tuned by changing the diameter of the Si nanowires [61]. In addition, the reflection from the 

surface depends on the length of the nanowires and decreases with longer ones [62]. Controlling 

the diameter of the nanowires is difficult using electroless etching. Therefore the other technique, 

nanospehere lithography, can be used to precisely control the diameter of the nanowires [63]. 

However, nanosphere lithography is more complex since it requires reactive ion etching. Both 

metal-assisted wet etching techniques were used in this research to grow vertically-aligned Si 

nanowires. 
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Figure 1.5 Top SEM image of Si nanowires grown using metal-assisted wet etching. 

C. Device Physics 

Basics of Photoconductivity 

 A photoconductive material is made from a semiconductor that is capable of absorbing 

light with energy higher than the bandgap. The semiconductor material should have low intrinsic 

carrier concentration to reduce the amount of dark current (current without illumination). The 

basic concept of a photodetector made from a semiconductor slab and two electrodes biased at 

Vbias is shown in figure 1.6. Under incident radiation with sufficient energy, the semiconductor 

will absorb the incident photons and photo-excited carriers are generated, this will increase the 

total carrier concentration in the semiconductor.  

If electric field is applied between the electrodes, the photo-excited carriers will circulate 

between the electrodes and generate a photocurrent as an output signal. The photocurrent (Iphoto) 

can be expressed using the drift current equation:  

)/)(( biasphoto dVpnqltEAI pn                                       (1.3) 

1 µm 
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Figure 1.6 Generation of photo-excited carriers and the drift mechanism in photodetectors. 

where σ is the conductivity, q is the electron charge, A is the cross section area of the electrodes 

and it is equal to l x t, µn and µp are the mobility of electrons and holes, respectively, Δn and Δp 

are the photo-excited carrier concentrations, and Ε is the applied electric field given by Vbias/d.  

The active area of the photodetector where light is absorbed is equal to l x d. Since the 

semiconductor material is intrinsic, the photo-excited carrier concentration is larger than the 

intrinsic carrier concentration (Δn >> no). The photo-excited carrier concentration can be 

expressed using: Δn = Goτ, where Go is photo-excited carrier generation rate and τ is the decay 

time constant of the carriers. The increase and decrease in the photo-excited carrier concentration 

under on/off light cycle is plotted in figure 1.7. When the light is switched off, Δn decreases 

exponentially with time. The value of Go can be found using:  




hvA

cn
G

2
o                                                            (1.4) 

e’ 

l 

d w 

t 

V
bias

 I
photo

 

Incident radiation hw ≥ E
g
 



15 
 

where c is the speed of light, n is the refractive index of semiconductor, ε is the permittivity of 

the semiconductor, v is the frequency of incident light,  and ϕ is the sum of the square of local 

electric field. Increase in the device active area will increase ϕ and more light will be absorbed.  

 

Figure 1.7 Plot of the phot-excited carrier concentration as function of time under on/off light 

cycle. 

Another important factor in photodetectors is the photoconductive gain (G), which is 

defined as the number of circulated carriers per incident photons. It is given by the following 

equation: 

)/( bias
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tr Vd
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                                                      (1.5) 

where τtr is the carrier transit time. As indicated from equation 1.5, the photoconductive gain can 

also be defined as the ratio between the recombination time and the carrier transit time. The 

carrier transit time is the time required for the photo-excited carriers to exist in the 

semiconductor before they are lost in recombination; the smaller τtr is the higher G. The carrier 

transit time depends on the electrode spacing, d, and the bias voltage, Vbias, and can be reduced 

by reducing the electrode spacing or increasing the bias voltage. Also increasing the mobility of 

carriers will help in achieving higher values of photoconductive gain.  
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Schottky Junctions 

 When a metal is in contact with the semiconductor, a Schottky junction is formed at the 

interface between the metal and the semiconductor. The Schottky barrier height (ϕB=qVB) 

depends on the difference between the work function of the metal (ϕm) and the electron affinity 

of the semiconductor (χs). The barrier height energy is given by qVB = ϕm- χs and the built-in 

potential energy is given by qVbi= ϕm- ϕs, where ϕs is the semiconductor work function. Figure 

1.8 shows the formation of Schottky barrier at the interface between metal and n-type 

semiconductor. The width of the depletion region (W) can be found using the following equation:  

5.0

d

)
2

(
qN

V
W bi

                                                           (1.6) 

where Nd is the donor carrier concentration. It is noted that if the width of the depletion region is 

small enough, electrons can directly tunnel through the barrier between metal and 

semiconductor. Furthermore, by applying a positive bias voltage to the metal, the width of the 

depletion region reduces and current will flow through the forward biased junction. List of 

different metal work functions and electron affinities of semiconductors is shown in table 1.1. 

 

Figure 1.8 Formation of Schottky junction between metal and n-type semiconductor. 
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Table 1.1 List of metal work function (ϕm) and electron affinity of semiconductors (χs) [46]. 

Metal ϕm (eV) Semiconductor χs (eV) 

Au 5.10 Si 4.01 

Ti 4.33 GaAs 4.07 

Ag 4.26 Ge 4.13 

Ni 5.15 --- --- 

Al 4.28 --- --- 

Cr 4.50 --- --- 

W 5.55 --- --- 

 

 The current density (J) of the Schottky barrier device during forward bias can be 

expressed using:  

)1(
/
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qTk
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eJJ                                                      (1.7) 

where VF is the forward bias voltage, kB is the Boltzmann constant, T is the absolute temperature 

in kelvin, and Js is the reverse saturation current density and given by: 
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                                                        (1.8) 

where A* is the effective Richardson constant and depends on the effective mass (m*) of 

electrons. The effective mass depends on the curvature of the E-k band diagram (m* α
-1

 d
2
E/dk

2
). 

For carriers in GaAs, the effective mass is less than that for Si and therefore GaAs has higher 

mobility than Si. From equation 1.8, the reduction in the built-in potential will cause an increase 
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in the reverse saturation current of the device. Also an increase in temperature will increase the 

reverse saturation current, which is referred to thermionic emission of carriers above the 

Schottky barrier potential. 

Metal-semiconductor-metal Photodetectors 

 Various structural configurations of devices were fabricated by using p-n heterojunction 

and Schottky/ohmic contacts with vertical sandwich-like geometry and planar electrodes [64], 

[65]. Heterojunctions formed between two layers of different semiconductors were investigated 

for efficient optoelectronic conversion and collection of photo-excited carriers. On the other 

hand, metal-semiconductor-metal structure (MSM) can be considered for optoelectronic devices 

for its simplicity in fabrication and the ability to achieve high photoconductive gain [8]. Metal-

insulator-semiconductor is another simple structure that was implemented for efficient near-

infrared light harvesting [66]. The device is based on ITO/SiO2/Si nanowires interfaces. This 

requires the tunneling of photo-excited carriers through the SiO2 layer in order to reach the metal 

contact (ITO). Furthermore, plasmonic waves were harnessed to enhance the near-infrared 

detection in metallic structures at the nanometer scale [67]. The surface plasmons generated in 

the metal will decay into energetic hot electrons that are injected into the semiconductor and 

consequently enhance the photocurrent.  

The simplest structure of MSM photodetectors consists of two planar metallic electrodes 

deposited on a semiconductor, such as semi-insulating GaAs or undoped Si. The MSM 

photodetector has two symmetrical back-to-back Schottky junctions. With this configuration, the 

device requires external biasing in order to drive the photo-excited carriers and enable them to 

circulate. Under biasing, one Schottky junction will be forward biased while the other junction is 
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reversed biased. An increase in the bias voltage will increase the output signal by increasing the 

electric field applied between the electrodes. 

 Photodetectors based on MSM structure were fabricated using different materials that 

enabled detection in the ultra-violet, visible, and near-infrared spectral regions [8], [68], [69]. 

Furthermore, planar and vertical structures were investigated for MSM photodetectors. For 

example, ZnO was used to fabricate vertical MSM photodetectors capable of detecting 

wavelengths in the ultra-violet spectral region [70]. Additionally, CdSe nanocrystals were 

implemented in planar MSM photodetector with Au interdigital electrodes to detect wavelengths 

up to 730 nm, which covers the entire visible spectral region [21]. Additionally, InGaAs multiple 

quantum dots were used in MSM near-infrared photodetectors that can detect wavelengths up to 

1µm [34].  

As mentioned previously, the typical MSM photodetector consists of two symmetrical 

back-to-back Schottky junctions which require external biasing as a driving source. To allow 

photodetectors to operate without external biasing, junctions must be implemented in devices. 

Since the junction will create built-in electric field that is required to separate the photo-excited 

carriers. Schottky junctions are among the common types used in photovoltaic devices for their 

implantation simplicity. By using two different metal electrodes as contacts to the 

semiconductor, operation at 0 V bias can be possible [71]. The asymmetric Schottky junctions 

will create band bending due to the difference in Schottky barrier heights, which will generate 

the required built-in electric field. 

Self-powered photodetectors are capable of detecting incident radiations at 0 V bias using 

internal photovoltaic effect and without consuming external power. This interesting feature will 
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make devices more reliable and will meet the demands of the energy-saving age. Self-powered 

devices operating in the ultra-violet region were fabricated using asymmetrical Schottky 

interdigital contacts [71]. However, these devices are based on wide bandgap materials like ZnO 

and therefore cannot detect visible and near-infrared radiations. The integration of asymmetrical 

interdigital electrodes with Si or GaAs will enable self-powered photodetectors to operate in the 

near-infrared region without biasing.  

The self-powered near-infrared photodetectors can be realized by designing asymmetrical 

Schottky interdigital electrodes and depositing them on undoped Si or semi-insulating GaAs 

substrates. The use of two different metals, such as Ti and Au, in contact with the Si substrate 

will create different Schottky barriers at the Au/Si and Ti/Si interfaces, as shown in figure 1.9. 

The Schottky barrier energies at the Au/Si and Ti/Si interfaces were calculated to be 1.09 eV and 

0.32 eV, respectively. This difference in the Schottky barrier energies will form band bending in 

Si similar to a regular p-n junction.  

 

Figure 1.9 Sketch of the energy band diagram of self-powered near-infrared photodetector with 

structure of Au-undoped Si-Ti. 
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Hot Electrons and Internal Photoemission 

 Metallic structures are used in optoelectronics devices like: photodetectors, solar cells, 

and light emitting diodes to enhance the device response and light-matter interaction [72], [73]. 

Metals are known for the high concentrations of free carriers that can become energetic by 

absorbing light and thus creating hot electrons. Hot electrons can also be excited by the 

plasmonic decay [74]. The hot electrons can be utilized in optoelectronic devices by the using 

Schottky contacts. The Schottky barrier energy (ϕB = ϕm - χs) formed at the interface between 

metal and semiconductor is used to detect photons with energy higher than the Schottky barrier 

energy,  ≥qVB. In which hot electrons are created in the metal and injected across the 

Schottky barrier into the semiconductor. This phenomenon is known as internal photoemission 

[75], and the mechanism is shown in figure 1.10. Internal photoemission will allow absorbing 

photons with energy lower than the bandgap of the semiconductor (Eg≥  ≥qVB). The Schottky 

junctions can be formed between metals and bulk semiconductor, like Si and GaAs, or two-

dimensional materials, like graphene and MoS2.   

 Optical nanoantennas and nano-scale metallic structures were used to enhance the near-

infrared detection of devices by generating hot electrons through the plasmonic decay [76]. 

However, the fabrication of those plasmonic structures is extremely difficult and requires 

nanoscale masking, which can be done by using electron-beam lithography and focused ion 

beam milling. The use of microscale metallic structures that can generate hot electrons will 

simplify the fabrication process since standard optical photolithography can be applied. 

Furthermore, it will enable absorbing more light as compared to the nanoscale structures and 

thus generating more hot electrons.  
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Figure 1.10 Internal photoemission mechanism in Schottky junctions. 

In this research, an array of Au thin-films with microscale dimensions was deposited on 

GaAs and used to generate hot electrons. The generated hot electrons enhanced the photocurrent 

and spectral response in the near-infrared region. The formation of hot electrons was proved by 

measuring the photocurrent map as will be seen later in chapter 4 section E. The effect of 

increasing the thickness of the Au thin-film on the photocurrent enhancement was studied. 

Furthermore, the effect of adding Ti adhesive layer between the Au thin-film and GaAs on 

damping the photocurrent enhancement was also investigated.  

D. Figures of Merits  

 Several figures of merits, like: responsivity, external quantum efficiency, and specific 

detectivity, are used in to measure the ability of photodetectors to detect light in an efficient 

manner. The key factor in obtaining high values of figures of merits is to achieve high signal-to-

noise ratio (SNR). For photodetectors, the dark current is considered as the main source of noise 

while the photocurrent is considered as the signal to be detected. To obtain high SNR, the dark 

current needs to be minimized. One of the approaches to reduce the dark current is to passivate 

the surface of the nanocrystals during the ligand exchange process with functional capping group 

to control their electrical properties [45]. On the other hand, the photocurrent could be enhanced 
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by increasing both the device active area to absorb more light and the applied electric field to 

achieve higher photoconductive gain. 

 Responsivity (R) is measured in the units of A/W and is defined as the ratio between the 

output photocurrent to the incident optical power. External quantum efficiency (EQE) is defined 

as the ratio between the collected electrons per incident photons. The EQE in percentage can be 

derived from R using the following equation: 



1240*
EQE

R
                                                            (1.9) 

where λ is the wavelength of incident light in the units of nm. Both R and EQE are function of 

wavelength. For the specific detectivity (D*), it can be calculated in the units of cm.Hz
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                                                             (1.10) 

where A is the effective active of the photodetector, Δf is the electric bandwidth, and Ns is the 

noise spectral density. The noise consists of Shot noise, Johnson noise, and Flicker noise. The 

Shot noise resulting from the dark current is considered as the dominant source of noise in near-

infrared photodetectors [77]. Since near-infrared detectors are based on narrow-bandgap 

materials with bandgap energy that is on the same order of the thermal energy (Eg ≈ kT/q). As a 

result, the thermally generated carries will increase the dark current and reduce the overall 

detectivity of the photodetectors. The spectral density of the shot noise can be found using Ns = 

(2q Idark Δf)
0.5

, where Idark  is the dark current of the device [77].   
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II. Nanomaterials Growth and Device Fabrication 

A. Introduction 

This chapter will present the methodology used in growing the nanomaterials and 

fabricating the optoelectronic devices. The PbSe nanocrystals were synthesized by colloidal 

growth and the vertically-aligned Si nanowires were grown by metal-assisted wet etching. On the 

other hand, the optoelectronic devices were fabricated inside class-100 cleanroom equipped with 

the facilities for photolithography, wet and dry etching, and thin-film deposition. 

This chapter is divided into three main sections: nanocrystals growth, nanowires growth, 

and device fabrication. Section B is the nanocrystals growth and will discuss the synthesis of 

PbSe nanocrystals and the ligand exchange procedure. Section C is the nanowires growth and 

discusses the two methods used in growing the vertically-aligned Si nanowires, which are 

electroless etching and nanosphere lithography. The last part in this chapter is section D: device 

fabrication and will discuss the main fabrication techniques, which are standard optical 

photolithography, etching, and metallization.  

B. Nanocrystals Growth 

Synthesis of PbSe Nanocrystals 

 The PbSe nanocrystals were synthesized by using hot injection technique, which involves 

mixing the precursors at high temperature under inert gas atmosphere. The growth reaction time 

will be varied depending on the desired diameter of the nanocrystals. Figure 2.1 shows a sketch 

of the synthesis setup which consists of a three-neck flask that contains the growth solution. A 

thermocouple is connected to a temperature controller and is used to sense the actual temperature 
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of the growth solution. The middle neck is connected to a Schlenk line condenser that supplies 

the N2 gas to the flask and the third neck is sealed with a robber stopper. The three-neck flask is 

placed on a heating mantle that heats the growth solution to the desired temperature. Also a 

magnetic stirrer is placed inside the growth solution to agitate and mix the solution. After the 

synthesis is completed, the growth solution is quenched by placing the three-neck flask inside a 

water bath. This is important to reduce the variation in the diameter of the grown nanocrystals. 

 

Figure 2.1 Sketch of the synthesis setup for growing the nanocrystals. 

 The synthesis procedure of PbSe nanocrystals was adopted from previous report with 

slight modifications to obtain nanomaterials with desired optical properties [44]. The 

modifications include: the amounts of the precursors, injection temperature, and the reaction 
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g) of selenium powder inside a mixture of 4 mL of n-trioctylphosphine (n-TOP) and 30 μL of 

diphenylphosphine. The diphenylphosphine was used to increase the yield of the nanocrystals. 

Then the selenium mixture was left overnight for stirring at temperature of 60 °C. Second, the 

lead precursor was prepared by dissolving 1 mmol (0.223 g) of lead oxide (PbO) in 1.052 mL of 
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oleic acid and 5.3 mL of 1-octadecene (ODE) inside 50 mL three-neck flask. The lead precursor 

was gradually heated to a temperature of 140 °C. Once the lead oxide was dissolved the color of 

the mixture becomes slight yellow. Afterwards, the selenium was rapidly injected into the three-

neck flask. This will result in changing the color of the reaction solution into dark brown. The 

nanocrystals were grown between 20 to 40 seconds after the injection. Finally, the synthesized 

nanocrystals were purified by adding acetone and centrifuging the mixture at speed of 6000 

rev/min for 10 min. The synthesis procedure is summarized in figure 2.2.  

 

Figure 2.2 Synthesis procedure of the PbSe nanocrystals. 
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Ligand Exchange Procedure: 

 After the nanocrystals were synthesized and purified, ligand exchange was performed on 

the synthesized nanocrystals to replace the original insulator ligands (oleic acid) with more 

conducting ligands. In this research, new ligands, such as, 1,2-ethanedithiol (EDT) and 

mercaptoacetic acid (MAA), were used to cap the synthesized PbSe nanocrystals. The effect of 

the new ligands on the electrical properties of the near-infrared photodetectors was investigated 

and the results will be presented in chapter 4, section B of this dissertation. 

 To cap the PbSe nanocrystals with the MAA ligands, the purified nanocrystals were 

dispersed in an excess solution amount of MAA and vigorously stirred inside glove box and 

under nitrogen gas atmosphere at temperature of 70 
o
C. The nanocrystals were left stirring inside 

the solution for two days to ensure maximum amount of the oleic acid was replaced with the 

MAA ligands. After the ligands exchange was performed, the PbSe nanocrystals are purified 

again with acetone and dried under vacuum overnight to evaporate the solutions. The final 

product of the nanocrystals was suspended in chloroform for future processing.  

 Ligand exchange with EDT can be performed by first spin coating the dispersed PbSe 

nanocrystals on a glass substrate [78]. The concentration of the dispersed PbSe nanocrystals is 55 

mg/ml and the spin coating speed is 3000 rev/min. After the suspension solution was evaporated, 

the substrate was dipped inside 0.1 M EDT diluted in acetonitrile for several minutes to replace 

the original insulating, which is oleic acid ligands, and to reduce the spacing between adjacent 

nanocrystals. The dip coating process can be repeated several times to ensure full exchange of 

the oleic acid. The dip coating was done by using a dip coater. It is noted that the EDT smell is 

irritating and therefore extra caution should be taken.     
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C. Nanowires Growth 

Metal-assisted Wet Etching 

 The metal-assisted wet etching is a top-down etching approach and is based on coating 

the surface of Si with noble metals, like Au and Ag, that will catalyze etching the surface of Si 

[59]. In this process, the area of Si that is covered with the metal will be etched in a faster rate as 

compared to other areas without noble metal coverage. Typically, the wet etchant consists of 

hydrofluoric (HF) acid and hydrogen peroxide (H2O2).  On the other hand, the use of less 

electronegative metal than Si, like chromium (Cr), will block this catalytic etching and therefore 

can be used as a hard mask to grow the nanowires in specific regions [79]. 

 In metal-assisted wet etching, the surface of Si underneath the metal catalyst has higher 

concentration of holes (h
+
)  [80]. This is because holes are injected either from the metal into the 

Si or electrons are transferred from the Si into the metal catalyst. As a result to the higher 

concentration of holes, oxidation and dissolution of Si will occur under the metals, as shown in 

figure 2.3. In other words, the metal will spare the Si with the holes necessary to complete the 

reaction inside the HF acid and Si will be lost as H2SiF6.  The movement of the metal catalyst 

over the surface of the Si will affect the morphology of the etched surface.  

 

Figure 2.3 Mechanism of metal-assisted wet etching of Si in HF acid. 
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Electroless Etching 

 Electroless etching approach is based on metal-assisted wet etching. It was widely used 

for growing vertically-aligned Si nanowires for its low cost and less complexity. The process of 

electroless etching is based on coating the surface of Si substrate with silver ions, Ag
+
 [81], [82]. 

And then etching the surface of Si by immersing it in an etchant containing HF acid and H2O2. 

The etching duration will determine the length of the grown nanowires. However controlling the 

diameters of the Si nanowires grown using this approach is difficult. From literature, the 

diameter of the nanowires grown using electroless etching can vary in the range between 50 to 

150 nm [82]. To have a precise control over the diameter of the nanowires, other techniques 

based on metal-assisted wet should be used like: anodic aluminum oxide and nanosphere 

lithography [63], [79]. Undoped Si substrate with resistivity > 6000 Ω.cm was used in the 

fabrication of the Si nanowires. The use of intrinsic Si is to lower the dark current of the devices 

that are based on the grown Si nanowires. 

The double polished undoped Si substrate was first cut into 1 x 1 cm samples. And then 

the samples were immersed in a mixture containing H2SO4(97%):H2O2(35%) with a volume ratio 

of 3:1 for 10 minutes at 100 
o
C to clean the surface contamination. Afterwards, the samples were 

dipped in a solution of 5% HF acid for three minutes to strip the native oxide layer. Then the 

cleaned Si samples were coated with Ag
+
 by placing it in a solution of 4.8 M of HF and 0.005 M 

of AgNO3 under stirring for one minute. Next, the coated samples were immersed in an etchant 

containing 4.8 M of HF and 0.4 M of H2O2 for 40 minutes to obtain nanowires with a length of 3 

µm. The remaining Ag particles were removed by using a diluted nitric acid HNO3. The 

procedure of growing Si nanowires using electroless etching is summarized in figure 2.4. 
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Figure 2.4 Growth of Si nanowires using electroless etching. 

Nanosphere Lithography  

 This method is used to grow vertically-aligned Si nanowires with controlled aspect ratio; 

diameter and length. It is based on coating the surface of Si with polystyrene nanospheres and 

then applying O2 plasma etching using reactive ion etching (RIE) [58], [66]. The O2 plasma is 

used to transform the close-packed nanospheres into none close-packed surface and to reduce the 

nanospheres diameter to the desired value which will determine the diameter of the Si nanowires. 

Afterwards, noble metal will be deposited on the patterned surface and metal-assisted wet 

etching will be performed to grow the Si nanowires. Finally, the residuals of the metal and the 

nanospheres will be removed. The nanosphere lithography procedure is summarized in figure 

2.5. 
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Figure 2.5 Growth of Si nanowires using nanosphere lithography. 
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ICP power 30 W, O2 flow rate 50 sccm, chamber pressure of 100 mTorr, and time 20-25 

minutes. The etching was performed by using Trion Minilock Phantom III ICP-RIE. 

 Once the none close-packed surface of the nanospheres is obtained, either Au or Ag with 

thickness of 15 and 40 nm, respectively was evaporated on the surface using electron-beam 

evaporator. Then the sample was wet etched using a solution containing 5 mL of 49% of HF 

acid, 1 ml of 30% H2O2, and 27 mL of H2O.  The wet etching time will determine length of the 

Si nanowires. Finally, the nanospheres residuals were removed by immersing the sample in 

toluene for 10 minutes and the metal residuals were etched by using boiling aqua regia for five 

minutes. The aqua regia was prepared by mixing 5 mL of 40% HCl with 1 mL of 70% of HNO3 

then boiling the mixture at temperature of 80 
o
C. Once the aqua regia starts boiling, its color will 

change into slight red. 

D. Device Fabrication 

Optical Photolithography 

In this research, patterning with photoresist was performed using standard optical 

photolithography procedures inside class-100 cleanroom. The photoresist was used as a mask for 

metallization or etching, which is necessary during the fabrication of devices. This requires 

designing a photomask with the desired shapes and dimensions of the patterns. The photomask 

was designed using AutoCAD software and then the design was sent to Advanced Reproduction 

Corporations for manufacturing. The designed photomask had two opposite tones: dark data-

clear field and clear data-dark field. The photomask is manufactured on a soda lime glass 

substrate with a thickness of 0.09 inch and chrome as the bottom coating. The size of the 

photomask is 4 x 4 inch. 
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The optical photolithography procedure was performed by first spin coating of 

photoresist on a substrate at speed of 7000 rev/min for one minute. Positive photoresist with type 

of A4330 was used in the fabrication of all devices in this work. Prior to the spin coating of the 

photoresist, the substrates were cleaned using acetone, methanol, isopropyl alcohol, and DI water 

and then dried with nitrogen purge. After a uniform photoresist film with thickness around 2 µm 

was formed on the substrate, the photoresist film was soft baked at temperature of 110 
o
C for 

three minutes to evaporate the solvent and adhere the photoresist to the substrate. Then the 

substrate was placed on the mask aligner and exposed at to UV light with intensity of 20 

mW/cm
2
 for five seconds using the designed photomask. Afterwards, the exposed part of the 

photoresist was developed by using AZ400K developer for 25 to 40 seconds. The developer was 

purchased from Integrated Micro Materials. The developer was diluted with DI water at a ratio of 

1:3 to reduce its concentration. Before the substrate was loaded into the electron-beam for the 

evaporation of metals, the photoresist pattern was examined by using a microscope.  

After patterning the sample with photoresist, metal will be deposited on the patterned 

substrate using Angstrom Nexdep electron-beam evaporator at pressure of 1.5 x 10
-7 

torr and 

room-temperature. The thickness of the deposited metal varies between 1 to 50 nm. The electron-

beam evaporator provides a way to deposit high quality of metal films with a precise control over 

the deposition rate, however it has poor step coverage. During the metal deposition, the substrate 

was rotated at a speed of 20 rev/min to ensure uniform thickness in the deposited metal thin-film. 

In this research, different metals were used, such as Ti, Au, Ag, and Cr, to serve as a contact, 

adhesive layer, or a hard mask. After the metal was deposited, lift-off is performed by using 

acetone or photoresist stripper PRS-1000 purchased from J. T. Baker. The samples are gently 

agitated during the photoresist stripping by bubbling over the substrate using a pipette.  
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Processing of Devices 

 The self-powered photodetectors based on asymmetrical interdigital contacts were 

fabricated by using two subsequent steps of pattering and deposition. The photomask that is used 

in the fabrication has two opposite tones that are aligned with each other. The first mask was 

used to create a comb-like shape of Au thin-film. The width of the Au electrodes is 50 µm with a 

spacing of 150 µm between the electrodes. Next, the second mask was applied to cover the Au 

electrodes with photoresist plus a 50 µm of the spacing between the Au electrodes from both 

sides. And then the second metal, either Ti or Ag, was deposited and lift-off was performed. This 

will create two asymmetrical interdigital electrodes spaced by a channel with width of 50 µm. 

Figure 2.6 shows microscopic images of the device after each fabrication steps. In this research, 

asymmetrical interdigital electrodes with different electrode spacing were fabricated, such as, 5, 

10, 20, and 50 µm, as shown in figures 2.7 (a) and (b). Image of the markers that are used in the 

alignment between the first and the second masks is shown in figure 2.7 (c). 

 

Figure 2.6 Microscopic images of the self-powered photodetector after each fabrication step. 
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Figure 2.7 Microscopic images of asymmetrical interdigital electrodes spaced by a channel with 

width of (a) 50 µm and (b) 5 µm. (c) Image of the markers used in the alignment between the 

first mask and the second mask. 

 The structure of the self-powered photodetector based on Si nanowires consists of planar 

Au and Ti interdigital electrodes with Si nanowires integrated vertically between the Au/Ti 

electrodes. The electrodes are spaced by a channel with width of 50 µm. First, Si fingers with 

thickness and width of 3 and 50 µm, respectively, are prepared using wet etching and patterning 

with photoresist. The wet etchant consists of a mixture of HF(49%):HNO3(70%):H2O with a 

volume ratio of 6:10:40. The sample was immersed in the etchant for 45 minutes to obtain Si 

fingers with thickness of 3 µm. The etch profile of the obtained Si fingers is shown in figure 2.8 

and was measured by using Taylor Hobson optical profiler. 

 

Figure 2.8 Etch profile of the prepared Si fingers using wet etching. 
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  Second, the formed Si fingers were covered again with photoresist then Cr with thickness 

of 70 nm was deposited. The use of Cr is to protect the areas between the Si fingers where the 

final interdigital electrodes will be deposited. After stripping the photoresist, the Si fingers were 

transformed into nanowires using the electroless etching that was described previously in figure 

2.4. And then the residuals of Cr were etched using chromium etchant. Finally, Au and Ti 

electrodes with thicknesses of 30 nm were deposited between the prepared Si nanowires by 

following the procedure presented in figure 2.6. The fabrication steps of the device based on Si 

nanowires are shown in figure 2.9.  

 

Figure 2.9 Fabrication steps of the self-powered photodetector based on Si nanowires. 
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5% HCl acid for three minutes and then washed by acetone, methanol, isopropyl and DI water.  

Interdigital electrodes with different electrode spacing were fabricated, d = 10, 20, and 50 µm. 

All the interdigital electrodes had the same ratio of electrode width to electrode spacing, w = 2d.  

After the electrodes were prepared, the dispersed PbSe nanocrystals were spin-coated on the 

interdigital electrodes at speed of 1500 rev/min for one minute. The optimum concentration of 

the dispersed PbSe nanocrystals in chloroform was found to be 55 mg/mL. Afterwards, gold 

wires were bonded to the interdigital electrode to connect the device to external circuitry for 

characterization. The schematic of the uncooled near-infrared photodetector based on PbSe 

nanocrystals is shown in figure 2.10. With this structure, it is necessary to apply a voltage bias to 

create an electric field between the electrodes that will cause the drift of the photo-excited 

carrier. 

 

Figure 2.10 Schematic of the uncooled near-infrared photodetector based on PbSe nanocrystals. 

  

Bias voltage  

Photocurrent 

Interdigital electrodes 

PbSe nanocrystals  

film 

Glass substrate 

w d 

hv > E
g
* 



38 
 

III. Characterization Techniques 

A. Introduction 

This chapter will present the characterization techniques that are used to extract the 

optical and electrical properties of the grown nanomaterials and the fabricated devices.  The 

optical properties of the nanocrystals were measured by using the optical absorbance and the 

photoluminescence. For the optoelectronic devices, the optical properties were extracted by 

measuring the spectral response and the external quantum efficiency. The electrical properties of 

the devices were investigated by measuring the current-voltage characteristics under both dark 

and illumination conditions. Section B will discuss the various optical characterization 

techniques used in this research and section C will discuss the electrical characterization.  

B. Optical Characterization 

Optical Absorbance 

The absorbance spectrum of the synthesized nanocrystals was measured in the ultra-

violet, visible, and near-infrared regions by using Cary 500 UV-Vis-NIR spectrophotometer. 

This spectrometer can measure the optical absorbance of materials within the wavelength range 

of 175 to 3300 nm.  The absorbance of the nanocrystals was measured while the nanocrystals 

were dispersed in a solvent (chloroform). The dispersed nanocrystals were placed inside a quartz 

cuvette during the absorbance measurement. Before the measurement, the absorbance spectrum 

was corrected by measuring the absorbance of the chloroform and setting it as the baseline. 

Figure 3.1 shows a sketch of the setup used in the measurement of the optical absorbance. The 

absorbance was measured for nanocrystals synthesized at different growth time to investigate the 

change in the size of the nanocrystals.  
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Figure 3.1 Measurement of the optical absorbance of the dispersed nanocrystals. 

As the light travels through a medium, part of the energy is lost by the absorbance or the 

reflectance of the incident light.  The optical absorbance (A) in arbitrary units can be found using 

Beer-Lambert law: 

   )/(Log)/1(Log o IITA  = αd                                                (3.1) 

where T is the transmittance, I and Io are the intensities of the incident and transmitted light, 

respectively, α is the absorption coefficient, and d is the optical path length . It is noted, that the 

reflected photons in this setup are not measured and therefore integrated sphere should be used in 

order to measure the reflectance from the surface. When the energy of the incident photons is 

less than the bandgap of the nanocrystals, the nanocrystals will not absorb the incident photons 

and they are either reflected or transmitted.  On the other hand, when photons with energy higher 

than the bandgap of the nanocrystals are radiated, they will be absorbed and electrons are excited 

inside the nanocrystals. The excited electrons perform an interband transition from the valence 
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band into the conduction band, which will result in an excitonic peak in the obtained absorbance 

spectrum.   

In Carry 500, the wavelengths of incident radiations are varied by using a double 

monochromator and the intensities of both the incident and transmitted light are recorded at each 

wavelength. Double monochromator means that two mechanical diffraction gratings are used; 

one is dedicated for the near-infrared region and the other is for the visible region. Gratings are 

used to diffract the incident light and the wavelength of the diffracted light depends on the 

diffraction angle, as depicted in figure 3.2. The monochromatic light will be focused into the 

sample using a focusing mirror. As the diffraction grating rotates, the wavelength of the 

monochromatic light incident on the sample will change.  

 

Figure 3.2 Process of producing monochromatic light using diffraction gratings. 
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conduction band into the valence band.  The PL spectrum of the nanocrystals was measured by 

using a Bomem DA8 Fourier transform infrared (FTIR) spectrometer.  The PL spectrum of the 

nanocrystals was measured at room-temperature after depositing the dispersed nanocrystals on a 

glass substrate and evaporating the solvent.  

 In the PL measurements, a red laser with energy higher than the bandgap energy of the 

nanocrystals is used as the excitation source. The emitted photons from the nanocrystals are 

scattered back into the FTIR spectrometer and are detected by using a silicon avalanche detector 

or InSb detector. The InSb detector is cooled down to 77 K using liquid nitrogen to reduce the 

thermal noise. The sample was placed inside a Janis cryostat, which can be connected to a 

temperature controller. The PL intensity of the nanocrystals was measured in arbitrary units and 

plotted as function of wavelength. From the PL spectrum different information can be extracted, 

like the effective bandgap and the size distribution of the nanocrystals. The PL setup used in this 

research is shown in figure 3.3. 

 The Bomem FTIR spectrometer is based on Michelson interferometer and consists of a 

beam splitter and scanning and movable mirrors. In this FTIR spectrometer, the PL signal 

emitted from the sample is split into two beams that will be directed into the scanning and the 

fixed mirrors. The two beams will reflect from the mirrors and are combined again on the beam 

splitter. This will create an inference since the beams have traveled different optical paths and 

experienced different phase changes. For example, if the beams were 180
o
 out of phase, the 

recombined beam will be zero. As the position of the scanning mirror changes, the interference 

changes accordingly and it is transformed into the spatial coordinate by using Fourier transform. 

The Fourier transform is performed by a computer and the PL spectrum will be plotted as 

function of wavelength. 
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Figure 3.3 Sketch of the PL measurement setup using Bomem FTIR. 

Spectral Response 

 Spectral response, also known as photoresponse, is an optical characterization of 

optoelectronic devices and it is defined as the ratio of the light-generated current to the incident 

optical power. The spectral response was measured by using Bruker 125 HR FTIR spectrometer 

in conjunction with Keithley 428 current preamplifier. The preamplifier can enable biasing the 

devices at different voltages during the measurement. The measured spectral response is 

expressed in arbitrary units and plotted as function of wavelength. Essentially, the spectral 

response of devices resembles the absorbance spectrum of the material. This is because no 

photocurrent is generated when the incident light energy is less than the bandgap of the material 

used in the device. Therefore the spectral response is limited at low incident light energy by the 

bandgap of the semiconductors. And it is limited at high incident light energy by the front 

surface recombination, in the case of photovoltaic devices. 
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 Similar to the Bomem FTIR, the Bruker consists of a beam splitter, a scanning mirror and 

a fixed mirror. The beam splitter splits the beam coming from the quartz halogen source into two 

separate beams. The split beams will travel different paths and are reflected from the fixed and 

the scanning mirrors. When the reflected beams are recombined on the beam splitter, inference 

will occur due to the difference in the traveled optical paths. The recombined beam will be 

directed into the device and will be used as the illumination source. The position of the movable 

mirror is tracked by using a HeNe laser. The devices were placed inside Janis cryostat. The 

quartz halogen source is used as a broadband light source that covers the spectral range between 

400 to 2000 nm. Quartz TiO2 coated beam splitter is used in the FTIR spectroscopy and it causes 

decay in the spectral response spectrum in the energy region higher than 1.67 eV. The spectral 

response measurement was performed under vacuum of 10
-5

 Torr using an Edward roughing 

pump.  Figure 3.4 shows a sketch of the Bruker FTIR spectroscopy. The size of the beam 

illuminating the device was chosen to cover the entire area of the device and oval beam shape 

was used.  The Bruker FTIR spectrometer was calibrated using a built-in avalanche Si 

photodiode. 

 

Figure 3.4 Sketch of the spectral response measurement using Bruker FTIR.  
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External Quantum Efficiency 

 The external quantum efficiency (EQE) is defined as ratio of the collected charges to the 

number of incident photons. The EQE in the spectral range between 380 to 1300 nm was 

measured by using a Newport Oriel IQE-200. This system is based on using 250 W QTH lamp as 

the illumination source. The system can also measure the internal quantum efficiency; ratio 

between collected electrons and absorbed photons. In Oriel spectrometer, the light is chopped 

using an optical chopper with frequency of 30 Hz to reduce the flicker noise and then is 

dispersed through monochromator. The diffracted light from the monochromator is split by using 

a beam splitter into three beams: one is incident on the device to be tested and the two other 

beams are delivered into two different pre-calibrated detectors. One of the detectors is the 

reflectance detector and will measure the reflected photons from the surface of the device, which 

is only used in the case of internal quantum efficiency measurement. And the other detector is 

the reference detector and will measure the intensity of the incident light, which is used to 

determine the number of incident photons. Therefore, the three-way beam splitter is used to 

direct the light simultaneously into the device and to the two detectors. The device is connected 

to a lock-in amplifier to measure the output current. The external quantum efficiency is found by 

using the following equation: 

)()(
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hcI
EQE

ref

cell                                                 (3.2) 

where h is Planck’s constant, c is the speed of the light, Icell is the device output current, and Iref 

and R are the current and the responsivity measured from the reference detector, respectively. A 

computer is used to control the monochromator, lock-in amplifier, and a multiplexer that is used 

for data acquisition from the two detectors and the lock-in amplifier, as shown in figure 3.5.  
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Figure 3.5 Setup of the EQE measurement. 

C. Electrical Characterizations 

Current-Voltage Characteristics 

 The current-voltage (I-V) characteristics of the optoelectronic devices were extracted by 

using Keithley 4200 SCS semiconductor parameter analyzer. The dark current was measured 

while the device is placed inside a dark chamber. The photocurrent was measured under the 

illumination of a broadband light source that covers the wavelength spectral range between 360 

and 1800 nm with a power density of 100 mW/cm
2
. The light intensity is covering the entire area 

of the device and is calibrated using a reference solar cell from Newport Inc. This I-V 

characterization system is based on applying a bias voltage and measuring the current 

simultaneously. The voltage can be swept between -15 to 15 V with an interval as low as 0.01 V. 
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different measuring probes with lower resistance. In this four probe measurements, the error 

obtained in the I-V measurement will be minimized. 

Photocurrent Map 

 Photocurrent map was used to plot the photocurrent of optoelectronic devices as function 

of the position of a focused light. The focused light will be swept over the device and used as the 

illumination source. This characterization was used particularly to confirm the optical 

enhancement based on hot electrons injections in Schottky thin-films. In this measurement, a red 

laser with wavelength of 632 nm and power of 400 µW was swept over the thin-films at constant 

speed and the photocurrent was measured using the Keithley as function of time. The device was 

biased at constant voltage of 5 V and the red laser was focused by using a lens with numerical 

aperture of 0.55. The time in the x-axis was multiplied by the laser sweep speed to plot the 

photocurrent as function of position of the red laser. Figure 3.6 shows the schematic of the setup 

used in photocurrent map measurement. 

 

Figure 3.6 Setup of the photocurrent map measurement.  
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IV. Result and Discussion  

A. Introduction 

This chapter will discuss the main outcomes of the research conducted to investigate 

nanostructures for optoelectronic devices. The experimental results discussed in this chapter 

include the optical and electrical characterization of the nanomaterials and the devices. The 

nanomaterials were grown chemically in the lab to tune their optical characteristics and then 

were integrated with the metal contacts to form a high performance optoelectronic device.  This 

chapter is divided into four sections: uncooled PbSe nanocrystals photodetector, self-powered 

photodetectors, photodetectors based on Si nanowires, and hot electrons in Au thin-films.  

The first section will discuss the optical properties of the synthesized PbSe nanocrystals, 

the effect of ligand exchange, and the device optical and electrical performance. The results 

presented in this section were published in 2016 IEEE Sensors and IEEE Transaction on 

Nanotechnology [45], [83]. The second section will discuss the optimization and the 

performance of self-powered near-infrared photodetectors based on asymmetrical interdigital 

electrodes. The results presented in this section were published in IEEE Electron Device Letters 

[84]. The third section will discuss the characterization of vertically-aligned Si nanowires and 

their integration with asymmetrical interdigital electrodes. The results that report the 

enhancement on the performance of self-powered photodetector using Si nanowires were 

published in Applied Physics Letters [85].  Finally, the last section will discuss the utilization of 

hot electrons in thin-film Schottky barriers to enhance near-infrared detection. In this study, the 

effect of Au thin-films thickness was investigated along with the effect of adding Ti adhesive 

layer. All the results were published in IEEE Photonics Technology Letters [86]. 
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B. PbSe Nanocrystals Photodetectors 

Optical Properties 

 The optical absorption of the synthesized PbSe nanocrystals in the wavelength range 

between 200 to 2000 nm was measured by using Cary 500 UV-Vis. The absorbance spectrum in 

arbitrary units of the nanocrystals is plotted in figure 4.1 as function of wavelength. The 

absorbance spectrum was measured while the PbSe nanocrystals were dispersed in chloroform. 

Baseline correction was performed by measuring the absorbance of chloroform without 

nanocrystals suspension. It is noted that the PbSe nanocrystals were grown at temperature of 140 

o
C for 20 seconds after the injection of the selenium stoke solution into the lead precursor. 

 As can be seen in figure 4.1, the absorption spectrum of the synthesized nanocrystals 

consists of four distinct excitonic peaks labeled: A1, A2, A3, and A4 and positioned at 0.8, 1.15, 

1.5, and 2 eV, respectively. The third exciton has approximately twice the confinement energy of 

the first exciton, which is in consistence with the literature [87]. The optical absorption spectrum 

has an onset at wavelength of 1600 nm which corresponds to bandgap energy of 0.78 eV. These 

excitonic peaks result from the absorption of photons energy and the excitation of electrons 

between the discretized energy states, i.e. interband transitions. This behavior is caused by the 

extreme quantum confinement exhibited in the PbSe nanocrystals and the large Bohr exciton 

radius.  

 The peak labeled A1 results from the interband transition between the ground state in the 

valence band into the ground state in the conduction and it exhibits the strongest absorbance as 

compared to the other peaks. This is mainly because the oscillator strength accompanied with the 

ground-to-ground interband transition is the strongest. The oscillator strength is reduced for 
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interband transitions between larger energy states, which will cause weaker absorbance. A larger 

size of the nanocrystals will cause the excitonic peaks to occur at lower energy since the energy 

is inversely proportional to the square of the diameter of the nanocrystals.  

 By applying an electric field to the nanocrystals, a shift in the absorption spectrum will 

occur. Franz-Keldish theory allows predicting the magnitude of the electric field required to 

cause a certain energy shift in the absorption spectrum. The constant electric field results in the 

tunneling of the density of states into the fundamental bandgap, which allows photons with lower 

energies to be absorbed [46]. Therefore, an external applied voltage is expected to create a shift 

in the absorption spectrum which is known as a Stark’s shift. A shift will be observed between 

the optical absorption of the nanocrystals and the spectral response of the device, as will be seen 

later in this section. 
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Figure 4.1 Absorbance spectra of the synthesized PbSe nanocrystals. Reprinted with permission 

from Nusir et al [45].  
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 The optical absorbance and the photoluminescence (PL) spectra of the synthesized PbSe 

nanocrystals are plotted together versus wavelength in figure 4.2. Both spectra were measured at 

room-temperature. The absorbance spectrum was measured in the solution form while the 

nanocrystals were dispersed inside the solvent. The PL spectrum was measured in the solid form 

after depositing the nanocrystals on a glass substrate and evaporating the solvent. Inset of figure 

4.2 shows a schematic of the interband transitions and the corresponding excitonic peaks. The 

strong excitonic peak labeled A1 is due to the ground-to-ground interband transition. The 

presented absorbance and PL results in figure 4.2 are for PbSe nanocrystals capped with oleic 

acid. The nanocrystals were purified with acetone three times before measuring the absorption 

and PL spectra. 

 As can be shown from the PL spectrum of the nanocrystals, it consists of a single and 

narrow peak centered at wavelength of 1600 nm. The full width at half maximum (FWHM) of 

the PL peak is 105 nm. This indicates that a single dominant size of nanocrystals was obtained 

and the size variation was minimized. The control over the size of the synthesized nanocrystals 

was obtained by using a modified synthesis procedure. In which the growth solution was rapidly 

quenched in a water bath after 20 seconds of injecting the selenium into the lead precursor. 

Furthermore, the temperature of the growth solution during the synthesis of the nanocrystals was 

held constant at 140 
o
C by wrapping the three-neck flask with thermal insulators. 

 The PL peak in figure 4.2 results only from the ground-to-ground interband transitions. 

However the position of the PL peak is shifted into a higher wavelength (lower energy) as 

compared to the first excitonic peak labeled A1. This can be attributed to the Stoke’s shift 

especially not all of the absorbed photons energy are emitted, part of the energy is lost as 

vibration to lattice and the generation of phonons. This will result in a PL peak shifted to lower 
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energy as compared to the absorbance spectrum. Furthermore, the solid-state bandgap (PL) can 

be different from the solution-based bandgap (absorbance) due to the closer proximity of the 

dried nanocrystals, and thus greater potential for overlapping between wave functions.  

 From the results presented in figure 4.2, we conclude that high quantum confinement in 

the synthesized PbSe nanocrystals was obtained. Additionally, the size of the nanocrystals was 

tuned to cover most of the near-infrared spectral region. The bandgap of the nanocrystals can be 

further lowered by increasing the reaction time beyond 20 seconds. However in this research 

only nanocrystals with growth time of 20 seconds are used in the device fabrication since a 

further decrease in the bandgap energy is expected after the ligand exchange step.  
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Figure 4.2 Absorbance and PL spectra of the PbSe nanocrystals at room-temperature (Inset: 

Schematic of the interband transition with the band structure of the nanocrystals). Reprinted with 

permission from Nusir et al [83].  
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 The effect of increasing the growth reaction time on the size of the nanocrystals was 

investigated by synthesizing PbSe nanocrystals at different reaction times: 20 and 40 seconds. 

The absorbance spectra of the synthesized nanocrystals are plotted together in figure 4.3. By 

further increasing the growth time 20 seconds, the first excitonic peak exhibits a red shift of 400 

nm to longer wavelength as indicated in figure 4.3. This is mainly due to the increase in the size 

of the synthesized nanocrystals caused by the longer reaction time. And as indicated in equation 

1.2, the effective bandgap is inversely proportional to the square of the diameter of the 

nanocrystals. The first exciton energy can be used to estimate the diameter of the synthesized 

PbSe nanocrystals and it was found to be around 7 and 10 nm for reaction times of 20 and 40 

seconds, respectively [41].  The spike at wavelength of 1690 nm is due the instability of the 

solvent (chloroform) that is used to disperse the nanocrystals. 
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Figure 4.3 Absorbance spectra of PbSe nanocrystals grown at different reaction times. 
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Ligand Exchange Effect 

 The effect of ligand exchange on the device optical and electrical properties was 

examined by measuring the current-voltage (I-V) characteristics and the spectral response. 

Several photodetectors based on PbSe nanocrystals capped with different ligands were 

fabricated. The effect of ligand exchange was investigated by using different ligands, such as, 

oleic acid, 1,2-ethanedithiol (EDT) and mercaptoacetic acid (MAA). The fabricated 

photodetectors used in this investigation consist of interdigital electrodes spaced by a channel 

with width of 50 µm and are made from Ti (30 nm) / Au (50 nm) deposited on a glass substrate. 

As mentioned previously, the nanocrystals are capped with oleic acid during the synthesis 

process. These original ligands are insulator and will hamper the transportation of the photo-

excited carriers between nanocrystals under the influence of the externally applied electric field. 

In this research, the oleic acid ligands were exchanged with new ligands like MAA and EDT.  

 Two devices were fabricated by using PbSe nanocrystals capped with oleic acid and 

MAA ligands. The devices were characterized by measuring the I-V characteristics under dark 

and illumination conditions and the results are plotted in figure 4.4. The photodetector that is 

based on nanocrystals capped with oleic acid exhibits very low dark current, on the order of 10
-11

 

A, and without a significant difference between the photocurrent and the dark current. On the 

other hand, the photodetector based on PbSe nanocrystals capped with MAA exhibits higher dark 

current, on the order of 10
-7

 A, and a photocurrent larger than the dark current by one order of 

magnitude. Figure 4.5 shows the I-V characteristics of a photodetector based on PbSe 

nanocrystals capped with EDT ligands. The dark current of the device with EDT ligands is 

higher than that for the device with MAA, and the photocurrent to dark current ratio is 7.8 at 5 V 

bias, while in the case of MAA ligands the photocurrent to dark current ratio is 12.6 at 5 V bias.  
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Figure 4.4 I-V curves of photodetectors based on PbSe nanocrystals capped with oleic acid (red 

curves) and MAA ligands (black curves). Reprinted with permission from Nusir et al [45]. 
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Figure 4.5 I-V curves of photodetectors based on PbSe nanocrystals capped with EDT ligands. 
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  The spectral response of the two photodetectors based on PbSe nanocrystals capped with 

MAA and EDT ligands are plotted in figures 4.6 (a) and (b), respectively. The spectral response 

was measured in arbitrary units for the two devices at bias voltage of 5 V and using a beam 

covering the entire area of the devices. Moreover, the spectral response was measured in the 

spectral range between 600 to 2000 nm.  Same current gain was applied to the devices during the 

spectral response measurement. 
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Figure 4.6 Spectral response of photodetectors based on PbSe nanocrystals capped with (a) MAA 

and (b) EDT ligands at 5 V bias. Reprinted with permission from Nusir et al [45]. 
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 From the results presented in figure 4.4, we conclude that the original ligands capping the 

PbSe nanocrystals are insulator and obstruct the drift of photo-excited carriers under illumination 

and biasing conditions. The I-V curves in figure 4.4 showed increase in the dark current of 

devices from 10
-11

 A to 10
-7

 A after exchanging the original ligands with MAA ligands.  

Furthermore, the I-V characteristics showed a significant increase in the photocurrent as 

compared to the dark current after the ligands exchange. The devices based on MAA ligands 

exhibit larger photocurrent to dark current ratio and stronger spectral response in the near-

infrared spectral region as compared to the other devices based on EDT ligands, as shown in 

figures 4.4, 4.5, and 4.6.  

 The dark current is significantly lower than the photocurrent since the drift current 

depends on the carrier concentration, according to equation 1.3, which represents the drift current 

between electrodes. Under dark conditions, the carrier concentration is mainly dominated by the 

thermally generated carriers especially that the bandgap energy of the nanocrystals is narrow. 

One the other hand, the carrier concentration will increase under illumination to a higher value 

since the nanocrystals will be flooded by photo-excited carriers. This explains the significant 

increase in the current after illuminating the nanocrystals with sufficient light energy. 

 The mechanism of generating photocurrent is based on the circulation of the photo-

excited carriers between the electrodes which requires hopping of the carriers between the 

nanocrystals. Since the nanocrystals are surrounded by ligands, this implies that the carriers need 

to tunnel through the ligands. The oleic acid ligands consist of a long hydro-carbon chain which 

is made from 18 carbon atoms. This will increase the tunneling distance and trapes the photo-

excited carriers inside the nanocrystals. The exchange of oleic acid with new shorter ligands will 

allow the photo-excited carriers to tunnel between the nanocrystals and generating a significant 
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amount of photocurrent. However the thermally generated carriers can tunnel between the 

nanocrystals as well, which will increase the dark current. 

 As indicated in figures 4.5 and 4.6, the devices based on PbSe nanocrystals that are 

capped with MAA ligands showed stronger spectral response and larger photocurrent to dark 

current ratio as compared to the other device with EDT ligands. This can be explained by 

looking at the compositions of each ligand. The single EDT ligand consists of dual thiols, which 

is a functional group consisting of hydrogen and sulfur, while the MAA ligand consists of a 

single thiol. This indicates that at least a single EDT ligand can link two adjacent nanocrystals, 

while two MAA ligands are required to link the nanocrystals. This will shorten the tunneling 

distance and causes the dark current to increase generating more noise, while in the case of the 

MAA ligands the dark current is still kept at a low level.  

Device Photoresponse 

 The results of the devices presented in this section were fabricated by using PbSe 

nanocrystals grown for 20 seconds and capped with MAA ligands. The photoresponse of the 

uncooled near-infrared photodetectors were investigated by measuring the I-V curves under dark 

and light conditions. The I-V curves are plotted in figure 4.7, the solid line is the photocurrent 

and the dashed line is the dark current. However, the electrode spacing, d, between the 

interdigital electrodes was varied from 10 to 50 µm. The I-V curves of each device with different 

electrodes spacing are plotted together in figure 4.7. 

 The I-V results in figure 4.7 indicate that as the electrodes spacing reduces from 50 to 10  

µm, the dark current increases however the photocurrent to dark current ratio increases as well. 

For example, the device with electrode spacing of 50 μm has a dark current of 0.1 μA and a 
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photocurrent of 1.2 μA at 5 V bias. While the device with electrodes spacing of 20 μm exhibits a  

dark current and photocurrent of 0.2 and 2.6 μA, respectively at 5 V bias. And for d = 10 μm, the 

dark current was 3.1 μA and photocurrent was 73 μA at 5 V. The photocurrent to dark current 

ratio for the devices was found to 23.6, 13.0, and 12.0, for devices with electrode spacing of 10, 

20, and 50 μm, respectively at 5 V bias. The increase in the photocurrent to dark current ratio as 

the electrode spacing reduces is due to the increase in the applied electric field between the 

interdigital electrodes with reference to equation 1.3. The electric field is directly proportional to 

the applied voltage bias and inversely proportional to the electrode spacing. Furthermore, a 

reduction in the electrode spacing will increase overall length of electrodes under illumination 

which will further increase the device active area and the photocurrent.  
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Figure 4.7 I-V characteristics of three devices based on PbSe nanocrystals capped with MAA 

ligands with different electrode spacing. Reprinted with permission from Nusir et al [83]. 
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 The detectivity (D*) of the three devices were calculated by using the I-V curves in figure 

4.7 and equation 1.10. The calculated detectivity of each device is plotted in figure 4.8 as 

function of the applied bias voltage. The detectivity of the device with electrode spacing of 10 

µm is on the order of 2.13 x 10
9
 cm.Hz

0.5
/W at bias voltage of 5 V, while the devices with larger 

electrode spacing had lower detectivity. This is because of the increase in the signal to noise 

ratio, which depends on the photocurrent to dark current ratio, as the electrode spacing reduces. 

The responsivity, R, of the devices can also be calculated by dividing the photocurrent by the 

incident optical power. The responsivity at room-temperature for the device with d = 10 μm was 

found to be 20 mA/W at bias voltage of 5 V. 

0 1 2 3 4 5
10

6

10
7

10
8

10
9

10
10

 

D
et

ec
ti

v
it

y
 D

*
 (

cm
.H

z0
.5
/W

)

Bias Voltage (V)

 d =10 m

 d =20 m

 d =50 m

 

Figure 4.8 Calculated detectivity of the near-infrared photodetectors based on PbSe nanocrystals 

with different electrode spacing.  
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 The transient response of the photodetectors can be found by measuring the time-resolved 

photocurrent under multiple on/off illumination cycles. The time-resolved photocurrent of the 

device with electrode spacing of 10 µm at 5 V is shown in figure 4.9. The recovery time constant 

of the photodetectors can be estimated by fitting the curve with the equation I = Ioe
-t/τ

, where τ is 

the recovery time constant and it was found to be 0.16 seconds for the device with d = 10 µm. 

The rise time constant was also found to be 40 msec. The increase in the electrode spacing from 

10 to 50 µm did not cause a significant change in the recovery time constant. Since the recovery 

time depends on both the carrier transient time and the RC delay [88]. An increase in the 

electrode spacing will increase the carrier transient time, with reference to equation 1.5, however 

the capacitance between the electrodes will reduce which will decrease the RC delay time. The 

decay in the photocurrent while the light is on could be due to the overheating of the device. 
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Figure 4.9 Time-resolved photocurrent curve at 5 V for device with electrode spacing of 10 μm. 

Reprinted with permission from Nusir et al [83]. 
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 The last characterization of the near-infrared photodetectors based on PbSe nanocrystals 

is the spectral response, which shows how the photocurrent changes with the wavelength of light. 

The spectral response was measured for devices with different electrode spacing and at bias 

voltage of 5 V. The spectral response spectra of each device are plotted in figure 4.10 and 

combined with the absorbance spectrum of the nanocrystals. The spectral response consists of 

three strong and separate peaks covering the near-infrared region. Those peaks result from 

electrons undergoing interband transitions, similar to the absorption spectrum of the 

nanocrystals. The spectral response results are in consistence with the I–V characteristics and 

both showed that the higher response was obtained from the device with electrode spacing of 10 

µm as compared to the other devices with larger electrode spacing (d = 20 and 50 µm).  

Furthermore, the spectral response exhibits a wavelength selectivity feature that is extended into 

longer wavelengths in the near-infrared region (1.8 μm). Unlike the spectral response spectra 

reported for other photodetectors based on PbSe nanocrystals which showed a single peak 

positioned at lower wavelength (∼1.4 μm) [77], [89], [90]. This implies that the device can be 

used in all of the applications based on near-infrared. The wavelength selectivity feature results 

from the quantum confinement in the nanoscale regime and it is appealing for applications that 

require detection at a particular wavelength.   

 With reference to figure 4.10, by comparing the spectral response of the devices and the 

absorbance spectrum of the nanocrystals we will find that the spectral response resembles the 

absorbance spectrum. However, the excitonic peaks in the spectral response experienced a red 

shift and are positioned at longer wavelength when compared with the absorbance. This can be 

explained according to Stark’s shift especially that the absorbance was measured without voltage 

biasing and the spectral response was measured under the influence of applied electric field. 



62 
 

Another reason is the state of the nanocrystals, in which the absorbance was measured while the 

nanocrystals were in liquid state and the spectral response was measured while the nanocrystals 

are in sloid state. The third reason could be due to the effect of ligands exchange. The 

absorbance spectrum is for PbSe nanocrystals capped with the original long ligands and the 

spectral response is for the PbSe nanocrystals capped with new shorter ligands. All of those 

reasons will affect the overlap between wave functions and affect the bandgap.  The effect of 

changing the applied electric field on the spectral response of the device is shown in figure 4.11. 

Increase in the applied voltage bias will increase the spectral response since the photocurrent is 

proportional to the applied electric field. 
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Figure 4.10 Spectral response of the near-infrared photodetectors based on PbSe nanocrystals 

with different electrode spacing (d = 10, 20, 50 µm) at 5 V bias combined with the absorbance 

spectrum of the nanocrystals. Reprinted with permission from Nusir et al [83]. 
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Figure 4.11 Spectral response of the near-infrared photodetector with electrode spacing of 10 µm 

at different bias voltages. Reprinted with permission from Nusir et al [83]. 

C. Self-powered Photodetectors 

Device Optimization 

 The self-powered photodetectors are based on asymmetric interdigital electrodes 

integrated with semi-insulating GaAs and undoped Si substrates. The devices are realized by 

fabricating two different metals in contact with the semiconductor, which will create asymmetric 

Schottky barrier at the interface between each metal and the semiconductor. In order to optimize 

the performance of the devices, the type of the metal contacts and the dimensions of the 

interdigital electrodes were varied. Figures 4.12 (a) and (b) show the I-V characteristics of two 

self-powered photodetectors based on semi-insulating GaAs with interdigital electrodes spacing 

of 5 and 50 µm, respectively.  
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Figure 4.12 I-V characteristics of the self-powered near-infrared photodetectors based on semi-

insulating GaAs and asymmetric interdigital electrodes spaced by (a) 5 and (b) 50 µm. Reprinted 

with permission from Nusir et al [84]. 
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 The semi-insulating GaAs substrate has a resistivity of 2.2 x 10
8
 Ω.cm and carrier 

concentration of 5 x 10
6 

cm
-3

. The results in figures 4.12 (a) and (b) show significant 

enhancement in the devices performance after reducing the spacing between the interdigital 

electrodes. For the device with electrode spacing of 50 µm, the photocurrent to dark current ratio 

is 8 x 10
2
 at 0 V, while for the device with electrode spacing of 5 µm, the ratio is 5 x 10

4
 at 0 V. 

The detectivity of the devices can be extracted from the I-V curves and using the equation 1.10, 

and it was found to be 1.4 × 10
11

 and 9 x 10
8
 cm.Hz

0.5
/W at 0 V bias for the devices with 

electrode spacing of 5 and 50 µm, respectively. The asymmetric I-V curves under dark 

conditions are due to the formation of the Schottky junctions, in which it is reversed biased 

during the positive voltage scan and forward biased for the negative voltages. While the I-V 

curves under light conditions are symmetric due the generation of the photo-excited carriers.  

The self-powered devices with different electrode spacing were further investigated by 

measuring the external quantum efficiency (EQE) in the visible and near-infrared regions. The 

EQE spectra of the devices with different electrode spacing and at 0 V bias are plotted in figure 

4.13. Enhancement in the EQE was achieved as the electrode spacing reduces from 50 to 5 µm. 

The EQE spectra of the devices exhibit a rapid increase in the wavelength region below 870 nm 

(1.43 eV), since the illumination energy in this region is higher than the bandgap of GaAs. The 

step observed at wavelength of 720 nm in the EQE spectra is due the change in gratings in the 

Oriel spectrometer.  

 At a wavelength of 800 nm, the self-powered device with electrode spacing of 5 μm has 

an EQE of 1% which is equivalent to responsivity of 6.45 mA/W. The relationship between the 

responsivity and the EQE were found by using equation 1.9. This obtained responsivity is higher 

when compared with the responsivity of other devices based on GaAs nanocone/Graphene and 
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InAs/GaAs heterojunction [91], [92]. The value of EQE could be further improved by using 

antireflection coating to reduce the reflection from the surface and increase the absorption of 

light [93]. Further enhancement in the device performance can be achieved by employing 

plasmonic effect in sub-micron electrode spacing and optical antenna [94]. 
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Figure 4.13 EQE spectra of the self-powered near-infrared photodetectors based on semi-

insulating GaAs and asymmetric interdigital electrodes with different electrode spacing at 0 V 

bias. Reprinted with permission from Nusir et al [84].  

 The effect of varying the electrode spacing was further investigated by measuring the 

spectral response of the devices, the results are plotted at figure 4.14 (a). Enhancement in the 

spectral response was obtained as the electrodes spacing reduces in the same behavior shown in 

the I-V curves and EQE spectra. However, a rapid decay in the spectra response in the 

wavelength region below 870 nm was attained, this is mainly due to the response of the quartz 
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beam splitter in the FT spectrometer. On the other hand, the EQE spectra plotted in figure 4.13 

do not exhibit a rapid decrease because Oriel spectrometer is a double monochromator and beam 

splitter is not required.  

Figure 4.14 (b) shows the effect of biasing the asymmetric Schottky junction on the 

spectral response. By applying a positive bias to the devices, the spectral response was reduced. 

Since the applied electric field will oppose the junction built-in electric field and the overall 

electric field will be reduced as a result. On the other hand, when a negative bias was applied, the 

spectral response is enhanced. This is because the applied electric field is on the same direction 

of the built-in electric field and the overall electric field will be enhanced. The built-in electric 

field of the self-powered photodetector with electrode spacing of 50 µm could be estimated from 

figure 4.14 (b). The built-in electric field can be found by dividing the applied forward bias at 

zero spectral response by the electrode spacing and it was found to be 35 V/cm. Since at zero 

spectral response, the applied electric will be equal in magnitude and opposite in direction to the 

built-in electric field. The built-in electric field could be further enhanced by using interdigital 

electrodes spaced by shorter channel.  

The operation of devices at 0 V bias is due to the band bending, which is caused by the 

formation of different Schottky barrier heights at Au/GaAs and Ti/GaAs interfaces. This band 

bending will create built-in electric field. All the results presented in figures 4.12-4.14 are in 

consistence and showed that stronger photoresponse is obtained from the devices as the electrode 

spacing is reduced. Several factors affect the photocurrent as electrode spacing is reduced. The 

total length of the interdigital electrodes increases as the electrode spacing is reduced. Since 

smaller electrode spacing will increase the density of electrodes under illumination and 

consequently increase the total length of the electrodes. This will increase the photocurrent since 



68 
 

it is directly proportional to the electrode dimensions. Another factor that causes an increase in 

the photocurrent is the electric field between the interdigital electrodes. When the electrode 

spacing is reduced the electric field increases since it is based on an inverse relationship.  
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Figure 4.14 (a) Spectral response of the self-powered devices based on semi-insulating GaAs and 

asymmetric interdigital electrodes with different spacing at 0 V bias. (b) Spectral response of 

device with electrode spacing of 50 µm and different forward/reverse bias voltages. Reprinted 

with permission from Nusir et al [84]. 
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 The asymmetric interdigital electrodes were integrated with undoped Si to fabricate self-

powered photodetectors. The undoped Si substrate used in the fabrication of the devices has a 

resistivity higher than 6000 Ω.cm. The effect of varying the electrode spacing of the asymmetric 

electrodes on the performance of self-powered devices based on undoped Si was studied. The 

EQE spectra at 0 V bias are plotted in figure 4.15 for devices with electrode spacing of 30 and 50 

µm.  The types of the metal contacts used in the devices are Au and Ti with a thickness of 30 nm. 

The device with electrode spacing of 30 µm showed stronger EQE than the other device with 

electrode spacing of 50 µm. The EQE results are consistent with the results obtained from 

devices based on semi-insulating GaAs and both showed stronger response with lower spacing 

between electrodes. 
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Figure 4.15 EQE spectra of self-powered photodetectors based on undoped Si with different 

interdigital electrode spacing at 0 V bias. 
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 The effect of using asymmetric interdigital electrodes with different metal pairs was 

further investigated by measuring the I-V characteristics and the EQE spectra, the results are 

plotted in figures 4.16 and 4.17, respectively. Three devices were fabricated with the same 

electrode spacing, d = 50 µm, but with different metal pairs of Au/Ti, Au/Ag, and Ag/Ti. All the 

metal contacts had the same thickness of 30 nm and deposited on undoped Si substrate.  
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Figure 4.16 I-V curves of devices with electrode spacing of 50 µm and metal pairs of (a) Au-Ti, 

(b) Ag/Ti, and (c) Ag/Au. 
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Figure 4.17 EQE spectra of devices with electrode spacing of 50 µm and metal pairs of (a) Au-

Ti, (b) Ag/Ti, and (c) Ag/Au. 

 From the I-V results in figure 4.16, the values of the open circuit voltage are 0.04, 0.1, 

and 0.2 V for devices with metal pairs of Ag/Ti, Au/Au, and Au/ Ti, respectively. The EQE 

results in figure 4.17 showed that the strongest response was obtained from the device with metal 

pair of Au/Ti and the weakest response was obtained from the device with metal pair of Ag/Ti. 

This can be explained by correlating the values of the open circuit voltages and the EQE of each 

device. The device based on Au/Ti contact exhibits the largest open circuit voltage and the 

strongest EQE as compared with other devices with Au/Ag and Ag/Ti contacts. This large open 

circuit voltage will increase the amount of light generated current. Another key factor in the 

effect of using different metal pairs as contacts to Si is the Schottky barrier height at the interface 

between the metal and the semiconductor. The Au will create a Schottky contact with the Si, 
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while Ti and Ag will create an ohmic contact with Si and therefore the response is the weakest in 

the case of Ag and Ti as metal contacts. 

Device Performance 

 The dynamic behavior of the self-powered photodetectors was investigated by measuring 

the photocurrent under multiple on/off illumination cycles and at bias voltage of 5 V. The device 

is based on Au/Ti interdigital electrodes spaced by 5 µm on semi-insulating GaAs substrate. The 

tine-resolved photocurrent curve is plotted in figure 4.18. The recovery time constant at which 

the photocurrent decreases by 36% (1/e), can be calculated by fitting the curve with the 

exponential expression: I = Iphoto exp(−t/τd) where τd is the recovery time constant and it was 

found to be 0.19 sec. 
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Figure 4.18 Time-resolved photocurrent curve of the device based on semi-insulated GaAs and 

Au/Ti interdigital electrodes spaced by 5 µm. Reprinted with permission from Nusir et al [84]. 
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 The current density-voltage (J-V) characteristics of self-powered photodetectors based on 

undoped Si and Au-Ti interdigital electrodes spaced by 50 μm is plotted in figure 4.19. The 

current density in the units of mA/cm
2 

was found by dividing the current by the active area of the 

device, which is designed to be 0.13 cm
2 

for a device with electrode spacing of 50 µm. As shown 

in the J-V curves, the device has a diode current behavior and under illumination the current 

shifts downwards by the value of light-generated current. This behavior is similar to the J-V 

characteristics of a solar cell. Under illumination, the device exhibits an open-circuit voltage of 

Voc = 0.32 V and short-circuit current density of Jsc = 18.55 mA/cm
2
. Furthermore, the power 

conversion efficiency of the self-powered device was found to be 2.18% and the fill factor is 

36.72%. 
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Figure 4.19 J-V characteristics of the self-powered near-infrared photodetectors based on 

undoped Si and Au-Ti interdigital electrodes spaced by 50 µm. 
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 The EQE and the spectral response in photovoltaic mode of the self-powered device are 

plotted together as function of wavelength is figure 4.20. The EQE and spectral response 

measurements are for the same device with the J-V characteristics in figure 4.19. The EQE of the 

self-powered has an onset at wavelength of 1200 nm, which corresponds to the bandgap of Si, 

and an average EQE of 30% in the visible and near-infrared regions. On the other hand, the 

spectral response exhibits the same threshold as the EQE but has a rapid decay in the higher 

energy region. This is due to the response of the beam splitter in the FT spectrometer. The 

responsivity of the device can be extracted from the EQE spectrum and using equation 1.9. The 

responsivity of the device was found to be 0.23 A/W at wavelength of 1000 nm and bias voltage 

of 0 V. A comparison in the performance between the self-powered photodetector based on 

undoped Si and a typical Si p-n junction solar cell is shown in figure 4.21.  
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Figure 4.20 EQE and spectral response spectra at 0 V of the self-powered near-infrared 

photodetectors based on undoped Si and Au-Ti interdigital electrodes spaced by 50 µm. 
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Figure 4.21 EQE of the self-powered photodetector and solar cell based on Si at 0 V.  

D. Photodetectors Based on Si Nanowires 

SEM Images 

 The SEM images of the Si nanowires grown using electroless etching are shown in figure 

4.22. The procedure to grow the Si nanowires was described in details in section C of chapter 2. 

According to this procedure, the diameter of the grown Si nanowires can vary in the range 

between 50 to 150 nm [82]. The nanowires length can be controlled by varying the etching time. 

This procedure is very simple to implement since it does not require the use of plasma etching 

but its drawback is the difficulty to precisely control the diameter of the grown Si nanowires.  

To have a better control over the diameter of the grown Si nanowires, nanosphere 

lithography can be implemented. All the details about the growth are listed in section D of 

chapter 2. The SEM images of the grown Si nanowires using this procedure are shown in figures 

4.23 and 4.24. The oxygen plasma etching time was varied between 20 to 25 minutes. The SEM 



76 
 

images in figure 4.23 are for Si nanowires grown using oxygen plasma etching time of 20 min 

and Au (15 nm) as the metal catalyst. On the other hand, the SEM images in figure 4.24 are for 

Si nanowires grown using oxygen plasma etching time of 25 min and Ag (40 nm) as the metal 

catalyst. The average diameters of the grown Si nanowires are 150 and 120 nm for the nanowires 

depicted in figures 4.23 and 4.24, respectively. 

 

Figure 4.22 SEM images of Si nanowires grown using electroless etching. 

.  

Figure 4.23 SEM images of Si nanowires grown using nanosphere lithpography with O2 plasma 

for 20 min and Au (15 nm) metal catalyst. 

30 µm 10 µm 

3 µm 1 µm 
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Figure 4.24 SEM images of Si nanowires grown using nanosphere lithpography with O2 plasma 

for 25 min and Ag (40 nm) metal catalyst. 

 The SEM images of the Si nanowires used in the fabrication of the self-powered near-

infrared photodetectors are shown in figure 4.25. The vertically-alligned Si nanowires were 

grown using electroless etching. From the SEM images, the diameters of the Si nanowires were 

found to vary in the range between 89 to165 nm with an average diameter of 125 nm. From the 

cross-sectional SEM image in figure 4.25, the length of Si nanowires was controlled to be 3 µm. 

This length of the nanowires was achieved by setting the etching time in the HF acid to be 40 

minutes. The length of the nanowires can be increased by etching the samples in the HF acid for 

longer times. Longer nanowires can reduce the reflection form the surface and increase the 

absorption of light. The obtained diameter and length of the nanowires are in consistence with 

previous report on Si nanowires grown using electroless etching with the same procedure [81]. 

The SEM images show also that high density of nanowires was obtained over large areas along 

with vertical alignment of the nanowires. The color of the surface of the sample will turn into 

deep black after the formation of the nanowires.  

5 µm 4 µm 
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Figure 4.25 SEM images of the vertically-aligned Si nanowires used in the fabrication of the 

self-powered near-infrared photodetectors. Reprinted with permission from Nusir et al [85]. 

Device Performance 

 To investigate the effect of Si nanowires on the performance of self-powered near-

infrared photodetectors, control device was used. The control device consists of Au and Ti 

interdigital electrodes with thickness of 30 nm and spaced by 50 µm channel and without Si 

nanowire in the channel between the electrodes. The J-V characteristics of the control device and 

the device with Si nanowires are plotted together in figure 4.26. Similar to the J-V curves in 

figure 4.19, the devices has a diode rectifying behavior and the photocurrent curve shifts by the 

value of light-generated current under light conditions. The control device has an open-circuit 

voltage of 0.23 V and short-circuit current density of 11.6 mA/cm
2
. After applying the Si 

nanowires in the channel between the interdigital electrodes, the short-circuit current density 

increases to 15.3 mA/cm
2
, which corresponds to an enhancement of 32% in the short-circuit 

current.  

5 µm 5 µm 
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Figure 4.26 J-V curves of the control device and the device with Si nanowires under dark 

conditions (dashed lines) and light (solid lines). Reprinted with permission from Nusir et al [85]. 

 The EQE spectra of the control device and two devices with Si nanowires are plotted in 

figure 4.27 at 0 V bias. The two devices with Si nanowires have the same dimensions of the 

interdigital electrodes and metal thickness as the control device. The control device exhibits an 

average EQE value of 5.4% in the visible and near-infrared spectral regions with an onset at 

wavelength of 1200 nm. After applying the Si nanowires in the channel between the interdigital 

electrodes, significant enhancement in the EQE was obtained. The enhancement covers the 

wavelength spectral range between 800 to 1200 nm. The peak in the EQE spectrum of the Si 

nanowires device D1 is ranging from the visible to the near-infrared with an average value of 

10.3% at 965 nm and FWHM of 450 nm. The EQE values of both devices with nanowires 

exhibit the same decay behavior in the higher energy region. The EQE peak of the device D2 is 

slightly broader than the EQE peak of the device D1. 
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Figure 4.27 EQE spectra of the control device and two devices with Si nanowires at 0 V bias.  

 The effect of applying Si nanowires on the spectral response was further investigated. 

The spectral response spectra are plotted in figure 4.28 (a) for both the control device and a 

device with Si nanowires. Enhancement and broadening was achieved in the spectral response 

after applying the Si nanowires. The spectral response was measured in photovoltaic mode for 

both devices. The spectral response results in figure 4.28 (a) are in consistence with the EQE 

measurements in figure 4.27. The spectral response of the device with Si nanowires increases 

rapidly above the bandgap of Si (1.1 eV) as compared to the control device without nanowires. 

The effect of Si nanowires on the performance of devices based on symmetrical interdigital 

electrodes spaced by 50 µm and Ti contacts was investigated and the results are plotted in figure 

4.28 (b). Similar enhancement and broadening was obtained with the symmetrical contacts as 

compared to the devices with asymmetrical contacts in figure 4.28 (a).  
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Figure 4.28 (a) Spectral response spectra of the control device and device with Si nanowires at 0 

V bias. Reprinted with permission from Nusir et al [85]. (b) Spectral response of devices based 

on symmetrical electrodes spaced by 50 µm at 3 V bias with and without nanowires. 
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 The vertically-aligned Si nanowires can enhance the absorption of light through 

suppressing the reflection of light from the surface [82], [95]. This anti-reflection property will 

provide stronger absorption of light and therefore will lead into enhancement in the 

photoresponsivity of the devices based on nanowires. The reflection of light from the surface 

strongly depends on the length of the nanowires; longer nanowires exhibits lower reflection from 

the surface. As a result, further enhancement in the photoresponsivity of the devices is expected 

using longer nanowires. Additionally, the Si nanowires have larger aspect ratio which will allow 

for absorbing larger amount of light. It is noted that the implementation of nanowires with 

asymmetrical interdigital electrodes spaced by smaller channel will further enhance the device 

performance by increasing the electric field inside the channel, with reference to figure 4.15. 

As mentioned previously, the operation at 0 V bias is the result of using asymmetric 

Schottky barriers, Au and Ti, in contact with the Si substrate. This will create band bending in 

the Si and will create a built-in electric field. The built-in electric will separate the photo-excited 

carriers and generates a photocurrent at 0 V. The Schottky barrier height at the Au/Si and Ti/Si 

interfaces are calculated to be 1.09 and 0.32 eV, respectively, as was shown previously in figure 

1.8. An increase in the Schottky barrier height will further strengthen the built-in electric field. 

The formation of the Schottky junction can be confirmed from the diode rectifying behavior, 

which was obtained from the J-V curves of the devices in figure 4.26. 

As shown previously from the EQE results of devices with Si nanowires, the spectrum 

consists of a peak centered at wavelength of 965 nm. This peak in the EQE is the result of the 

quantum confinement in the Si nanowires and is due to the intrinsic transition above the band-

edge of Si [96]. It is also noted that the EQE spectrum with nanowires exhibits a reduction in the 

higher energy region (> 1.8 eV). This reduction is due to the excessive surface recombination of 
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the photo-excited carries over the surface of the Si nanowires. The surface recombination is 

caused by the large surface-to-volume ratio of the Si nanowires [97]. This reduction in the EQE 

in the higher energy region was also reported in another photovoltaic devices based on Si 

nanowires [53], [96].  

The responsivity of the devices with Si nanowires can be extracted from the EQE 

spectrum in figure 4.27. The maximum responsivity the device was found to be 0.08 A/W at 965 

nm and 0 V bias. This obtained responsivity at 0 V is on the same order of that obtained from 

photodetectors with similar planar structure (metal-Si nanowires-metal) and biased at -10 V [98], 

[99]. Other photodetectors with vertical structure of ITO-Si nanowires-Al showed responsivity of 

0.3 A/W at 800 nm and -2 V [100]. The self-powered photodetectors based on Si nanowires in 

this work showed a responsivity of 0.05 A/W at the same wavelength and 0 V bias. An applied 

reverse bias voltage to the devices will enhance the built-in electric field and consequently 

increase the responsivity of the device, as was shown in figure 4.14 (b).  

E. Hot Electrons in Au Thin-films 

The hot electrons generated in Au thin-films were utilized to enhance the photocurrent 

and the spectral response of photodetectors based on semi-insulating GaAs. The enhancement 

was studied as function of Au thin-film. Furthermore, the effect of adding Ti adhesive layer 

between Au and GaAs on the injection of the hot electrons was investigated. For this propose an 

array of the Au thin-films was designed and fabricated using optical photolithography. The array 

consists of pairs of square metallic pads, each of 20 x 20 µm and spaced by 2 µm channel, as 

shown in figure 4.29. The thickness of the thin-film was varied in the range between 1 to 50 nm. 

The horizontal and vertical spacing between the pairs of metallic pads are 40 and 100 µm, 
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respectively. The rationale behind designing pads with these dimensions is set by the minimum 

resolution of patterns than can be fabricated in Optoelectronics Research Lab. With these 

dimensions, this metallic array will cover 4% of the total active area between the electrodes. The 

array of thin-films was applied between electrodes spaced by 0.95 mm and the performance of 

the device was measured before and after applying the array.  

As mentioned previously, the metals have higher carrier concentration as compared to the 

semiconductor. However the carriers are confined by the Schottky barrier formed at the interface 

between the semiconductor and the metal, as was shown in figure 1.9. If the metallic array is 

illuminated with energy higher than the Schottky barrier energy, internal photoemission of hot 

electrons will occur and this will increase the overall photocurrent between the electrodes. A 

voltage bias is applied to create an electric field between the electrodes that will allow the photo-

excited carriers and the hot electrons to circulate generating a photocurrent. 

 

Figure 4.29 Microscopic image of the array of Au thin-films as applied between planar 

electrodes on semi-insulating GaAs substrate. 
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Photocurrent Map 

 To provide a further understanding of the mechanism of hot electron generation and their 

subsequent injection into the semiconductor, photocurrent map was measured. The setup of the 

photocurrent map experiment was discussed previously in chapter 3 section C. In this 

experiment, a focused red laser with energy higher than the Schottky barrier energy was swept 

over the Au thin-films and the photocurrent between the electrodes was measured and plotted as 

function of the laser position. The photocurrent map is plotted in figure 4.30 for an Au thin-film 

with thickness of 30 nm and at bias voltage of 5 V. The photocurrent map was measured for both 

vertical and horizontal scans of the red laser over the thin-film. 
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Figure 4.30 Photocurrent map at bias voltage of 5 V over an Au thin-film with thickness of 30 

nm. Reprinted with permission from Nusir et al [86]. 
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In the vertical scan plotted in figure 4.30 (a), the photocurrent was limited to 74 nA when 

the laser was focused on the semiconductor. And as the laser was swept over the Au thin-film, 

the photocurrent increased to 118 nA. This increase in the photocurrent is due to the excitation 

and injection of hot electrons. Figure 4.30 (b) shows the photocurrent map for a horizontal scan 

across the same pair of Au thin-film. The drop in the photocurrent in the middle is due to the gap 

between the pair of pads. The red laser energy of 1.96 eV is higher than the energy of the 

Schottky barrier, which is calculated to be 0.96 eV, and therefore it excites hot electrons in the 

Au thin-film. The hot electrons will be injected into the semiconductor and will drift under the 

influence of the electric field applied between the electrodes. These injected hot electrons will 

contribute in enhancing the overall photocurrent. 

Photoresponsivity Enhancement 

The I-V characteristics under light illumination were measured before and after 

depositing the thin-film metal array onto the device. The I-V results are plotted in figure 4.31 (a). 

The thickness of the Au thin-film was set to 50 nm and without a Ti adhesive layer between the 

metal and the semiconductor. After applying the metal thin-film array, the photocurrent at 5 V 

increased from 12.45 µA to 24.5 µA, which corresponds to an enhancement of 97% in the 

photocurrent. The same device was characterized by measuring the spectral response at bias 

voltage of 5 V with and without the array of Au thin-film. The results are plotted in figure 4.31 

(b). Enhancement in the spectral response in both the visible and near-infrared spectral regions 

was observed after applying the array. A peak is noticed in the spectral response at wavelength 

of 1280 nm (0.96 eV), which is below the bandgap energy of GaAs (1.42 eV). This peak is due 

to the internal photoemission of hot electrons above the Schottky barrier formed at the Au/GaAs 

interface. The spectral response exhibits a rapid increase in the wavelength region below 870 nm 
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(1.42 eV) which is due to the excitation of carriers in the bulk GaAs. As usual, the rapid decay in 

the spectral response in the lower wavelength region is due to the response of the quartz beam-

splitter in the FT spectrometer.  
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Figure 4.31 Enhancement in (a) the photocurrent and (b) the spectral response after applying an 

array of Au thin-film with thickness of 50 nm. Reprinted with permission from Nusir et al [86].  
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Effect of thin-film thickness 

The effect of increasing the thickness of the thin-films on the photocurrent enhancement 

was investigated. Different photodetectors were fabricated with different thicknesses of Au and 

Ti thin-films. The enhancement in the photocurrent was found by measuring the I-V curves under 

illumination before and after applying the array of the metallic pads. Figure 4.32 (a) shows the 

enhancement in the photocurrent at bias voltage of 5 V as function of Au thickness and without a 

Ti adhesive layer between the Au and GaAs. The photocurrent enhancement was reduced from 

120% to 97%, as the Au thickness was increased from 10 to 50 nm. Next, the photocurrent 

enhancement was investigated as function of the Ti adhesive layer thickness. The thickness of 

the Au top layer was kept constant at 10 nm during this investigation. The results are plotted in 

figure 4.32 (b) and shows that the photocurrent enhancement of the devices was reduced from 

120% to 8% as the thickness of the Ti adhesive layer increased to 4 nm. 

The result in figure 4.32 (a) implies that the photocurrent enhancement strongly depends 

on thickness of the Au thin-films and as the Au thickness increases the photocurrent 

enhancement will decrease. This result matches with the theoretical and experimental work 

presented by Scales et al, which revealed that significant increase in the photoresponse of the 

devices will be achieved by using thinner Au thin-films [75]. This was attributed to the increase 

in the emission probability of hot electrons into the semiconductor with thinner thickness of 

metals. The enhancement in the internal photoemission of hot electrons in thinner Au thin-films 

is caused by the multiple reflections of hot electrons off the Au/GaAs and Au/air interfaces, as 

depicted in figure 4.33. This will provide higher emission probability of hots electrons over the 

Schottky barrier into the semiconductor, as was stated by Scales et al [75].  
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Figure 4.32 Photocurrent enhancement at different: (a) Au and (b) Ti thicknesses. Reprinted with 

permission from Nusir et al [86]. 

 

Figure 4.33 Reflections of hot electrons at the interfaces between Au/GaAs and Au/Ti/GaAs. 
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The result in figure 4.32 (b) showed that the addition of Ti adhesive layer between the Au 

and the GaAs will significantly reduce the enhancement in the photocurrent. This can be 

explained by the increase in the path traveled by hot electrons generated in the Au thin-film, 

which will reduce the emission probability of hot electrons reduces [75]. The addition of Ti layer 

will create further reflections at the interface between Ti and Au, which will reduce the emission 

probability of hot electrons, as depicted in figure 4.33. 

Surface plasmons can be generated in the metallic structures and assist in generating hot 

electrons. However in this structure, the effect of plasmons in generating hot electrons is 

minimized. This is because the plasmons generated at the edge of the structure will decay rapidly 

before reaching the center of the microstructure, especially the structure is relatively large (> 10 

µm). Therefore this will prevent the generation of plasmonic resonance. Furthermore, the 

photocurrent and spectral response did not show any dependence on the polarization direction of 

the incident light, which is typical for devices based on plasmons [101]. Although the structures 

presented in this work did not exhibit any plasmonic enhancement. However the microscale 

arrays showed the ability of absorbing more light and generate further hot electrons. This is due 

to the large area of the Au structures. The maximum photocurrent enhancement in this work was 

found to be 120%. This is higher than the percentage of enhancement achieved using plasmonic 

nanoparticles for solar cells, which was limited to 58% [102].   
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V. Conclusions 

A. Summary 

Narrow bandgap nanocrystals based on PbSe were investigated for the application of 

uncooled near-infrared photodetectors. The nanocrystals were grown using wet chemical method 

and characterized by measuring the optical absorption and photoluminescence to extract the 

bandgap energy and the size distribution of the nanocrystals. The size of the nanocrystals was 

tuned by controlling the growth reaction time and measuring the absorbance of nanocrystals at 

different growth reaction time. The synthesized nanocrystals were functionalized with molecular 

ligands to improve on the charge transportation between nanocrystals. Afterwards, near-infrared 

photodetectors were fabricated by coupling the nanocrystals with interdigital electrodes. The 

devices were characterized by measuring the I-V characteristics and the spectral response. The 

dimensions of the interdigital electrodes were optimized by measuring the response of devices 

with different electrode spacing. 

Self-powered near-infrared photodetectors were developed by designing and fabricating 

asymmetrical Schottky interdigital electrodes. The performance of the devices was optimized by 

varying the dimensions of the electrodes and the type of the metal contacts. The electrodes were 

fabricated by using standard optical photolithography on semi-insulating GaAs and undoped Si 

substrates. The fabricated devices were characterized by measuring the I-V curves, the spectral 

response, and EQE at 0 V bias. To further improve on the performance of the self-powered 

devices, vertically-aligned Si nanowires were grown in the channel between the electrodes. The 

Si nanowires were grown by using metal-assisted wet etching and characterized by SEM 
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imaging. Several etching methods based on metal-assisted wet etching were followed to control 

the diameter and the length of the nanowires. 

Hot electrons generated in Au were utilized to enhance the lateral photocurrent 

circulating between two parallel electrodes deposited on semi-insulating GaAs substrate. This 

was accomplished by designing and fabricating an array of metallic thin-films. The internal 

photoemission of the hot electrons was confirmed by measuring the photocurrent map during a 

sweep of a focused laser over the thin-film. The photocurrent enhancement was measured as 

function of the thickness of the Au thin-film. Furthermore, the effect of adding a Ti adhesive 

layer between the Au and the GaAs on the photocurrent enhancement was investigated. 

B. Contributions 

The work in this dissertation presented the design, fabrication, and characterization of 

optoelectronic devices based on nanostructures. Several types of nanostructures were 

investigated for the devices, such as, nanocrystals, nanowires, and thin-films. The optoelectronic 

devices were designed to detect the near-infrared radiations spanning between the wavelengths 

of 700 and 1800 nm. The purpose of this investigation is to provide a full design and 

implementation methodology for future devices based on various types of nanostructures. This 

includes the growth and processing of the nanomaterials to become suitable for devices. 

Additionally, the optimization of the device contacts in order to improve on their performance 

and responsivity. 

 The first contribution to the field of semiconductor nanomaterials and devices is to 

utilize PbSe nanocrystals for uncooled near-infrared photodetectors. In this work, the size of the 

nanocrystals was optimized by setting the growth reaction time to 20 seconds. From the optical 
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absorbance of the nanocrystals, high quantum confinement was obtained with a first excitonic 

energy of 0.9 eV, which corresponds to a size of 7 nm. The photoluminescence spectrum showed 

that the size distribution of the nanocrystals was minimized. The effect of the ligands capping the 

nanocrystals on the performance of the photodetectors was further investigated. It was found that 

the device with MAA ligands had lower dark current and larger photocurrent to dark current 

ratio as compared to the other device with EDT ligands. The EDT ligand is a double functional 

group which causes the nanocrystals to become closer to each other and as a result cause an 

increase in the device dark current. The dimensions of the interdigital electrodes for the uncooled 

photodetectors were optimized. It was found that the device with electrode spacing of 10 μm had 

larger photocurrent to dark current ratio and stronger spectral response as compared to the other 

devices with electrode spacing of 20 and 50 µm. The spectral response showed strong operation 

covering the entire near-infrared region with three separate peaks, producing a wavelength 

selectivity feature. This feature is the result of the size tunable quantum confinement in the PbSe 

nanocrystals. 

The second contribution to the field is the development of asymmetrical Schottky 

interdigital contacts for the application of self-powered near-infrared photodetectors. The device 

performance was optimized by fabricating devices with different electrode spacing. Significant 

enhancement in the detectivity, EQE, and the spectral response was achieved at zero bias as the 

electrode spacing was reduced. This enhancement was obtained by the higher built-in electric 

field in the channel between the electrodes. Furthermore, the effect of the asymmetrical 

electrodes based on different metal pairs, such as Au-Ti, Au-Ag, and Ag-Ti, was investigated. It 

was founded that the Au-Ti electrodes produced the strongest response. This is because the 
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increase in the Schottky barrier height will further strengthen the built-in electric field and 

provide an efficient separation of photo-excited carrier. 

The integration of Si nanowires with the asymmetric interdigital electrodes showed 

enhancement in the response of the self-powered photodetectors. The Si nanowires were 

selectively grown between the interdigital electrodes by using electroless etching and Cr hard 

mask. Enhancement in the short-circuit current and EQE was achieved as compared to other 

device with planar structure and without nanowires. The spectral response showed rapid increase 

and broadening above the band-edge of Si. This enhancement is caused by the stronger light 

absorption due to the increase in the aspect ratio of the active area and the suppression in surface 

reflection.  

In the third investigation, the generated hot electrons in Au thin-films demonstrated the 

ability to further enhance the photocurrent of devices. This work showed that the photocurrent 

enhancement strongly depends on the thickness of the Au thin-film and the existence of Ti 

adhesive layer between the Au and the semiconductor. A decrease in the thickness of the film 

will increase the injection of hot electrons into the semiconductor and increase the overall 

photocurrent. This is due to the increase in the emission probability of hot electrons caused by 

the multiple reflections at the metal/semiconductor interface. The internal photoemission of the 

hot electrons was confirmed from the peak at wavelength of 1280 nm in the spectral response of 

the devices. This peak corresponds to the energy of the Schottky barrier formed between Au and 

GaAs. The enhancement was also confirmed by measuring the photocurrent map using a sweep 

of focused red laser. The addition of Ti layer between the metal and the semiconductor will 

damp the enhancement in the photocurrent. This is due to in the further reflection of hot 

electrons at the interface between Au and Ti, which will reduce the emission probability. 
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C. Future Work 

Further enhancement in the response of the self-powered photodetectors can be achieved 

by using longer Si nanowires (> 5 µm). Since the longer nanowires will further reduce the 

surface reflection and increase the light absorption. This requires fabricating thicker Si fingers 

between the interdigital electrodes using deep RIE. And then the Si fingers will be transformed 

into nanowires using electroless etching with longer etching time in the HF acid (> 1 hour). This 

requires further SEM imaging of the Si nanowires to measure the nanowires length as function of 

longer electroless etching time. Additionally, the integration of Si nanowires between 

asymmetrical electrodes with less electrode spacing (5 µm) will produce strong responsivity of 

the photodetectors at 0 V bias.  

Nanostructures, such as, nanocones and nanowires, can be used with solar cells as an 

antireflection coatings to increase the power conversion efficiency. The nanostructures can be 

etched on the surface of GaAs solar cell by using the nanosphere lithography procedure 

presented in chapter 3 of this dissertation. The polystyrene nanospheres will be first coated on 

the surface of the GaAs solar cell and then tailored to the required diameter using O2 plasma RIE 

etching. Second, the nanospheres will be used as an etching mask to grow vertically-aligned 

nanostructures on the surface of the GaAs solar cell. The etching can be performed using RIE 

and gases, such as, Cl2 and BCl3. The nanocones can be grown by using inductive coupled 

plasma RIE etching to control the anisotropy of the etching profile.  
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