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In the last couple of decades gallium nitride devices have gone from the laboratory to 

commercially viable devices in the radio frequency domain and in solid state lighting. Nanowires 

of the same material should ideally be miniature versions of bulk devices, with the additional 

advantage of packing density.  Carrier transport in nanowires is dominated by the type and 

geometry of the contact. Therefore, all device characteristics must be obtained in a circuit 

configuration that very nearly approximates that of the proposed application. Conventional 

methods of obtaining mobility, like the Hall Effect, would not be very accurate because of the 

different contact geometry and circuit configuration involved.  

The present study focuses on as-grown nanowires with a mean diameter of 50 nm. The 

wires are too thick for energy quantization and thus are not one-dimensional structures. But, the 

high aspect ratio of the nanowires modifies many of the electrostatic properties, main among 

them being poor screening.  

Space charge limited transport is investigated in these wires to obtain trap activation 

energy, trap density, equilibrium carrier concentration and electron mobility. The early onset of 

space charge limited transport is attributed to poor screening in these wires. Electron mobility 

values obtained range from 100-575 cm^2/ V-s ( 575 cm^2/V-s for the first growth and 111 
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cm^2/V-s for the second growth) . Silicon, gallium vacancy and gallium on a nitrogen site have 

been identified as the defects contributing to trap limited transport.  The average carrier 

concentration is of the order of 10^17 /cm^3.  

Magnetoresistance has been employed to independently evaluate mobility and thus 

validate the results obtained by analyzing I-V characteristics in the space charge limited regime. 

The mobility obtained by this experiment is 709 cm^2/V-s (for the first growth). The difference 

between the mobility obtained by the two methods is 18.8%.  

.  
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CHAPTER 1 
INTRODUCTION 

The developed world today enjoys an unprecedented access to information and 

computational tools to process information, thereby creating more information. The beginning of 

the digital age can be traced back to the invention of the silicon transistor in 1947, which 

heralded the beginning of the Integrated Circuits industry. The silicon MOSFET is the workhorse 

of the IC industry and engineers have, for decades, worked toward making smaller transistors, 

thereby increasing performance and reducing cost and power consumption. The exponential 

reduction in size has followed Moore’s law for decades, driving the quest for new materials, 

processing techniques and device structures 1. 

Despite the ubiquitous presence of silicon in logic circuits, there are some niche 

applications to which other materials are better suited. III-V semiconductors are direct band gap 

materials and thus can be used in opto-electronic applications. Gallium Arsenide is perhaps the 

most studied compound semiconductor, but the wide band gap III-nitride materials have 

generated considerable interest since the 1960s for their potential to generate and detect green, 

blue and ultra violet light. Apart from using III-Vs for optical switching, using GaAs for 

generating red light, III-nitrides for blue and green light, the entire color spectrum is covered, 

making white light illumination possible. Fluorescent and incandescent light sources can be 

replaced by these semiconductor light sources, reducing power consumption by close to 90%2. 

Gallium Nitride (GaN) crystallizes in both wurtzite and cubic phases with a direct band 

gap of about 3.5 eV. The wide band gap allows for operation at high temperatures because a 

GaN device would turn intrinsic at higher temperatures as compared to semiconductors with 

smaller band gaps, like Si or Ge. Thus power devices can operate at higher temperatures with far 

less cooling than would be required for silicon or germanium devices. The critical electric field 
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for breakdown is proportional to the square of the band gap. GaN has a high breakdown field 

greater than 4MV/cm. Table 1-1 lists some of the important properties of GaN as compared with 

that of Si, GaAs and SiC. A combined rating for high temperature and power is computed based 

on the band gap, breakdown field, saturation velocity and thermal conductivity. This combined 

figure of merit is much higher for GaN than for any of the other materials.  Mechanical and 

thermal stability, possible passivation using Ga2O3 are other desirable properties of GaN2. 

Table 1-1. Comparison of GaN with Si, GaAs, SiC2 
Property Si GaAs 4H-SiC GaN 
Bandgap (eV) 1.12 1.42 3.25 3.4 

Breakdown field 
(MV/cm) 

0.25 0.4 3 4 

Electron mobility 
(cm2/V-s) 

1350 6000 800 1300 

Saturation 
velocity (107 
cm/s) 

1 2 2 3 

Thermal 
conductivity 
(W/cmK) 

1.5 0.5 4.9 1.3 

Figure of merit 1 8 458 489 
 

There were difficulties in finding a good growth substrate and effective doping because of 

which GaN development has lagged far behind Si and GaAs. Homo-epitaxial growth and p-type 

doping of GaN are two problems that have been recently solved, leading to commercially viable 

GaN-based light emitting diodes (LEDs), lasers and UV detectors. Growing stable, ohmic 

contacts, especially to p-type GaN, is a challenge that still needs to be addressed. A lot of 

progress has been made in GaN based devices driven by the commercialization of photonic 

devices. GaN Schottky rectifiers have breakdown voltages above 4kV. GaN, in conjunction with 

AlGaN as a hetero-structure has generated a lot of research interest due to high mobility of 

carriers in such transistors2. 
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Commercial Applications 

GaN devices are no longer confined to research labs. With the launch of LED lighting 

sources that can be plugged to regular a.c. power outlets by Seoul Semiconductors, the 

importance of GaN to complete the color spectrum and produce white light makes it a more 

lucrative investment. The GaN RF market was forecast to be commercially viable from 2008, 

with players like Cree, RF Micro Devices, Toshiba and Nitronex taking a keen interest 3. 

Nitronex was ready to ship GaN WiMax transistors, with GaN grown on Si in the last quarter of 

20054. Eudyna and NTT announced the deployment of the first GaN based WiMax network for 

testing in Tokyo in 2006. The GaN RF market is forecast to reach $100M by 2010 5.  The GaN 

LED market with an estimated 5 million units, mainly blue, green and white LEDs, is estimated 

to be $3.5B6.   

The late entry of GaN into the semiconductor device market has accelerated 

miniaturization of GaN devices. GaN is grown and used in bulk, thin film and hetero-structure 

form. One dimensional (1D) nano structures are being investigated as the basic building blocks 

of nano-scale circuits.  The large surface to volume ratio and the unique electronic properties of a 

1D system could be exploited in a new class of devices. Some thermal, mechanical and 

electronic properties of a material change when grown as a nanostructure. 

Properties of Nanowires 

The melting point of a solid grown as a nanostructure is far lower than in its bulk form. 

Therefore, the annealing temperature required to make defect-free nanowires, would be much 

less than that needed for bulk devices. The low melting point is also advantageous when it comes 

to cutting and welding nanowires together to form a circuit. But, it would reduce tolerance to 

fluctuations in ambient temperature and limit high-temperature applications.  
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Single crystalline 1D nanostructures have fewer defects per unit length and have more 

mechanical strength compared to their bulk counterparts. For polycrystalline materials, 

decreasing the size of the grain boundaries increases the mechanical strength up to a 

characteristic length, beyond which, the strength decreases again. 

The electrical properties of a material change dramatically when the dimensions of the 

nanowire become comparable with the wavelength of electrons. The quantization of the density 

of states and change in behavior from conductors/ semi-conductors to insulators are among the 

many effects of miniaturization. Unlike bulk circuits which are built top-down, nanowire circuits 

have to be built bottom-up. The small dimensions of the individual devices would allow for very 

high density packing on a chip, with improvement in material synthesis.  

Well cleaved nanowires can be used as lasers without having to use mirrors to confine the 

phonons generated, with the nanowires acting as resonant cavities. Nanowires also exhibit non 

linear optical properties, making them useful as frequency converters and routing elements. The 

high surface to volume ratio of nanowires makes them more efficient sensors 7. 

Reported Properties and Applications of GaN Nanowires 

Electrical and optical properties of GaN nanowires are being investigated by many groups. 

The growth direction of the nanowires and the shape of the cross-section can be controlled by 

changing the substrate 8. Field emission devices with sufficient current densities to drive displays 

and for vacuum microelectronic devices have been demonstrated in GaN nanowires 9-10. Lasing 

has been demonstrated with the ends of the wire acting as the mirror 11-12. GaN nanowires have 

also been used as gas sensors 13. 

Electrical properties of these wires seem to vary from growth to growth. The reported 

electron mobilities range from 30-1500 cm2/V-s 14-16. The variation in mobility is due to the 

growth conditions and the diameter of the wires. The extent of the surface depletion region 
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depends on the size of the wire and changes the carrier concentration. Surface depletion in thin 

wires extends until the entire wire is depleted and only conducts when illuminated by UV light 

16. Space charge limited current flow has also been observed in GaN nanowires 16-17.  

The dependence of electrical characteristics on growth conditions necessitates a full 

electrical characterization of all devices for each growth. Though the literature reports space 

charge limited current in these nanowires, the I-Vs have not been used to extract device 

parameters (except 17). Mobility and carrier concentration as a function of temperature and the 

density and activation energy of traps are the parameters needed to completely characterize a 

device. An identification of traps and impurities present is the first step to developing better 

fabrication procedures. 

Nanowires have unique properties and applications due to their high surface area to 

volume ratio. The high aspect ratio also leads to electrostatic properties very different from bulk 

devices. Electrical transport in nanowires is dominated by the properties of the contacts 18. This 

makes it necessary to obtain device characteristics from nanowires in a circuit configuration as 

close as possible to the one in which the use of the nanowires is proposed. Thus, if mobility of a 

wire is measured using a Hall set-up, it is likely that the wire will not display the same mobility 

when operated as a FET.  

Transconductance is commonly used to compute mobility but the formula used to compute 

the capacitance of a wire assumes an infinitely long metallic wire. A metallic wire would 

completely screen an applied potential whereas most semiconductors are non-degenerately doped 

and have non-ideal screening. The finite length of the nanowires implies that the fringing 

capacitance of the electrodes should also be considered. All these complexities make the 

accuracy of mobility values obtained from transconductance measurements questionable. 
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The focus of this work is to explain the different types of I-V characteristics obtained from 

GaN wires and extract device parameters from the I-V measurements where possible, 

considering the electrostatics unique to nanowires because of their high aspect ratio. Chapter 2 

describes fabrication of nanowires and properties of GaN. Chapter 3 gives a brief overview of 

the types of I-Vs obtained from the nanowires, which are explained in subsequent chapters. 

Chapter 4 deals with space charge limited transport and details a method to extract mobility, 

carrier concentration, trap density and activation energy from the I-V measurements. Chapter 5 

focuses on the effects of poor screening in nanowires on the onset of space charge limited 

transport. Chapter 6 describes a theoretical model to fit carrier concentration and mobility to 

resistance as a function of temperature. Chapter 7 presents a review of the reported values of 

mobility in GaN nanowires. Chapter 8 describes the theory and measurement of 

magnetoresistance. Chapter 9 deals with Monte Carlo simulation to estimate mobility and 

analytical determination of Hall factor and magnetoresistance coefficients. 
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CHAPTER 2 
FABRICATION 

The GaN nanowires reported in this thesis were grown at Professor Ural’s Nanotechnology 

lab using gold nanoparticles as catalyst. A gold layer about 15�̇�𝐴 thick was first e-beam 

evaporated onto a silicon wafer 0.625μ thick with a 100nm oxide layer grown on top. Gallium 

metal (99.9999% pure) was placed in a quartz boat within a tube furnace. The growth substrate 

was positioned 3 cm downstream of the quartz boat inside the furnace. Residual oxygen in the 

growth chamber was purged with Argon, which is streamed for 10 min at room temperature. To 

form the catalyst nanoparticles, the substrate was heated up to 850 C and annealed in Ar.  

High purity hydrogen and ammonia (both 99.999% pure) were streamed through the 

chamber for ~5 hours and the temperature was maintained at 850 C. The chamber was cooled 

and the wafer removed from the chamber when the temperature fell below 100 C to prevent 

oxidation of the wires13.  

The nanowires grown as outlined above have diameters of around 100 nm. The as-grown 

wires were scraped off to a silicon substrate. Contacts spaced 2, 4, 6 and 10μm were deposited 

by lithography. Figure (2-1) shows as-grown wires and a wire with contacts placed and Figure 

(2-2) shows some AFM images of the wires.  

Different metals were used to make contact to the wires. The first set of wires had a stack 

of four metals -Pt/Ti/Al/Au, grown one on top of the other for contacts, where Pt is the metal 

layer lying on the GaN nanowire.  Many of these wires had a small Schottky barrier, though 

some showed pure ohmic behavior. Some of the devices also turned out rectifying. Annealing the 

devices at 100 C for 5 minutes in an RTA produced more linear devices with ohmic contacts. 

There were no rectifying Schottky devices in the annealed sample. Using Ti/Au, with Ti 

contacting the GaN surface, for contacts leads to Schottky devices, most of which were 
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rectifying. Thus the metals used to make contact to the nanowire play an important role in 

determining the properties of the device. 

 A 
 

 B 
 

Figure 2-1. SEM images of GaN nanowires A) As grown B) with contacts placed. 
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Figure 2-2. AFM image of a GaN wire showing the diameter in nm (vertical scale).  

Some of the wires grown have a circular cross-section and some have a triangular cross-

section19. It can also be seen from Figure (2-2) that some wires are perfectly cylindrical, with a 

constant diameter, while some wires are broad at one end and narrower at the other.  The 

tapering effect in nanowires is attributed to the growth procedure – the end close to the catalyst is 

believed to be widest, and the distribution of defects as investigated by photoluminescence also 

varies from one end to the other 20. 

As grown nanowires are believed to be n-type and the main contribution to defects arises 

out of N and Ga vacancies. Dislocations are almost non-existent in nanowires unlike in bulk 

materials where grain-boundary scattering plays a big role in determining mobility. 



 

22 

The activation energies of the commonly found traps in Wurtzite GaN are listed in Table 

(2-1). The growth chamber is likely to contain traces of Si and C and therefore these impurities 

are likely to be present in the nanowires.  

Table 2-1. Important impurity levels in Wurtzite GaN. The energies are in eV 21 
Impurity / Defect Ga site N site 
Si 0.012 -0.02  
N vacancy  0.03,0.1 
C 0.11-0.14  
Ga on N site  0.59-1.09 
Ga vacancy 0.14  
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CHAPTER 3 
MEASUREMENTS 

Gallium nitride wires from four different growths were studied, with the flow rate of 

ammonia varied in each growth. The GaN wires are just barely visible under an optical 

microscope, and every pair of contacts was thus checked to see which ones had a single wire 

bridging them. Room temperature DC I-V characteristics were measured for every such 

nanowire. The GaN devices show both linear and non linear I-V characteristics, with many 

having a Schottky barrier if not annealed. Linear characteristics dominate for devices of 4, 6, 10 

micron lengths. The 2-micron devices show more non-linear behavior, with some having distinct 

slope 1- slope 2 transitions on a log- log plot of  current vs. voltage, which is characteristic of 

space charge limited transport. Figure 3-1 shows an I-V characteristic obtained for one of the 

2μm devices, showing a sharp rise in current with one voltage sweep, and a slump in current with 

the other.  The sharp rise in current is attributed to presence of traps and space charge limited 

conduction, and is discussed in detail in Chapter 4. The downward slump in current can also be 

explained by the presence of traps, and the explanation for it is also found in Chapter 4. 

 Figure 3-2 shows a linear I-V for one of the wires, 4μ in length. The linear devices do not 

show a hysteresis. Figure 3-3 shows I-V measurements of devices with a Schottky barrier, one of 

which conducts for both polarities of the applied voltage, and the other is showing a reverse 

saturation current. Going over all the I-V plots, it is possible to find I-V measurements for 

devices with a Schottky barrier that seem to be laterally reversed. One such pair is shown in 

Figure 3-4.  

Figure 3-3 shows I-V measurements of devices with a Schottky barrier, one of which 

conducts for both polarities of the applied voltage, and the other is showing a reverse saturation 
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current. Going over all the I-V plots, it is possible to find I-V measurements for devices with a 

Schottky barrier that seem to be laterally reversed. One such pair is shown in Figure 3-4.  

 

 

Figure 3-1. Non linear I-V characteristic of a 2μm wire. The arrows indicate the direction along 
which the voltage is swept.  

 

Figure 3-2. Linear I-Vcharacteristic of a 4μm device. 

-4.00E-04

-3.00E-04

-2.00E-04

-1.00E-04

-9.00E-18

1.00E-04

2.00E-04

-5 -3 -1 1 3 5
I A

m
pe

re

V Volt

"-5 to 5"

5 to -5

-6.00E-04

-5.00E-04

-4.00E-04

-3.00E-04

-2.00E-04

-1.00E-04

0.00E+00

1.00E-04

2.00E-04

3.00E-04

4.00E-04

5.00E-04

-4 -2 0 2 4

I A
m

pe
re

V Volt



 

25 

A B 

Figure 3-3. I-V characteristics of Schottky devices that are A) Conducting for both voltage 
polarities. B) Rectifying. 

A B 

Figure 3-4. Current vs. voltage plotted for measurement of 2 different devices. The devices are 
rectifying for different polarities of voltage. 

Table 3-1. Breakdown voltages (DC bias) of the nanowires for the first growth 
Device Length (microns)  Breakdown voltage (V) 
2 4 
4 8 
6 12 
10 16 

 

Both low and high temperature measurements were performed to determine the μ-n 

product and trap occupancy as a function of temperature.  
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A B 

Figure 3-5. Current vs. voltage plot showing device breakdown. 

A detailed discussion of the results of I-V-T measurements is found in Chapter 4 for the 

shorter 2μ devices and in Chapter 5 for longer, linear devices. 

Though a back gate is not fabricated, gate dependence of drain current in these devices was 

investigated by biasing a metal plate put under the sample. No change in current was observed 

even with gate bias as high as +/- 30V.  

The effect of annealing was studied by measuring the current-voltage characteristics of 

some devices and then annealing them at different temperatures. The resulting change in I-V is 

shown in Figure 3-6. 

 

Figure 3-6. I-V measurements showing the effect of annealing. The solid line shows the I-V 
characteristics before annealing and the dotted line shows the I-V characteristic after 
annealing at 650C. 
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CHAPTER 4 
SPACE CHARGE LIMITED TRANSPORT  

Introduction 

A closer examination of the non linear I-V characteristics reveals a common structure to 

the I-V curves. The slope of the I-V curves changes from 1 to 2 and then to an almost 

exponential rise. This characteristic is observed mostly in the shortest wires - 2μ in length. Non 

linear I-V characteristics, with I-V slope changing from linear to super-linear are attributed to a 

phenomenon called “Space charge limited current”. 

A solid state analog to the Child’s law of space charge limited currents in vacuum for 

thermionic emission was first predicted by Mott and Gurney in 1940 22.The initial advances to 

the theory explained the phenomenon for insulators, working with a very simple formalism. 

Analyzing I-V characteristics in the space charge limited regime yields device parameters like 

carrier concentration, mobility, trap density and trap activation energy 23-25. 

Space charge limited current has been reported before in GaN thin films 25 and 

nanowires16-17. The onset of space charge limited currents occurs at much lower voltages in 

nanowires than in bulk devices. Calarco et al 16do not extract transport or device properties from 

space charge limited I-V and Talin et al.17 estimate mobility from the SCL limited I-V curves. 

Band Theory of a Solid 

It is easier to understand space charge limited transport by beginning with an account of 

the mechanism of conduction in a solid. A solid material has two allowed bands – the valence 

band and the conduction band, separated by the forbidden band gap. The valence band is 

completely filled by electrons at 0K. At higher temperatures, electrons absorb thermal energy 

and jump to the conduction band, leaving behind a void called a hole. This process, called 
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generation, is in equilibrium with the inverse process called recombination by which electrons 

recombine with holes and jump back to the valence band, emitting energy.  

In metals, the conduction band is partially filled at 0K. Therefore, even at very low 

temperatures, the metal conducts electricity and there is no forbidden band gap. Insulators have a 

very wide band gap, making it impossible for electrons to jump from the valence band to the 

conduction band. Semiconductors demonstrate a behavior intermediate to that of metals and 

insulators. At low temperatures, the conduction band is empty and the material behaves like an 

insulator. As the temperature increases, some of the valence band electrons acquire energy to 

jump to the conduction band and the material begins to conduct. A simple representation of the 

band diagram is in Fig 3.1. 

 

Figure 4-1. Energy band diagrams of A) metals, B) semiconductors and C) insulators, showing 
the conduction and valence bands. The top of the valence band is said to have energy 
Ev and the bottom of the conduction band Ec.   

A theoretical energy level called the Fermi level is defined as the energy level below which 

all the states are filled at absolute zero. At higher temperatures, some states below the Fermi 

level are empty and some above are filled. The probability of an electronic state being filled is 

given by the Fermi function. The energy level at mid-band gap is called the intrinsic Fermi level, 

and is the Fermi level for intrinsic semi-conductors. For n-type semiconductors, the Fermi level 

is closer to the conduction band and for p-type semiconductors it is closer to the valence band. 
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The number of electrons in the conduction band is given as a function of the density of 

states NC, the Fermi level EF and the bottom of the conduction band EC as 

  𝑛𝑛0 = 𝑁𝑁𝐶𝐶 exp �𝐸𝐸𝐹𝐹−𝐸𝐸𝐶𝐶
𝑘𝑘𝑘𝑘

�         (4-1) 

where k is the Boltzmann constant and has a value 1.3810-23 J K-1 and T is the temperature. 

Current-Voltage Equations 

When a voltage is applied to a device, injecting electrons into it, the number of filled states 

increases and this might be thought of as a rise in the “quasi” Fermi level F, which is the Fermi 

level in the presence of injection and is related to the total carrier concentration n in the same 

way as the actual Fermi level EF is related to the equilibrium carrier concentration n0. At low 

levels of injection, the quasi-Fermi level is very close to the actual Fermi level, and the number 

of free carriers can be approximated by n0.  

If a voltage is applied across the semiconductor then it conducts current and the electron 

current depends on the number of electrons in the conduction band and the applied voltage. 

Current density J is given by  

𝐽𝐽 =  𝜌𝜌𝑣𝑣            (4-2) 
 
where ρ is the mobile charge density and v is the drift velocity of electrons. 

 
In a semiconductor the mobile charge density in equilibrium is given by the carrier concentration 

n0.Therefore, 

 𝜌𝜌 = |𝑞𝑞𝑛𝑛0 |           (4-3) 

 Using the expression relating drift velocity and applied voltage 

𝑣𝑣 =  𝜇𝜇 𝜀𝜀 =  𝜇𝜇 �𝑉𝑉
𝐿𝐿
�         (4-4) 

where μ is the mobility, V is the applied voltage and L is the length of the device. 

Combining the above equations, we have  
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 𝑱𝑱 =  𝒒𝒒𝑛𝑛0𝝁𝝁
𝑽𝑽
𝑳𝑳
           (4-5) 

This is Ohm’s law and is valid for small injection levels. For small voltages, the injected 

carrier concentration ni is much smaller than the neutralized equilibrium carrier concentration n0. 

Here, the current is assumed to be due to the thermally generated electrons and does not take the 

injected electrons into consideration 26.  

If the space between the electrodes of the system has a capacitance per unit area C, then the 

injected charge per unit area stored by the system Q, with an applied voltage V takes the form  

𝑄𝑄 = 𝐶𝐶𝑉𝑉            (4-6) 

Continuing as before, the mobile charge density becomes, 

𝜌𝜌 = 𝑄𝑄
𝐿𝐿

= 𝐶𝐶𝑉𝑉
𝐿𝐿

=  �Є
𝐿𝐿
� �𝑉𝑉

𝐿𝐿
�          (4-7) 

where Є is the dielectric constant and L is the distance of separation between the electrodes. At 

higher injection levels, the injected electron concentration, ni, becomes much greater than n0. The 

increase in electron concentration is limited by the amount of charge that can be supported by the 

device at the applied voltage. Assuming the charge density is almost entirely due to ni, 

𝑱𝑱 =  𝝁𝝁 𝜺𝜺 𝑽𝑽
𝟐𝟐

𝑳𝑳𝟑𝟑
          (4-8) 

The exact mathematical expression, first derived by Mott and Gurney in 1940, has a scaling 

factor of 9/8. This is the solid state analog to Child’s law, which is applicable in vacuum 26. 

This simple model of a pair of electrodes as a capacitor was proposed by Rose, and 

furthered by Lampert and Mark. The theory assumes an ohmic contact, which can pump in an 

infinite number of electrons into the insulator, a constant mobility, diffusion current much 

smaller than drift current and that the field between the contacts is uniform and can be 

approximated by 22 
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𝜀𝜀 =  𝑉𝑉
𝐿𝐿

                (4-9) 

 There is a limit on the amount of current that can flow at an applied voltage and this limit 

is determined by the maximum charge that the device can support. This is called the “space-

charge limit” and conduction in this regime is called space charge limited conduction.  

Traps 

         Thus far, only the presence of free carriers contributing to conduction has been considered. 

However, any defects or impurities present in the insulator will change the number of free 

carriers available for conduction. The traps can be localized or distributed in energy, lie deep in 

the band gap, below the Fermi level (deep traps), or very close to the conduction band and above 

the Fermi level (shallow traps).  Figure (4-2) shows a shallow and deep trap in an insulator23,26. 

Trapping and de-trapping occurs more frequently at shallow traps as the energy needed for 

an electron to jump to the conduction band is smaller and affect conduction significantly.  At 

deep traps, the trapping and de-trapping requires more energy and occurs less frequently. 

The process of trapping and de-trapping is assumed to be at quasi - equilibrium which holds well 

in the presence and absence of applied voltage. When there is no applied voltage, the quasi - 

equilibrium is explained by a thermal equilibrium between trapping and the thermal re-emission. 

This assumption is true as long as the applied field does not substantially heat up the free 

carriers. The balance between the trapped and free carriers is thus altered only by the injected 

charge. The injected charge now has two components – one that fills the traps and another that 

contributes to conduction. The charge is then given by 

𝑄𝑄 =  (𝜌𝜌 +  𝜌𝜌𝑡𝑡)𝐿𝐿 =  𝐶𝐶𝑉𝑉 = Є𝑉𝑉
𝐿𝐿

        (4-10) 

where ρt is the trapped charge density.  
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Figure 4-2. Traps in an insulator. Trap Etn1 is a shallow trap and Etn2 is a deep trap23. 

At small voltages, the charge density is determined by the thermal generation and 

recombination processes and the presence of traps does not alter the linear dependence of current 

on applied voltage and an ohmic region is obtained. 

At higher levels of injection, the injected electrons start filling the traps rather than 

contributing to conduction. This can be thought of as a rise in the quasi-Fermi level. The total 

carrier concentration is given by  

 n =  𝑛𝑛𝑖𝑖 +  𝑛𝑛0   =   𝑁𝑁𝐶𝐶  exp(F − 𝐸𝐸𝐶𝐶
kT

)       (4-11) 

The occupancy of a trap level Et is is given by  

 nt  =  ni,i   +  n0,i  =    Nt

1+�1
g� exp �E t –F

kT �
       (4-12) 

where Nt = trap density, g = degeneracy of the trap, ni,i  = trapped injected charge and n0,i = 

trapped electron density under equilibrium. 

 The number of trapped electrons thus depends on the temperature and the voltage applied. 

A significant increase in the number of free carriers does not occur until the traps are filled, thus 

delaying the onset of space charge limited current.  
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A trap is said to be shallow if F, and thus F0, lies a few thermal voltages below Et. 

Assuming that no is smaller than ni and free charge density ρ is much smaller than the trapped 

charge density ρt, 

𝑛𝑛
𝑛𝑛𝑡𝑡

=   𝜌𝜌
𝜌𝜌𝑡𝑡

 =
𝑁𝑁𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒 �

𝐸𝐸𝑡𝑡  –𝐸𝐸𝑐𝑐
𝑘𝑘𝑘𝑘 �

𝑔𝑔𝑁𝑁𝑡𝑡
         (4-13) 

 which is a constant independent of injection and is given by Ѳ. 

The charge is thus  

𝑄𝑄 =  𝜌𝜌𝑡𝑡L = ρL
Ѳ

          (4-14) 

Thus the current is a factor Ѳ smaller than that for the space charge limited case and is given by  

𝑱𝑱 =  Ѳ𝝁𝝁 𝜺𝜺 𝑽𝑽
𝟐𝟐

𝑳𝑳𝟑𝟑
          (4-15) 

 Once the traps are filled, the current rises sharply and merges with that given by the space 

charge limit. This sharp rise is called the “traps-filled limit”  23. 

Limiting I-V Characteristic 

It follows from the above that for an applied voltage V, the current cannot be less than that 

given by Equation (4-5), because the applied voltage can only add to the available density of free 

carriers. The current cannot exceed that given by Equation (4-8), because (4-8) represents the 

upper limit of charge the system can support at the applied voltage V. The current can also not 

exceed the traps-filled limit, since this rise with respect to voltage represents the case for which 

all the traps are filled. This leads to the definition of a triangle in the log I-log V space within 

which the current flowing through a device is confined for all applied voltages. This is given in 

Figure (4-3). 

 It is possible to define the corners of this triangle in terms of material parameters, and free 

and trapped carrier concentration. The lines of the triangle represent the different regimes of 
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conduction – viz, the ohmic region in which the injected carrier concentration is far lower than 

the equilibrium concentration, the space charge limited region in which the injected carriers far 

exceed the equilibrium carriers, and the transition between the two regions, which may or may 

not be determined by the filling of traps. 

At the voltage at the intersection of the Ohm’s law curve and the space charge limited 

curve,  𝑉𝑉𝛺𝛺−𝑐𝑐 , the charge densities must be the same. This gives, 

𝑄𝑄 =  𝑞𝑞𝑛𝑛0𝐿𝐿 =  Є 𝑉𝑉𝛺𝛺−𝑐𝑐𝐿𝐿         (4-16) 

𝑉𝑉𝛺𝛺−𝑐𝑐  =
𝒒𝒒𝒏𝒏𝟎𝟎𝑳𝑳𝟐𝟐

Є
          (4-17) 

 This transition voltage can be used to determine the mobility and carrier concentration. 

The time taken for an excess charge to be relaxed by redistribution is called the relaxation time, 

𝑡𝑡𝑟𝑟  and the time for an electron to travel the length of a device is called transit time 𝑡𝑡𝑑𝑑 . At the 

transition voltage, the relaxation time is equal to the transit time.  

 Hence,  

 𝑡𝑡𝑟𝑟  =  Є
𝑞𝑞𝒏𝒏𝟎𝟎μ

  =   𝑡𝑡𝑑𝑑  = 𝐿𝐿2

𝜇𝜇𝑉𝑉𝛺𝛺−𝑐𝑐
            (4-18) 

The transition between Ohm’s law and the traps filled limit occurs at 𝑉𝑉𝑘𝑘𝐹𝐹𝐿𝐿 , which using the 

same concept would be given by  

𝑉𝑉𝑘𝑘𝐹𝐹𝐿𝐿  =  𝒒𝒒𝑵𝑵𝒕𝒕𝑳𝑳
𝟐𝟐

𝟐𝟐Є
          (4-19) 

At the trap filling limit, the exact value for capacitance 𝐶𝐶 =  2Є 𝐿𝐿⁄   is taken rather than the 

geometrical capacitance, which differs by a factor 2.  This difference arises because the electric 

field is taken as the “ohmic” value, 𝜀𝜀Ώ =  𝑉𝑉𝑎𝑎 𝐿𝐿⁄ where Va is the applied voltage. The inequality  

𝜀𝜀Ώ < 𝜀𝜀𝑎𝑎 < 2𝜀𝜀Ώ  
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where 𝜀𝜀𝑎𝑎  is the actual field across the device, is assumed true and this gives that the total 

charge in the device given by Equation (4-6) is bounded by the inequality 26 

 Є
𝐿𝐿

< 𝐶𝐶 < 2Є
𝐿𝐿

 

Since traps are filled at high voltages, the higher value of capacitance and field are taken to 

determine the trap-filled-limit transition voltage 𝑉𝑉𝑘𝑘𝐹𝐹𝐿𝐿 . 

 
 

Figure 4-3. The limiting triangle in log J-log V space 23 

The transition from Ohm’s law to trapped- square law occurs before VTFL and only a 

fraction of the total traps, nt are filled. The voltage at which this transition occurs is given by           
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VΩ−T  =  qnt L2

2Є
          (4-20) 

For deep traps, the equilibrium occupancy of holes is given by 

 𝑒𝑒 =  𝑁𝑁𝑡𝑡  – 𝑛𝑛𝑡𝑡 ,0 = 𝑁𝑁𝑡𝑡

1+�1
g� exp �𝐸𝐸𝑡𝑡  –F

kT �
       (4-21) 

To fill the traps, the voltage needed is 

 𝑉𝑉𝑘𝑘𝐹𝐹𝐿𝐿 = q𝑒𝑒𝑡𝑡 ,0L2

Є
           (4-22) 

 The simple theory described above is taken from 24 and 23. This theory can be extended to 

any number of traps. The full I-V showing both shallow and deep traps is shown in Figure (4-4). 

It is to be noted that in the case of deep traps, the traps start to fill while the conduction is still 

ohmic, and thus the departure from ohmic conduction, is a deep traps-filled region, with slope 

greater than 2.  

If the device has 2 shallow traps, the trap lying deeper in the forbidden band gets filled 

first. This leads to shallow-traps filing slope 2 region and shallow-traps filled sharp rise in 

current for each set of traps, leading to a lot of structure in the I-V. Each of the corner voltages 

can be used to compute the concentration of the traps. If deep traps are present, they start to fill 

while the device is still in the Ohmic region of conduction, therefore, there is no separate deep-

traps filling square law.  This also implies that the device stays in the ohmic region longer than 

for the case of two shallow traps, and that shallow-traps filling slope 2 region sets in earlier as 

can be seen from Figure (4-4) 25. 

If the device has Nt(e) of trap levels distributed exponentially within an energy band per 

unit volume, then the trapped conduction current takes the form, 

𝐽𝐽 ~ 𝑞𝑞𝜇𝜇𝑁𝑁𝑐𝑐 �
𝜀𝜀

𝑞𝑞𝑁𝑁𝑡𝑡(𝑒𝑒)
�
𝑙𝑙 𝑉𝑉𝑙𝑙+1

𝑑𝑑2𝑙𝑙+1         (4-23) 
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 where l is the ratio between a temperature Tt and the ambient temperature T. Trap density 

per unit energy range at an energy E below the conduction band is written as 

𝑁𝑁(𝐸𝐸) =  𝑁𝑁𝑡𝑡(𝑒𝑒)

𝑘𝑘𝑘𝑘𝑡𝑡
exp(− 𝐸𝐸

𝑘𝑘𝑘𝑘𝑡𝑡
 )           (4-24) 

 
Figure 4-4. Current density vs. voltage plot in the log-log scale showing two sets of traps. The 

dashed line represents J-V for a deep and shallow trap, the continuous line for 2 
shallow traps. See text for explanation25. 

 The temperature Tt represents the temperature at which annealing stops, and it can be 

assumed to be ~300K. Therefore, l is very likely to be close to 1. At l=1, Equation (4-23) 

changes form to the single shallow trap dominated current, given by Equation (4-15)27. 
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Determination of the Trap Distribution 

The sharp increase in current is found for both single trap levels and traps exponentially 

distributed in energy and at l=1, current has the same dependence on voltage. It is thus necessary 

to determine the trap distribution before extracting any other parameter from the I-V. Rewriting 

Equation (4-23) in terms of its temperature dependence,  

 𝐽𝐽 = 𝑞𝑞𝜇𝜇𝑁𝑁𝑐𝑐𝑉𝑉
𝑑𝑑

� Є𝑉𝑉
𝑞𝑞𝑑𝑑2𝑁𝑁𝑡𝑡(𝑒𝑒)

�
𝑘𝑘𝑡𝑡

𝑘𝑘�
        (4-25) 

Plotting the logarithm of current density against 1/T, the slope and intercept for each case 

will be different and should be as in Table 4-1. This measurement is necessary to determine the 

distribution of traps27.  

Table 4-1. Slope and intercept of logJ-1/T plot for single traps and exponentially distributed traps 27 
 

 
Negative Differential Resistance 

Another distinctive structure in the I-Vs of the shorter devices is hysteresis – with one of 

the voltage sweep polarities giving a sharp rise in current and the other giving a slump in current. 

In the second case, increasing the applied voltage gives a smaller current, giving a negative 

differential resistance. There are also devices that show negative differential resistance without a 

slope 2 region in the I-V. Some such I-Vs are shown in Figure (4-10). 

GaN has a negative differential mobility at fields of 2.106 V/cm and the fields applied to 

these devices are two orders of magnitudes smaller. The devices therefore operate in the constant 

mobility regime.  

Trap distribution Slope Intercept on log J axis 
Discrete −

𝐸𝐸𝑡𝑡
𝑘𝑘
𝑙𝑙𝑙𝑙𝑔𝑔10𝑒𝑒 𝑙𝑙𝑙𝑙𝑔𝑔10 �

𝑞𝑞𝜇𝜇𝑁𝑁𝑐𝑐𝑉𝑉
𝑑𝑑 � 

Exponential 
𝑘𝑘𝑡𝑡𝑙𝑙𝑙𝑙𝑔𝑔10 �Є

𝑉𝑉
𝑞𝑞𝑑𝑑2𝑁𝑁𝑡𝑡(𝑒𝑒)

� 𝑙𝑙𝑙𝑙𝑔𝑔10 �
9
8
𝜇𝜇Є

𝑁𝑁𝑐𝑐
𝑁𝑁𝑡𝑡(𝑒𝑒)

𝑉𝑉2

𝑑𝑑3� 
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The negative differential resistance can be explained by the presence of repulsive traps. 

Repulsive traps present a potential barrier to the capture of electrons which can be visualized as 

in Figure (4-11). As the bias is increased, the energy of the electrons increases, enabling them to 

overcome the potential barrier which makes capture possible. This reduces the number of free 

carriers available and increases the resistance. A similar effect can be observed in some I-V-T 

curves as shown in Figure (4-12). As the temperature increases, the energy of electrons increases 

and the resistance reduces due to increased capture rate28. 

Figure (4-11) shows a schematic representation of a repulsive trap. The potential barrier 

presented by the trap to the electron is also expressible in terms of an effective cross section of 

the trap. At low temperatures or low electron energy, the potential barrier of the repulsive trap is 

too high for the electrons to cross and the capture cross section is around as ~10-22 cm2. For 

attractive centers the carrier capture cross section is 10-12 cm2 and for neutral centers, it is 10-17 

cm2. Change in electron energy would change the effective capture cross section of the trap and 

thus the capture rate 28.  

Repulsive traps are most effective when the field applied is such that the barrier to trapping 

is overcome, in a temperature range where thermal generation does not increase significantly and 

impact ionization does not occur. For a capture rate 𝛽𝛽 for the electrons that have overcome a 

potential barrier 𝜙𝜙, the effective capture rate is given by 

𝐵𝐵0 = 𝛽𝛽exp�
−𝜙𝜙
𝑘𝑘𝑘𝑘�

 

The condition for negative resistance to be observed is that  

𝜀𝜀
𝐵𝐵
𝑑𝑑𝐵𝐵
𝑑𝑑𝜀𝜀
− 𝑒𝑒 > 1            (4-26) 

 



 

40 

A 

 B 

Figure 4-5. Current vs. voltage plot showing negative differential resistance A) after a slope 2 
region.  B) without a slope 2 region.  
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Figure 4-6. Schematic diagram of the potential barrier at a repulsive trap 29. 
 

 

Figure 4-7. Plot of resistance vs. temperature showing increase in resistance with temperature. 
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where B is the capture rate with an applied field ε, and p is the dependence of mobility on 

the applied field given as 𝜀𝜀𝑒𝑒 . For p = -1/2, a field dependent temperature of electrons Te  and B 

given by 

𝐵𝐵 =  𝛽𝛽0 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑎𝑎 �𝜙𝜙 𝑘𝑘𝑘𝑘𝑒𝑒� �
2

�  

Equation (4-26) reduces to 28  

            
𝜙𝜙
𝑘𝑘𝑘𝑘𝑒𝑒

> 2.5 

For GaN grown in nitrogen-rich atmosphere, the dominant defects are Ga vacancies near 

the valence band which act as hole traps and N anti-sites and N interstitial sites near the 

conduction band, which trap electrons. The N anti-sites present a repulsive potential to the 

electrons and an observed capture cross section of 10-22  cm2 is attributed to N anti-sites by29. 

Dislocations present in a device initially act as electron traps. The trapped electrons then present 

a repulsive potential to continued trapping of electrons30. However, GaN nanowires have a very 

small dislocation density 31-32. Interstitial carbon can act as a double acceptor in n-type GaN, 

with trap levels at 1.1 and 1.2 eV below the conduction band 33.  

Parameter Extraction Using the Simple Model 

The model described above assumes a single trap energy level, and provides means to 

estimate carrier concentration, trap density and mobility provided the material constants are 

known. However, in a real device, the transitions between the regimes are not so sharp, neither 

are all the regimes observed as the 2μm devices which burn at ~4V continuous D.C. or ~8V from 

a pulsed supply. Figure (4-8) shows an I-V of one of the GaN wires, showing the transition 

between ohmic and super-linear conduction. 
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Trap-Free Conduction 

The simplest explanation and model would be to assume that the device transitions from 

ohmic to space charge limited conduction at the cross-over voltage (1.7 V in this case, at a 

current of 10.9 µA).  The cross over voltage in this case should be given by Equation (4-17) with 

a correction factor of (4/3) for accuracy. Using material constants from Table 2-1, and a wire 

diameter of 100nm, we have that the carrier concentration is  

n0 = 2.3 x 1014 cm-3  

and mobility µ = 4.4 x 105 cm2/V-s. 

This no value is far lower than expected, even for an undoped wire, which can be taken to 

mean that there are traps, which this model does not take into account.  

Temperature Dependence of I-V 

The first step is to determine the distribution of the traps, which is done by examining the 

temperature dependence of current density. Figure 4-9 shows the I-V curves at 50C, 75C and 

100C. The part of the I-V curve in which, the current depends on the square of the voltage is 

plotted in Figure 4-10 – logarithm of current vs. 1/T.  

For traps exponentially distributed in energy, the slope of the current density depends on 

log10V. For a change in voltage of 0.1, the slope should change by -1. Since the slope is almost 

invariant, the traps must be at a discrete energy level. From the slope and intercept, we get a trap 

level of 0.008 eV and mobility 42637 cm2/V-s. From the reported data on GaN nanowires, the 

mobility is far too high and the trap level too shallow. Trap levels were extracted for other wires 

using the temperature dependence of current. The values extracted are in Table 4-2.  
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 A 

 B 

Figure 4-8. Plot of current vs. voltage A)  in linear space B) in log-log space. The square marks 
the transition from ohmic to square law conduction. Y1 is drawn to guide the eye 
along a line with slope 1 and y2 along a line with slope 2. 
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Figure 4-9. Temperature dependence of I-V at 50C, 75C and 100C.  

 

 
 
 

Figure 4-10. Plot of current density and the inverse of temperature on a linear-log scale at 
2.8Vand 2.9V. The fit to the log I vs 1/T curves are also shown.  
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Table 4-2. Trap activation energy extracted from I-V vs T curves. 
Device Trap energy (eV) Possible element 
1 0.08 Si (0.012-0.02) 
2 0.16-0.02 Si 
3 1.06 Gallium in Nitrogen site 
 
Presence of a Single Shallow Trap 

The corner voltage in this case is given by Equation (4-20), and thus the number of filled 

traps  

nt == 2.3 x 1014 cm-3 = n0/ Ѳ, from Equation (4-13). 

Fitting the slope 2 part of the I-V, given by Equation (4-15), we obtain a value for  

Ѳµ = 4.4 x 105 cm2/V-s. 

For a shallow trap to significantly affect the shape of the I-V, Ѳ << 1. This would drive the 

values of carrier concentration lower and further increase mobility – which is incorrect. The 

breakdown field in GaN is much higher than the fields used here, so the sharp rise in current 

can’t be due to breakdown. To understand why the theory gives incorrect results, it is necessary 

to understand the factors that are introduced to correct for the phenomenological equation (4-8). 

Correction Factors to Rose’s Equations 

The theory proposed by Rose approximates the capacitance of the system and gives a 

phenomenological solution to the problem. However, the current density equations are derived 

by solving the Poisson equations for the geometry with the correct boundary conditions. 

Neglecting diffusion current, current density can be written as 

𝐽𝐽 = 𝑞𝑞𝑛𝑛𝜇𝜇𝜀𝜀          (4-26) 

The Poisson equation in a single dimension considering free and trapped charges is 

Є
𝑞𝑞

 𝑑𝑑𝜀𝜀   
𝑑𝑑𝑒𝑒

= 𝑛𝑛 + 𝑛𝑛𝑡𝑡               (4-27) 
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Rose’s theory was formulated for insulators. So, donor density is neglected in the Poisson 

equation and it is written as in Equation (4-27). Solving with the boundary conditions that ε = 0 

at the cathode and that ε = Va/a where Va is the applied voltage and a is the distance between the 

anode and the cathode Equation (4-8) is obtained, with the correction factor (9/8). For ε = 0, at 

the cathode, the free carrier density at the cathode should be infinite. The model assumes 

infinitely large contacts and a bulk material 26. To accurately model a nanowire, the equations 

derived by Lampert and Mark need corrections which take the geometry of the nanowire and the 

contacts into account. 

Contact Effects 

Space charge theory as derived by Rose and Lampert assumes a 1 dimensional structure. If 

the length of the device is larger than its cross section, then two dimensional effects need to be 

considered. The enhancement of current density in the 2D model, J[2D], as compared to the 1D 

model, J[1D], is given by 

           
𝐽𝐽[2𝐷𝐷]
𝐽𝐽[1𝐷𝐷]

= 1 + 𝐹𝐹𝐹𝐹         (4-30) 

 
where F is the correction factor for the mean position of the injected electrons, given by 

Equation (4-31) and G depends on the geometrical properties of the emission area34. 

𝐹𝐹 =  ∫
�𝑒𝑒 𝐿𝐿� �𝑛𝑛(𝑒𝑒)𝑑𝑑𝑒𝑒𝐿𝐿

0

∫ 𝑛𝑛(𝑒𝑒)𝑑𝑑𝑒𝑒𝐿𝐿
0

  (4-31) 

 
With 𝑛𝑛(𝑒𝑒) ∝  𝑒𝑒−𝑙𝑙 𝑙𝑙+1� , 𝐹𝐹 =  𝑙𝑙 𝑙𝑙 + 1� . For shallow traps, with l=1, we have that F = 1/3. The 

correction factor for the geometry where a small circular patch of the cathode is injecting into the 

device, 35 

 𝐹𝐹 = 1 +  𝐿𝐿
4𝑅𝑅

          (4-32) 
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Equation (4-32), derived in the limit R/L >> 1, should also approximate the case where 

R/L < 1. 

Application to Nanowires 

In the case of the 2μ long nanowires, with a radius of 50nm, the ratio R/L = 0.025 << 1, G 

= 11. Therefore the enhancement is given by 

(1 + 𝐹𝐹𝐹𝐹) = 11/3. 

It is obvious that the correction factors derived above are insufficient to explain the 

observed I-V characteristics in these nanowires. It is necessary to examine the space charge limit 

considering three important factors –  

• The nanowire is a semiconductor, and hence its capacitance is different from the 
geometrical capacitance of an insulator between two conducting plates. 

• The nanowire has a very high aspect ratio, which leads to a redistribution of carrier 
concentration and poor electrostatic screening. 

• The contacts to the nanowire are much bigger than the wire itself, thus fringe effects 
cannot be ignored 18.  

The above considerations are discussed in detail in the following chapter. 
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CHAPTER 5 
EFFECT OF POOR SCREENING ON SPACE CHARGE LIMITED TRANSPORT 

Coulomb interactions in vacuum decay as 1/r and have a long range. In solids, this range is 

modified and shortened. This effect is called “screening”. Screening effects are also seen in 

electrolytes, but are not discussed here. Screening originates due to the presence of charges, both 

mobile and fixed, in the solid. In perfect insulators, screening is entirely due to the re-alignment 

of atomic cores in the direction of the field. This creates a dipole moment, producing a field in 

the opposite direction to that applied. The resulting field reduces the applied field by a factor 

determined by the dielectric polarizability of the material. Therefore, in an insulator, the potential 

due to a charge q at a distance r is given by 

𝑉𝑉(𝑟𝑟) =  𝑞𝑞
4Є0Є𝑟𝑟𝜋𝜋𝑟𝑟

  

which is smaller than the potential in vacuum by a factor Є𝑟𝑟 . 

In metals, the contribution to screening by the atomic cores is much smaller than that of the 

electrons. The high concentration of mobile carriers effectively screens even very high fields, 

such that electric fields do not penetrate a metal. 

In semiconductors, the density of mobile carriers is much less than in metals and thus 

screening is not as effective. The applied electric field penetrates the semiconductor upto a 

distance called the “screening radius”, given by 

𝑟𝑟𝑠𝑠 =  �
Є0Є𝑟𝑟𝑘𝑘𝑘𝑘
𝑛𝑛0𝑒𝑒2 �

1 2⁄

         (5-1) 

The screened potential is obtained by solving Poisson’s equation and takes the form,  

𝑉𝑉(𝑟𝑟) =  
𝑞𝑞

4Є0Є𝑟𝑟𝜋𝜋𝑟𝑟
𝑒𝑒𝑒𝑒𝑒𝑒 �

−𝑟𝑟
𝑟𝑟𝑠𝑠
� 

The screening in semiconductors is far more effective than in insulators as the field decays 

exponentially and there is no potential beyond a few screening lengths. In bulk devices the 
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screening distance is usually much smaller than the device dimensions. For GaN, with a carrier 

concentration of 1016 cm-3 the screening distance is ~1000�̇�𝐴. In a bulk device, with planar current 

flow, a dipole sheet is created, beyond which there is no band bending and the potential is 

constant. The equilibrium carriers are free to move in a bulk device and since the field is 

confined within the device, only Poisson’s equation needs to be solved to compute the screened 

potential.  

When the dimensions of the system are reduced, making one of the dimensions 

comparable with the screening length or the wavelength of electrons, the decay of applied field 

slows down dramatically. In a low dimensional system, where the energy levels are quantized in 

either x, y or z, the movement of electrons is restricted to either a plane (2D)  or a line (1D), 

whereas the electric field lines are present over all space. This reduces the effectiveness of 

screening by the mobile carriers 36. 

If any of the geometric dimensions of the device is comparable to the screening distance, a 

similar reduction in screening results. This is the case in the nanowires under study. The aspect 

ratio, R/L, of these systems varies between 0.02 and 0.05. The contacts are much larger being 

100μm x 300μm. The electric fields prevail in all the space between contacts, whereas the 

screening charges are only found within the wire. Therefore, to obtain the potential inside the 

wire, Poisson equation is solved inside the nanowire, and Laplace equation is solved outside it, 

and the potentials are matched at the interfaces. This gives a form of the contact potential that 

decays logarithmically. The charge density also decays logarithmically inside the wire. Electric 

fields penetrate much further in a nanowire than in a bulk device 18.  

The slow decay of charge density and contact potential implies that a contact depletion 

region formed in low dimensional structures is much wider, and is proportional to the applied 
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voltage rather than the square root of voltage as in the bulk case. Far from the contact, the 

electric potential is very low, but since the charge decay is hyperbolic, it remains non uniform for 

even longer distances. So, even for wires which are thick enough that the potential at the axis is 

well screened, contact potential decays very slowly. Poor screening is prevalent even when the 

radius of the wire is comparable to or slightly larger than the screening length 18.  

Space charge limited transport indicates the breakdown of screening as the injected non 

equilibrium charges, and thus the applied potential, are present throughout the length of the 

device. Current is space charge limited, when the injected carriers far exceed the equilibrium 

carriers. Considering an injecting contact, in which the semiconductor is under accumulation, the 

applied field appears across the semiconductor side. Considering a weakly doped n-type 

semiconductor, the conduction band bends downwards near the contact. There is thus an energy 

maximum, and a corresponding potential minimum along the length of the device, as shown in 

Figure 5-1.  

To the left of the energy maximum, the drift and diffusion currents are both large and 

nearly opposite. To the right, the field is much larger and the drift current dominates. If the 

potential drop in the space charge limited region is much larger than the thermal voltage, 

diffusion current can be neglected. Under space charge limited conduction, the electrons “relax” 

from the accumulation region into the bulk of the device. The field at the injecting contact due to 

the injected carriers opposes the field under which the electrons drift. Therefore, beyond the 

point of potential minimum, the device is assumed to be in near equilibrium. The field applied at 

the anode is screened beyond this point. As the injection level increases, the applied field also 

increases. The slope of the energy band-edges to the right of the potential minimum increases, 

trying to reduce (increase) the energy maximum (potential minimum). That is, screening 
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becomes ineffective and the injected charge and field spread over the entire device. Therefore, 

the onset of space charge is determined by position of the potential minimum, which is obtained 

in bulk devices by solving the Poisson equation in one dimension 36. 

 
 
Figure 5-1. Injection into an n-type semiconductor.  

Correction for the Geometry of the Wire 

For nanowires, it is important to consider the variation of the field and carrier 

concentration in two dimensions, r and z, assuming that the wire has rotational symmetry. In 

bulk devices, the width of the device is much larger than the length, and thus the field is 

considered uniform in the transverse direction. The electrons do not get pulled to the sides, and 

the problem reduces to a planar 1D flow of electrons 36. In nanowires, the length is much greater 

than the radius, and therefore, the same assumption cannot be made. Therefore, Poisson equation 

is solved in 2D to obtain the expression for space charge limited current and the corresponding 

critical voltage 17-18,37.  

Experimental Evidence for Poor Screening in Nanowires 

A probe of either the potential profile within a nanowire, or the capacitance of a nanowire 

should show evidence of poor screening behavior. Capacitance of a device is defined as charge 
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in the device over the applied voltage. If the potential is obtained along the length of a device, 

then its extent will determine the screening distance and its magnitude and dependence on 

distance from the contacts will determine the effectiveness of screening. 

The capacitance of nanowires is so small, that conventional measurement methods are 

insufficient to probe nanowire capacity. Recently, gate capacitance of InAs wires, having a 

diameter of 70-115 nm, has been measured by scanning capacitance spectroscopy. The dC/dV 

behavior is analyzed and the potential along the length of the wire is obtained, as shown in 

Figure 5-2. The decay of potential is faster than exponential closest to the contact, then becomes 

exponential and has a region of very slow decay. This is a clear deviation from the behavior of 

bulk devices. The large drain contact screens the gate potential far longer than would be expected 

in the case of bulk devices 37. This directly translates to the fact that the drain potential decays 

more slowly in the case of nanowires.  

 

Figure 5-2. Potential along InAs wires obtained by SCS measurements. 
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Theoretical Calculation of Capacitance of the Nanowires 

Another independent means of verifying the need for a correction factor is to calculate the 

capacitance of a nanowire as obtained from the I-V measurements in either the trap limited or the 

space charge limited regimes. This value can then be compared with the geometrical capacitance 

and capacitance derived taking the slow decay of contact potential into account. 

 𝐽𝐽 = 𝜌𝜌 𝑉𝑉
𝐿𝐿
𝜇𝜇 

 𝜌𝜌 =  𝑄𝑄
𝐴𝐴.𝐿𝐿

 

 𝑄𝑄 = 𝐶𝐶𝑉𝑉 

From the above equations we have that the total capacitance of the wire is given by 

 𝐶𝐶 =  𝐼𝐼𝐿𝐿
2

𝜇𝜇𝑉𝑉2 

Choosing one of the devices, showing SCL at 8V, with a current of 3.08 x 10-5 A, the 

capacitance is found to be 1.73 x 10-16 F. Evaluating the geometrical capacitance with a length of 

2 micron and a diameter of 160nm (as found from SEM measurements, approx value) we have 

2.77 x 10-19 F, which does not even come close to the capacitance measured from the I-V 

dependence. The capacitance of a nanowire for fully depleted contacts is derived by solving 

Laplace and Poisson is given by18 

 𝐶𝐶 =  Є𝑒𝑒𝑅𝑅
2
�𝑙𝑙𝑖𝑖 �𝐿𝐿

𝑅𝑅
� −  𝑙𝑙𝑖𝑖 �exp � Єe V

2en1
��� 

The above equation evaluates to 1.33 x 10-17 F. This is still an order of magnitude smaller 

than the capacitance as found from the I-V, but much closer than the geometrical value.  
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Formulating the SCL Current Equations 

In a nanowire, injected charges can be screened upto a radius R and a length L. The 

direction dependent screening in a nanowire introduces a scaling term in the distribution of 

charges and field, which shows up as the pre-factor in the equation for current. 

Consider a bulk device, with an injected charge Q. This charge gets redistributed over a 

hemisphere of radius rs, due to electron-electron repulsion, and the radius increases with the 

applied voltage36. Space charge limited conduction begins when the drift time is equal to the 

relaxation time. That is, space charge just fills the device from contact to contact. This occurs at 

an applied voltage 𝑉𝑉Ώ−𝑐𝑐  , which is the critical voltage, at which rs = L, the length of the device. 

The total charge at which this occurs is given by 

𝑄𝑄 =  2
3
𝜋𝜋𝐿𝐿3𝑞𝑞𝑛𝑛𝑠𝑠𝑠𝑠           (5-2) 

where 𝑛𝑛𝑠𝑠𝑠𝑠 is the injected charge per unit volume. 

In the case of a nanowire, the injected charge cannot move beyond the radius R, so the injected 

charge is redistributed along the wire, with peaks in the longitudinal direction. The charge thus 

reaches the anode much faster than in the bulk case.  

The non uniform redistribution of injected charge causes a change in the electric field profile 

both inside and outside the wire as shown in Figure (5-3). The charge that can totally fill a wire 

of radius R and length L is  

         𝑄𝑄 =  𝜋𝜋𝑅𝑅2𝐿𝐿𝑞𝑞𝑛𝑛𝑠𝑠𝑠𝑠           (5-3) 

From Equations (5-2) and (5-3), the injected charge depends on the geometry of the device. 

A scaling factor (R/L)2 can be deduced, by which the charge injected into a nanowire differs 

from the charge injected into bulk devices.    
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 A 

B 

Figure 5-3. Electric field distribution in a wire A) showing contacts and fringing effect B) Field 
inside the wire 38  

The same relationship is mathematically derived by solving Poisson equation in cylindrical 

co-ordinates, (r,φ,z), with the charge and field distribution considered in  in two dimensions, with 

the field invariant in φ.  Solving the equation in cylindrical co-ordinates gives a scaling factor 
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(R/L)2, which gives more appropriate results. The current density for trap free space charge 

limited conduction becomes 17.  

𝐽𝐽 =  �𝐿𝐿
𝑅𝑅
�

2
Є𝜇𝜇 𝑉𝑉2

𝐿𝐿3           (5-4) 

The transition voltage in this case is  

𝑉𝑉Ώ−𝑐𝑐 = �𝑅𝑅
𝐿𝐿
�

2 𝑞𝑞𝑛𝑛𝑙𝑙𝐿𝐿2

Є
         (5-5) 

This voltage is (R/L)2 times the bulk corner voltage, which implies that the onset of space charge 

limited current occurs sooner in nanowires than in bulk materials17. 

Extending the above theory, the shallow trap limited current, smaller than the SCL current 

by a factor θ is given by  

 𝐽𝐽 =  �𝐿𝐿
𝑅𝑅
�

2
𝜃𝜃Є𝜇𝜇 𝑉𝑉2

𝐿𝐿3          (5-6) 

 
 The corner voltage, VTFL, should also have a similar scaling factor, but it need not be 

(R/L)2.  This dependence can only be verified experimentally if wires of two different radii with 

the same trap activation energies are compared. One such pair of devices with deep traps around 

0.1 eV were compared and the results prove that the voltage does scale as (R/L)2. These results 

will be presented in the subsequent sections. 

Calculation Using Correction for Aspect Ratio 

This section analyzes the same device analyzed with the bulk SCL equations assuming the 

same scaling factor for VTFL.Equations (4-30) and (4-31) are used for SCL limited current and 

transition voltage from ohmic to space charge limited current and a correction factor Θ is 

introduced for trap limited conduction to both the equations.  

The value of  𝑛𝑛0
𝛩𝛩�  increases by a factor �𝐿𝐿 𝑅𝑅� �

2
 giving  
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 𝑛𝑛0
𝛩𝛩� = 3.68 𝑒𝑒 1017 𝑐𝑐𝑐𝑐−3 

The value of 𝛩𝛩µ decreases by a factor �𝑅𝑅 𝐿𝐿� �
2
, giving  

Θµ = 275 cm2/V-s 

The trap density increases by a factor �𝐿𝐿 𝑅𝑅� �
2
giving 

𝑁𝑁𝑡𝑡 = 1.77 𝑒𝑒 1018𝑐𝑐𝑐𝑐−3 

Using the trap energy estimated from the temperature dependence of current (8 meV), 

and a trap degeneracy of 2, from Equation (4-13) we have that  

Θ = 0.477 

Therefore,𝑛𝑛0 = 1.75 𝑒𝑒 1017 𝑐𝑐𝑐𝑐−3 

µ = 575 cm2/V-s 

From the temperature dependence of I-V, using the nanowire model, mobility is 610 

cm2/V-s, and this does not significantly change the values of either Nt or n0. 

Analysis of devices with deep traps: Two devices from the same growth with deep traps 

showing full SCLC characteristics are considered for this analysis. One of the wires has a 

diameter of 90 nm and the other 200nm. The devices survive voltages upto ~10V. Electron 

mobility is estimated from the space charge limited current using Equation (5-4). This value is 

used to compute the Fermi level at each applied voltage as given by 

 𝐹𝐹 = 0.026𝑙𝑙𝑛𝑛 � 𝐿𝐿
𝑞𝑞𝑁𝑁𝑐𝑐𝜇𝜇

� +  0.026𝑙𝑙𝑛𝑛 �𝐽𝐽
𝑉𝑉
� 

The trap distribution can be calculated from a single SCLC curve if the Fermi level is 

known. Let h(E) describe the energetic distribution of traps, such that the number of occupied 

traps is given by 
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 nt  =  
h(E)

1 + �1
g� exp �Et – F

kT �
 

Differentiating the above equation with respect to F/kT, we have  

           ℎ(𝐹𝐹) =  
𝑛𝑛0

𝑈𝑈0𝑘𝑘𝑘𝑘
𝑈𝑈

𝑐𝑐 − 1
 

where 𝑈𝑈0 is the smallest voltage applied and  

𝑐𝑐 =
𝑑𝑑(𝑙𝑙𝑛𝑛𝐼𝐼)
𝑑𝑑(𝑙𝑙𝑛𝑛𝑉𝑉)

 

Once the mobility is known, F and 𝑛𝑛0 can be calculated and thus h(F) can be calculated. A 

plot of h(F) vs F gives the approximate location of the trap. For deep traps, if the trap is lower 

than the Fermi level at the lowest voltage applied, then the result will only be approximate. 

However, the trap will not be more than a few thermal voltages away from the calculated trap 

activation energies. If the distribution of traps is spread over a range of energies, then h(F) will 

reflect that spread. The plot of h(F) vs F obtained is shown in Figure (5-4). The current voltage 

characteristics obtained are shown in Figure (5-5). 

 

Figure 5-4. Plot of trap distribution vs quasi Fermi level. 
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Figure 5-5. Current vs voltage plot of two nanowires of different radii.  

Figure (5-5) shows that the onset of space charge limited transport is delayed in the thicker 

wire. The parameters extracted from these two devices are given in Table 5-1. The ratio of the 

voltages at which the transition to space charge limited conduction does show the predicted 

dependence on radius.  

It can be seen from equation (5-5) that the critical voltage for the onset of space charge 

limited current does not depend on the length of the device. But, a change in slope is more 

commonly observed at these voltages for the short 2 micron devices. This could be due to the 

fact that contact in homogeneities play a more important role in shorter devices and that the 

change in slope is due to trap limited conduction rather than space charge limited conduction.  

A change in slope of the I-Vs is also observed in the 4 micron devices as shown in Figure 

(5-6).  The change in slope occurs around a voltage of 3.5 V rather than around 2 volts. It can be 

seen from Figure (5-6) that the current increases sharply around 3 Volts. The exponential 

increase in current should be followed by the SCL regime. However, if the device is trap free, the 

change from Ohmic behavior would occur at the start of the SCL regime.  
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Table 5-1. Parameters extracted for two devices with deep traps 
Parameters #1 #2 
Radius 45 nm 100 nm 

Length of the wire 2.96 μm 2.56μm 
Trap filled voltage 2.3 V 5 V 
SCL conduction begins at 6.2 V 7.6 V 
Mobility  ( with length of the 
wire) 

494 cm2/V-s 141 cm2/V-s 

Mobility ( with distance 
between contacts) 

334 cm2/V-s 111 cm2/V-s 

Equilibrium carrier 
concentration (from Fermi 
level, with wire length) 

8 x 1016 cm-3 3.6 x 1016 cm-3 

Equilibrium carrier 
concentration (from Fermi 
level, with spacing between 
contacts) 

5.3 x 1016 cm-3 2.3 x 1016 cm-3 

Equilibrium carrier 
concentration (from 
Resistance, with wire length) 

9 x 1016 cm-3 3.61 x 1016 cm-3 

Equilibrium carrier 
concentration (from 
Resistance, with spacing 
between contacts) 

6 x 1016 cm-3 2.82 x 1016 cm-3 

Trap density 3.15 x 1018cm-3 5.42 x 1017 cm-3 
Trap activation energy 0.1 eV 0.1eV 
 

Summary 

This chapter presents the theory of space charge limited current flow. The current through 

any device is “bounded” within the limits represented by Ohm’s law, Mott-Gurney law and the 

trap filling limit. It is possible to discern the presence of traps by examining the structure of the 

I-V curves. The spatial distribution of traps is determined by measuring current vs. voltage at 

different temperatures. The high aspect ratio of nanowires result in poor screening and an early 

onset of space charge limited current flow. The presence of repulsive traps leads to a negative 

differential resistance.  
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A 

B 

Figure 5-6. Current vs. voltage characteristic of a 4µ long device showing SCL behavior A) 
showing slope 1-2 and B) showing slope 1-2 before breakdown. 

Carrier concentration, mobility and trap density can be extracted from the transition 

voltages and currents. The values obtained by employing the different models are presented in 

Table 5-2.  
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Table 5-2. Summary of extracted device parameters using the SCL model 
Model 𝑛𝑛0 (cm-3) µ (cm2/V-s) 𝑁𝑁𝑡𝑡(cm-3) 
Bulk device, no traps 2.3 x 1014  4.4 x 105  - 
Bulk device, presence of shallow traps  2.3 x 1014 ÷ θ, 

Θ<1. 
4.4 x 105 X θ, 
Θ <1 

1.1 x10 15  

Nanowire, with correction for high aspect 
ratio, trap energy 8 meV and degeneracy 2. 

1.75 x 1017  
 

575 – 610  
 

1.177 x 1018  

Nanowire, with shallow trap at 0.06 eV 1.3 x 1017  600 cm2/V-s 2.51 x 1017 
Nanowire, with deep trap at 0.1eV 9 x 1016 494 6.15 x 1017 
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CHAPTER 6 
ANALYTICAL DETERMINATION OF MOBILITY 

The ohmic region of the I-V curve can be used to extract mobility and carrier concentration 

using the temperature dependence of the current. The I-V characteristics discussed in this chapter 

are those of devices which stay in the linear regime up to a voltage of 8V. Beyond this, the 

devices start to breakdown rather than transitioning to a space charge limited current. Figure (6-

1) shows some linear I-V curves for devices of different lengths.  The 2μ length device deviates 

from the ohmic regime at low temperatures, even though it is linear at room temperature. The 4μ 

device also exhibits a trap-dominated region in the I-V at 128K.  

Figure (6-2) shows some plots of resistance against temperature. The change in resistance 

varies from almost non-existence to double the values at room temperature. The huge shifts in 

resistance are attributed to trapping of electrons in shallow traps. The resistance of a semi-

conductor increases with decreasing temperature, as there is less thermal energy available for 

carrier generation. As the temperature is lowered, for an n-type material the Fermi level moves 

toward the conduction band and the shallow traps start to fill. For devices dominated by shallow 

traps, lowering the temperature results in an increase in resistance over and above the thermal 

generation effect. The number of traps filled at a given voltage depends on the device dimensions 

and thus, the trap filling effect is more visible for short devices. The same phenomenon should 

occurs for the longer devices, if they have traps, but at higher voltages than measured in this 

work.  

The linear part of an I-V characteristic can be used to extract carrier concentration and 

mobility based on the temperature dependence of resistance. The product of mobility and carrier 

concentration can be determined as a function of temperature knowing the resistance and device 
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dimensions. The temperature dependence of mobility for a given carrier concentration can be 

estimated using the Caughey-Thomas model 39 as in 40. 

A 

 

B 

Figure 6-1. Current vs. voltage  plots showing temperature dependence of current for A) 6 
micron device   B) 4 micron device. Labels on the right indicate the temperature at 
which the measurements were made.The ‘0T’ indicates magnetic field.  
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A 

B 

Figure 6-2. Temperature dependence of resistance A) of a 2μ device. B) of a 4μ device. 

For a doping density N, the Caughey-Thomas model is an empirical model which 

estimates mobility at a given carrier concentration as given by Equation (6-1). This allows for 

determination of the carrier concentration from the μ-n product. 

 𝜇𝜇(𝑁𝑁) =  𝜇𝜇𝑐𝑐𝑖𝑖𝑛𝑛 +  𝜇𝜇𝑐𝑐𝑎𝑎𝑒𝑒 − 𝜇𝜇𝑐𝑐𝑖𝑖𝑛𝑛

1+ � 𝑁𝑁𝑁𝑁𝑔𝑔
�
𝛾𝛾         (6-1) 

 
where 𝜇𝜇𝑐𝑐𝑖𝑖𝑛𝑛 , 𝜇𝜇𝑐𝑐𝑎𝑎𝑒𝑒 ,𝑁𝑁𝑔𝑔 ,γ depend on the material. Mnatsakanov et al. 40 use observed GaN 

mobility, as shown in Figure (6-3) to compute the fitting parameters tabulated in Table 6-1. The 

temperature dependency of the mobility is estimated depending on the main scattering 
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mechanism present at that temperature. At room temperature optical phonon scattering 

dominates and the contribution from impurity scattering is obtained by subtracting the phonon 

scattering component from the total mobility. A detailed discussion on scattering effects can be 

found in Chapter 9.  

The temperature dependence of mobility is written as 

 𝜇𝜇(𝑁𝑁.𝑘𝑘) =  𝜇𝜇𝑐𝑐𝑎𝑎𝑒𝑒 (𝑘𝑘0)
𝐵𝐵(𝑁𝑁)� 𝑘𝑘𝑘𝑘0

�
𝛽𝛽

1+ 𝐵𝐵(𝑁𝑁)� 𝑘𝑘𝑘𝑘0
�
𝛼𝛼+𝛽𝛽        (6-2) 

 
where 

 𝐵𝐵(𝑁𝑁) =  �
𝜇𝜇𝑐𝑐𝑖𝑖𝑛𝑛 + 𝜇𝜇𝑐𝑐𝑎𝑎𝑒𝑒 �

𝑁𝑁𝑔𝑔
𝑁𝑁 �

𝛾𝛾

𝜇𝜇𝑐𝑐𝑎𝑎𝑒𝑒 −𝜇𝜇𝑐𝑐𝑖𝑖𝑛𝑛
� , evaluated at temperature T0  = 300K, and α, β are tabulated in 

Table 6-1 . 

The temperature dependence of mobility is shown in Figure (6-4). With data available on 

mobility, it is possible to extract carrier concentration from the μ-n product as a function of 

temperature. The experimentally determined μ-n products are shown in Figure (6-5) and the 

carrier concentrations determined are shown in Figure (6-6). 

The µ-n products determined for the devices all range in the order of 1021 cm-1/V-s. 

Mobility at the temperatures is determined using Equation (6-2) to obtain carrier concentration 

which is of the order 1019 cm-3. This carrier concentration is too high as the density of states in 

the conduction band is only 2.1 X 1018 cm-3 and the wires are not intentionally doped. 

The fitting parameters used to in the Caughey-Thomas model are for bulk Wurtzite GaN 

and the parameters might turn out quite different in nanowires. A study of variation in mobility 

in n-type GaN nanowires is necessary to determine if the fitting parameters used for bulk GaN 

can also be applied to the case of nanowires. 
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Figure 6-3. Fitting Caughey-Thomas model to experimentally obtained mobility values 36. 

 
 
 
Table 6-1. Fitting parameters for GaN to find electron mobility 36 
Parameters  Values 
𝜇𝜇𝑐𝑐𝑖𝑖𝑛𝑛 cm2/V-s  55 
 𝜇𝜇𝑐𝑐𝑎𝑎𝑒𝑒  cm2/V-s 1000 
𝑁𝑁𝑔𝑔  cm3 2 X1017  
γ 1 
α 2 
β 0.7 
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Figure 6-4. Temperature dependence of mobility as a function of doping concentration. The 
doping concentrations are 1-3 x 1016 cm-3 2- 1017 cm-3 3- 1.5 x 1017 cm-3 4- 2 x 1017 
cm-3  5- 3.5 x 1017 cm-3  6- 1018 cm-3 7-3 x 1018 cm-3  36 

 

 

Figure 6-5. Variation of mobility-carrier concentration product with temperature. 
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Summary: This chapter details the temperature dependence of current in the nanowires 

and the use of a the Caughey-Thomas model to extract mobility and carrier concentration. Some 

of the nanowires show almost no change in resistance, in the measured temperature range from 

128K to 340K, while some nanowires show a sudden change in resistance. These sudden 

changes in resistance are attributed to filling / emptying of traps. Some nanowires remain linear, 

but the resistance changes slightly with temperature. 

The mobility and carrier concentration products determined for the nanowires are in the 

range of 1021 cm-1V-1s-1 and the corresponding carrier concentration  and mobility from the 

Caughey-Thomas model are of the order 1019 cm-3 and 54 cm2V-1s-1.   

The results might be better if mobility values reported for GaN nanowires, are used in the 

model instead of those reported for bulk GaN.  
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CHAPTER 7 
MOBILITY OF GALLIUM NITRIDE NANOWIRES 

Nanowires differ from bulk materials in many ways. The dimensions of the nanowires 

considered for this study are too big for quantization of energy levels, but the high surface to 

volume ratio, the absence of dislocations and the geometry of the device play a role in 

determining transport properties. As grown wires with diameters 20-300nm are reported in 

literature 14-15. Growth conditions and type of contacts also change the electrical characteristics.  

Figure (7-1) shows the diameter dependence of carrier concentration and mobility as 

reported for as grown GaN nanowires by 15. They use an alumina substrate, a gallium compound, 

ammonia and Ni catalyst at 800 C and 760 Torr to grow the wires and the mean diameter of the 

wires is 94 nm. Growing thinner wires using a silicon substrate led to an order magnitude smaller 

carrier concentrations and an order magnitude higher mobility. The carrier concentrations 

reported are in the order of 1019-1020 cm-3 and mobility ranges between 2 and 20 cm2/V-s. 

To illustrate the effect of growth conditions, the diameter dependence of mobility from 

another group 14 is presented in Figure (7-2).  This set of wires was fabricated using vaporized 

gallium metal and ammonia at 850-900 C and the mean wire diameter is much higher than in the 

case of 15. The highest mobility reported is for wires of 200 nm diameter, at 319 cm2/V-s and a 

carrier concentration of 1018 cm-3. This is comparable to that of bulk epitaxial films and lower 

mobility in thinner wires is attributed to increased surface scattering.  The nanowire surface has a 

depletion layer of width w, in which the relaxation time is smaller than in the interior of the wire. 

If the surface defect density does not vary from wire to wire, the thicker wires have a larger 

volume with a slower relaxation. 

Calculating an effective mobility taking the weighted relaxation times would give a higher 

value for the wires with a bigger diameter. Some of the thicker nanowires show the presence of 
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A 

B 

Figure 7-1. Diameter dependence of A) carrier concentration B) mobility.15 

grain boundaries, which is accompanied by lower mobilities. Motayed et al. 14  thus identify two 

reasons for low mobility – surface scattering and presence of grain boundaries. Huang et al. 41 

report very high mobilities of 150 – 650 cm2/V-s, much higher than thin films at the same carrier 

concentration of 1018 cm-3 (100-300 cm2/V-s). These devices have a length of 10μ and diameter 

of 10 nm and were grown by laser assisted catalytic growth. From Figures (7-1) – (7-3) it is clear 

that there is a lot of variability in transport parameters obtained for GaN nanowires. 
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Figure 7-2. Diameter dependence of mobility14. 

 

 

Figure 7-3. Variation of mobility with carrier concentration 41 

  

The mobility in all these devices 14-15,41 is measured using transconductance, with a FET 

structure. The capacitance of the gate is given by  
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          𝐶𝐶 =  
2𝜋𝜋𝐿𝐿𝑛𝑛𝑠𝑠 Є0Є𝑙𝑙𝑒𝑒

𝑙𝑙𝑛𝑛 �2𝑡𝑡𝑙𝑙𝑒𝑒 𝑟𝑟𝑐𝑐� �
         (7-1) 

Mobility is calculated using 

         𝜇𝜇 =  
𝑔𝑔𝑐𝑐𝐿𝐿𝑛𝑛𝑠𝑠2

𝑉𝑉𝑑𝑑𝑠𝑠𝐶𝐶
          (7-2) 

Equation (7-1) is valid when the wire is entirely surrounded by oxide. This is not the case 

in the FET structures, so a corrected value of 2.2 is used for Є𝑙𝑙𝑒𝑒  instead of 3.9. The model also 

assumes that the nanowire radius is much smaller than the thickness of the oxide. Another 

assumption is that the wire is an infinitely long metal and does not allow for depletion inside it. 

These factors make this method of calculating mobility unreliable 15. 

The effect of surface traps and surface depletion is also discussed in 16,42. The current 

through a nanowire depends on the cross section and the width of the surface depletion region. 

Below a critical diameter, dcrit, the nanowire is totally depleted and conduction occurs only with 

illumination from UV light. Holes are attracted to the surface by the electric field due to surface 

depletion, but electrons have to overcome a barrier to recombine with the holes. Below a critical 

diameter, surface Fermi-level pinning defines the height of the recombination barrier. The 

depletion region in thin wires is small, and thus the recombination barrier is smaller. So, the 

current obtained is smaller because of the shorter lifetime of carriers. The dependence of current 

over the diameter is linear above the critical diameter, and exponential below. The critical 

diameter is written as 

           𝑑𝑑𝑐𝑐𝑟𝑟𝑖𝑖𝑡𝑡  =  
�16Є�𝜑𝜑𝐵𝐵 −  𝑘𝑘𝑘𝑘𝑙𝑙𝑛𝑛

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝐿𝐿
𝑁𝑁𝐷𝐷

�

𝑞𝑞2𝑁𝑁𝐷𝐷
       (7-3) 

where 𝜑𝜑𝐵𝐵is the barrier to surface recombination, 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝐿𝐿  is the density of states and 𝑁𝑁𝐷𝐷  

is the doping density. The radius of the neutral zone in the wire is calculated using             
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          𝜑𝜑 =  𝜑𝜑𝐵𝐵 −  𝑘𝑘𝑘𝑘 𝑙𝑙𝑛𝑛
𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝐿𝐿

𝑁𝑁𝐷𝐷
=  
𝑞𝑞2𝑁𝑁𝐷𝐷

4Є �𝑟𝑟𝑛𝑛2 −  
𝛼𝛼2

4
−  2𝑟𝑟𝑛𝑛2𝑙𝑙𝑛𝑛

𝑟𝑟𝑛𝑛
𝑑𝑑

2�
�    (7-4) 

 
The carrier concentration is 6.25 x 1017 cm-3 for the undoped sample 38  and the surface 

barrier 0.55eV. 

In conclusion, the carrier concentration of undoped wires varies from 1017 to 1020 cm-3 in 

literature, with a corresponding mobility variation from 2 to 650 cm2/V-s. The ambiguity in the 

equations to determine mobility from transconductance necessitates an independent 

measurement of mobility. 

Summary: There is a wide variation in the values of carrier concentration and mobility 

reported in the literature. The values calculated in Chapter 5, using the Caughey-Thomas model, 

are in the same range reported – the carrier concentration is 1019cm-3 and mobility is 54 cm2/V-s.   
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CHAPTER 8 
DETERMINING MOBILITY FROM MAGNETORESISTANCE 

“Magnetoresistance is the property of a material to change the value of its electrical 

resistance when an external magnetic field is applied to it.” The phenomenon was discovered by 

Lord Kelvin in 1856 43. Magnetoresistance can be either physical or geometrical or both 

depending on the properties of the material and the geometry of the device being measured. The 

change in resistance of the device with an applied B field can be used to compute carrier 

mobility 44. If the magnetoresistance depends on the direction in which the B field is applied, 

then the material is said to show anisotropic magnetoresistance 45. 

Theory 

The force on an electron in an electric and magnetic field is given by 44 

           𝐹𝐹 =  −𝑞𝑞(𝜀𝜀 +  𝑣𝑣 × 𝐵𝐵)         (8-1) 
 
Electrons accelerate due to this force gaining energy and a momentum m*v and 

subsequently lose energy and momentum to the lattice. In the relaxation time approximation, the 

net effect of the forces can be written as 

          𝑐𝑐∗�̇�𝑣 =  −𝑞𝑞(𝜀𝜀 + 𝑣𝑣 × 𝐵𝐵) −  𝑐𝑐∗ (𝑣𝑣 −  𝑣𝑣)
𝜏𝜏

       (8-2) 
 
where 𝑣𝑣 is the equilibrium velocity of the carriers.  

If an electric field is applied in the x direction and a magnetic field is applied in the z 

direction, then an electric field is produced in the y direction giving electron velocity in x and y 

as 

  𝑑𝑑𝑣𝑣𝑒𝑒
𝑑𝑑𝑡𝑡

=  − 𝑞𝑞
𝑐𝑐∗ 𝜀𝜀𝑒𝑒 −  𝜔𝜔𝑐𝑐𝑣𝑣𝑦𝑦 −  𝑣𝑣𝑒𝑒−𝑣𝑣𝑒𝑒

𝜏𝜏
        (8-3) 

 
 𝑑𝑑𝑣𝑣𝑦𝑦
𝑑𝑑𝑡𝑡

=  − 𝑞𝑞
𝑐𝑐∗ 𝜀𝜀𝑦𝑦 −  𝜔𝜔𝑐𝑐𝑣𝑣𝑒𝑒 −  𝑣𝑣𝑦𝑦−𝑣𝑣𝑦𝑦

𝜏𝜏
        (8-4) 
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where 𝜔𝜔𝑐𝑐 = 𝑞𝑞𝐵𝐵
𝑐𝑐∗�  , the cyclotron frequency.  Using these equations and the charge 

distribution with applied electric and magnetic field, the current equations in x and y are  
 𝑗𝑗𝑒𝑒 =  𝜎𝜎𝑒𝑒𝑒𝑒 𝜀𝜀𝑒𝑒 + 𝜎𝜎𝑒𝑒𝑦𝑦 𝜀𝜀𝑦𝑦          (8-5) 

 𝑗𝑗𝑦𝑦 =  𝜎𝜎𝑦𝑦𝑦𝑦 𝜀𝜀𝑦𝑦 + 𝜎𝜎𝑦𝑦𝑒𝑒 𝜀𝜀𝑒𝑒           (8-6) 

where  σ represents the conductivity in the given direction.  

 𝜎𝜎𝑒𝑒𝑒𝑒  =  𝑛𝑛𝑞𝑞
2

𝑐𝑐∗ 〈
𝜏𝜏

1+𝜔𝜔𝑐𝑐
2𝜏𝜏2〉 =  𝜎𝜎𝑦𝑦𝑦𝑦          (8-7) 

 𝜎𝜎𝑒𝑒𝑦𝑦 = −  𝑛𝑛𝑞𝑞
2

𝑐𝑐∗ 〈
𝜔𝜔𝑐𝑐𝜏𝜏2

1+𝜔𝜔𝑐𝑐
2𝜏𝜏2〉 =  −𝜎𝜎𝑦𝑦𝑒𝑒         (8-8) 

Physical Magnetoresistance 

In a Hall set up, current is allowed to flow only in the x direction. So a field is set up in y 

to compensate for the effect of the B field so that no current flows. Thus, 𝑗𝑗𝑦𝑦 =  0 and Hall co-

efficient is defined as 

 𝑅𝑅𝐻𝐻 =  𝜀𝜀𝑦𝑦
𝑗𝑗𝑒𝑒𝐵𝐵

=  1
𝐵𝐵

𝜎𝜎𝑒𝑒𝑦𝑦
𝜎𝜎𝑒𝑒𝑒𝑒2 +𝜎𝜎𝑒𝑒𝑦𝑦2          (8-9) 

 However, there could be a change in resistance. If the relaxation time is independent of the 

energy of the electrons, applying a B field will not change the conductivity of the electrons. If 

relaxation time is energy dependent, and there is no field applied, the Hall co-efficient is 

𝑅𝑅𝐻𝐻 =  − 1
𝑛𝑛𝑞𝑞

〈𝜏𝜏2〉
〈𝜏𝜏〉2

=  − 𝑟𝑟
𝑛𝑛𝑞𝑞

          (8-10) 

where r is the Hall factor and varies between 1 and 2.  

At low B fields,  

 𝜎𝜎𝑒𝑒𝑒𝑒 →
𝑛𝑛𝑞𝑞2

𝑐𝑐∗ {〈𝜏𝜏〉 −  𝜔𝜔𝑐𝑐2〈𝜏𝜏3〉}         (8-11) 

  𝜎𝜎𝑒𝑒𝑦𝑦 =  −𝑛𝑛𝑞𝑞2

𝑐𝑐∗ {〈𝜏𝜏2〉 −  𝜔𝜔𝑐𝑐2〈𝜏𝜏4〉}         (8-12) 

 𝑅𝑅𝐻𝐻 =  − 𝑟𝑟
𝑛𝑛𝑞𝑞

{1 − 𝑟𝑟2𝜇𝜇2𝐵𝐵2(𝛽𝛽 − 2𝜉𝜉)} =  𝑅𝑅0{1 − (𝛽𝛽 − 2𝜉𝜉)𝑅𝑅0
2𝜎𝜎0

2𝐵𝐵2}    (8-13) 
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where the physical magnetoresistance coefficient is given by  

𝜉𝜉 =  〈𝜏𝜏
3〉〈𝜏𝜏〉
〈𝜏𝜏2〉2

− 1,          (8-14) 

          and the magneto-Hall co-efficient is  
𝛽𝛽 =  〈𝜏𝜏

4〉〈𝜏𝜏〉3

〈𝜏𝜏2〉3
− 1           (8-15) 

and 𝑅𝑅0,𝜎𝜎0 are the Hall co-efficient and conductivity with B = 0. 

The change in resistance with the applied B field, or the magnetoresistance, is 

 𝛥𝛥𝜌𝜌
𝜌𝜌0
≅  𝛥𝛥𝜌𝜌

𝜌𝜌
=  𝜎𝜎0−𝜎𝜎

𝜎𝜎0
=  𝐵𝐵2𝜎𝜎0

2𝑅𝑅0
2         (8-16) 

For degenerate materials, with 𝑛𝑛 ≥  1017𝑐𝑐𝑐𝑐−3 the coefficients ξ and β vanish, since 〈𝜏𝜏𝑛𝑛〉 

is constant. At low fields, there should be no magnetoresistance.  

At high B fields,  

 𝑅𝑅𝐻𝐻 =  − 1
𝑛𝑛𝑞𝑞

           (8-17) 

The conductivity approaches a constant at high fields, and the ratio of the high field 

conductivity to the zero field conductivity is  

 𝜎𝜎0
𝜎𝜎∞

=  〈𝜏𝜏〉〈𝜏𝜏−1〉           (8-18) 

Geometrical Magnetoresistance 

This effect is seen in wide devices where current and field in the y direction are zero 

because of the shorting effects of large contacts. Here, RH =0. If the relaxation time does not 

depend on energy, then  

 𝜎𝜎𝐹𝐹𝐺𝐺𝑅𝑅 =  𝜎𝜎0
1+𝜇𝜇2𝐵𝐵2         (8-19) 

From Equation (8-19) we have that  

 𝜇𝜇 =  1
𝐵𝐵
�𝜎𝜎0
𝜎𝜎
− 1�

1
2�           (8-20) 

If the relaxation time depends on the energy of the electrons, with no B field applied, 
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          𝜎𝜎𝐹𝐹𝐺𝐺𝑅𝑅 = 𝑛𝑛𝑞𝑞𝜇𝜇           (8-21) 

With a B-field applied, the change in conductivity can be written as 

𝜎𝜎𝐹𝐹𝐺𝐺𝑅𝑅 = 𝜎𝜎0(1 − 𝜉𝜉𝐹𝐹𝐺𝐺𝑅𝑅𝜇𝜇2𝐵𝐵2)         (8-22) 

where the geometric magnetoresistance co-efficient 𝜉𝜉𝐹𝐹𝐺𝐺𝑅𝑅  is given by 

𝜉𝜉𝐹𝐹𝐺𝐺𝑅𝑅 =  〈𝜏𝜏
3〉

〈𝜏𝜏〉3
           (8-23) 

The change in resistivity, or the geometric magnetoresistance is given by 

�𝛥𝛥𝜌𝜌
𝜌𝜌0
� =  𝜉𝜉𝐹𝐹𝐺𝐺𝑅𝑅𝜇𝜇2𝐵𝐵2          (8-24) 

 Equation (8-16) gives the physical magnetoresistance, which is different from the 

geometrical magnetoresistance given by (8-24). Geometrical magnetoresistance arises only due 

to the geometry of the sample, but usually turns out to be a larger effect. For degenerate 

electrons, especially, 𝜉𝜉𝐹𝐹𝐺𝐺𝑅𝑅 = 1 but 𝜉𝜉𝑃𝑃𝐺𝐺𝑅𝑅 = 0. 

Mobility Equations 

The conductivity mobility, which goes into equations for current and the slope of the linear 

part of the v-ε curve, is given by 

 𝜇𝜇 =  𝑞𝑞〈𝜏𝜏〉
𝑐𝑐∗           (8-25) 

The mobility calculated from Hall-effect experiments is given by 

𝜇𝜇𝐻𝐻 =  𝑞𝑞〈𝜏𝜏〉
𝑐𝑐∗

〈𝜏𝜏2〉
〈𝜏𝜏〉2

=  rμ          (8-26) 

The mobility calculated from magnetoresistance experiments, for samples showing physical 

magnetoresistance is  

𝜇𝜇𝑃𝑃𝐺𝐺𝑅𝑅 =  𝑞𝑞〈𝜏𝜏〉
𝑐𝑐∗

〈𝜏𝜏2〉
〈𝜏𝜏〉2

�〈𝜏𝜏
3〉

〈𝜏𝜏〉3
�

1
2�

=  𝜉𝜉1
2� 𝑟𝑟𝜇𝜇        (8-27) 

The mobility calculated from magnetoresistance experiments, for samples showing geometrical 

magnetoresistance is 
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𝜇𝜇𝐹𝐹𝐺𝐺𝑅𝑅 = 𝑞𝑞〈𝜏𝜏〉
𝑐𝑐∗ �

〈𝜏𝜏3〉
〈𝜏𝜏〉3

�
1

2�
=  𝜉𝜉𝐹𝐹𝐺𝐺𝑅𝑅

1
2� 𝜇𝜇         (8-28)  

The values of 𝜉𝜉, 𝑟𝑟, 𝜉𝜉𝐹𝐹𝐺𝐺𝑅𝑅  are very close to unity for most scattering processes and are calculated 

using Monte Carlo procedure and an analytical procedure as described by 44. A detailed 

discussion is presented in Chapter 9. 

Geometrical and Physical Magnetoresistance 

 
Figure 8-1. Hall geometry for magnetoresistance measurements. (a) Hall geometry to measure 

physical magnetoresistance (b) Wide sample geometry to measure geometrical 
magnetoresistance 46 

The expressions for physical and geometrical magnetoresistance are discussed in the 

previous subsections. For long, thin samples, as shown in Figure (8-1 (a)), change in resistivity 

occurs if scattering is energy-dependent, conduction is anisotropic or due to more than one type 

of carriers. Physical magnetoresistance occurs because the Lorentz force compensates only for 

carriers with average velocity. All other carriers are either under- or over-compensated, causing 

increase in resistivity. 
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If the sample geometry is such that the Hall field is shorted out by the contacts, as shown 

in Figure (8-1 (b)), the Lorentz forces are no longer compensated and the carriers move at an 

angle to the applied electric field. Such samples show a change in resistance with applied 

magnetic field, irrespective of whether the resistivity changes or not. This is geometrical 

magnetoresistance46. 

The effect of geometry on magnetoresistance is highest when the device is circular. That is, 

the ratio of the length to width ratio of the sample is very small. But, even in long devices, there 

is a geometrical contribution to magnetoresistance, though much lower 47. 

Magnetoresistance in Nanowires 

Various reports on magnetoresistance in nanowires can be found in the literature. The main 

focus is on ferromagnetic nanowires – Cobalt doped ZnO wires  48, nickel and cobalt wires45, 

Mn-doped GaN wires49. A report on Bi nanowires can be found in50. 

Classical theory of magneto-transport predicts an increase in resistance with applied B 

field, but negative magnetoresistance is observed in the nanowires reported in literature. 

Longitudinal magneto-resistance was measured in Bi nanowire arrays. The carrier paths become 

more confined when the B field is applied parallel to the wire axis, reducing scattering at the 

wire boundary. Therefore, the resistivity reduces due to the increased apparent mean free path.  

When the magnetic field is applied perpendicular to the wire, scattering at the wire boundaries 

does not reduce as much as in the longitudinal case. At low transverse B field, the 

magnetoresistance varies as 𝐴𝐴𝐵𝐵
2
𝜌𝜌0
� , where  𝐴𝐴 𝜌𝜌0�   is related to the carrier mobility. The higher 

the mobility the greater the magneto resistance observed. The nanowires show much lesser 

change in resistance as compared to bulk Bi. In the case of these wires, physical 

magnetoresistance is observed. Due to the confinement of electrons in a cylindrical potential 



 

82 

well, there exist both light and heavy electron bands. Application of B field moves the electrons 

to the band with lighter mass and a negative magnetoresistance is seen until temperatures where 

increased phonon scattering can compensate for the change in electron mass 50. 

Measurement 

A GaNwire, 4μm long, with few kinks and lying almost perpendicular to the contacts was 

chosen and the chip containing it was pasted onto a sample holder with epoxy. The contacts to 

the device were wire bonded to the sample holder. The I-V characteristic of the wire was 

measured from 300K down to 50K with B = 0T, 2T and 5T, with the B field perpendicular to the 

plane of the sample. An American Magnetics 9 Tesla Superconducting Magnet was used to vary 

the temperature and B field. Liquid helium was used to cool the sample down to low 

temperatures. The current – voltage characteristic at 0T were measured first at all temperatures 

and the process repeated for the other B fields used.  A similar measurement was made at 4.2K. 

A schematic of the measurement set up is shown in Figure (8-2).  

The resistance of the device was obtained from a linear fit of the I-V at 50K steps for each 

of the applied B fields. A plot of resistance with temperature for different B fields is shown in 

Figure (8-3). 

The 0T resistance of the device under test (DUT) drops abruptly at around 120K and 

increases again with almost the same slope as from 300 to 130K. This could be due to capture of 

electrons by repulsive traps at higher temperatures and emptying of the repulsive traps at low 

temperatures. A detailed discussion of repulsive traps can be found in Chapter 4.  

With the application of a B field, the resistance vs. temperature curve increases 

monotonically with reduction in temperature. The presence of the magnetic field reduces the 

probability of trapping  51and thus the resistance of the device with a B field applied is lower than 

the 0T resistance from 300K to 120K, but higher from 120K to 4.2 K. At 4.2K, where impurity 
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conduction dominates, magnetoresistance is negative again. A plot of magnetoresistance against 

temperature is shown in Figure (8-4). 

 

 

 

 

   

 

 

 

 

 

Figure 8-2. Schematic of experimental set-up to measure magnetoresistance, showing orientation 
of electric and magnetic fields.  

 

 

Figure 8-3. Temperature dependence of resistance with B field applied. 
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Figure 8-4. Magnetoresistance vs temperature. 

Calculation of Mobility 

The product of mobility and carrier concentration is of the order 1021cm-1V-1s-1 for this 

device. The high value of this product indicates a high density of electrons. Any change in 

resistance can only be due to geometric magnetoresistance as ξPMR = 0 and ξGMR  1 for 

degenerate electrons. The high band gap of GaN, the high energy separation between valleys in 

the conduction band and the isotropy of the gamma valley rule out multiple-carrier conduction, 

change in effective mass and anisotropic conduction. These further point to geometric 

magnetoresistance. Using only the low temperature ( below 120K) resistance values, the mobility 

obtained is plotted in figure 8-5 using Equation 8-24.  

Extrapolating the low temperature resistance values with no B field applied to higher 

temperatures, an estimate of mobility at high temperatures can be obtained. This is shown in 

Figure (8-6). At 300K, the mobility is 960 cm2/V-s and the peak mobility of 1300 cm2/V-s is at a 

temperature of 110K. With the geometrical magnetoresistance factor as computed in Chapter 9, 

the mobility at 300K is 709 cm2/V-s. 
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Figure 8-5. Low temperature mobility from magnetoresistance measurements 
 

 

Figure 8-6. Estimated high temperature mobility. 
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CHAPTER 9 
MONTE CARLO SIMULATION 

 The Monte Carlo method is used to calculate mobility by simulating transport 

considering acceleration due to an applied field and loss of momentum and energy due to 

scattering. The velocity of carriers for a range of applied fields at a different temperatures can be 

calculated by this method.  

The velocity of an electron in a semiconductor is limited by lattice scattering. Polar 

optical phonons, acoustic phonons, inter-valley optical phonons, piezoelectric scattering and 

impurity scattering are considered for GaN to estimate the total scattering rate and compute 

mobility 49. A list of material parameters necessary for the calculations is in Table 9-1 

A discussion on the doping and temperature dependence of mobility can be found in 52 . 

Figures (9-1) and (9-2) showing the same are reproduced here for convenience. Low 

temperature-low field drift velocity show maximum change with doping. This is because 

impurity scattering dominates at these temperatures, and doping has a direct effect on the ionized 

impurity concentration. At high temperatures, and high fields polar optical phonons dominate 

and the effect of doping is almost insignificant. Increasing the electron concentration, while 

holding the background doping concentration steady, significantly enhances mobility because of 

the increased screening due to electrons. The angular distribution arising due to polar, 

piezoelectric and impurity scattering become more peaked along the direction of the electrons 

and this causes an enhancement in mobility. This effect is best noticed in a 2 DEG. A plot of 

electron mobility in a bulk device and in a 2DEG is shown in Figure (9-3). 

The experimental Hall mobility is higher than the conductivity mobility by a factor <2. 

This is easily seen from Figure 11. This arises due to the fact that the Hall factor is ignored. Hall 

mobility is related to the conductivity mobility as 
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Table  9-1. Material parameters for Monte Carlo simulation 52 
 

Parameter Value 
Band gap 3.5 eV 
Mass density 6.1 g/cm3 
Longitudinal sound velocity 6.6X105 cm/s 
Relative Static dielectric constant 8.9 
Relative high frequency dielectric constant 5.35 
Optical phonon equivalent temperature 1078 K 
Intervalley phonon equivalent temperature 1078 K 
Piezoelectric constant 0.375 
Acoustic deformation potential 8.3 eV 
Intervalley deformation potential 109 eV/cm 
Number of equivalent valleys 

Γ1 
L-M 

Г2 

 
1 
6 
1 

Effective mass 
Γ1 

L-M 
Г2 

 
0.2 
0.4 
0.6 

Non parabolicity 
Γ1 

L-M 
Г2 

 
0.183 
0.065 
0.029 

Intervalley separation 
Γ1 

L-M 
Г2 

 
- 
2 eV 
2.1 eV 

 

𝜇𝜇 =  𝜇𝜇𝐻𝐻
𝑟𝑟

           (9-1) 

where, r, the Hall factor has a value between 1 and 2. 

A detailed description of the relationship between conductivity mobility, hall mobility 

and magnetoresistance mobility can be found in Chapter 8. To get accurate mobility from Hall 

experiments, a computation of the Hall factor is necessary. Similarly, to get conductivity 

mobility from magnetoresistance measurements, magnetoresistance coefficients need to be 

computed. 
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Figure 9-1. Velocity-electric field curve at different temperatures. Dotted line 77 K, line 150K, 
dashed line 300K,  circles 500K, plusses 1000K 52. 

 

 

Figure 9-2. Doping dependence of the v-E curve. Dotted line, Nd = n = 1015 cm-3,without ionized 
impurity scattering, line Nd = n = 1015 cm-3, dashed line Nd=n = 1016 cm-3, circles Nd 
= n= 1017 cm-3, plusses Nd=n=1018cm-3 52 
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Figure 9-3. Mobility variation with temperature. Plusses – Hall data for 2DEG, line Monte Carlo 

for 2 DEG, circles – Hall data for bulk GaN, dotted line – Monte Carlo for bulk GaN 
52. 

With the parameters listed in Table (9-1) the velocity- electric field was first calculated 

considering only polar optical, acoustic and deformation potential scattering to check accuracy of 

the parameters and if the scattering mechanisms considered sufficiently represent scattering in 

bulk GaN devices at room temperature. The velocity-field curve obtained is shown in Figure 9-4.  

The low field mobility is 978 cm2/V-s.  This is a fairly good agreement, considering that 

piezoelectric scattering was not considered in the Monte Carlo simulation. 

Analytical Computation of Mobility 

The various scattering mechanisms have an energy dependence which also translates to a 

temperature dependence, so that at a given temperature, it is possible to determine the dominant 

scattering mechanism and thus the dominant mobility contribution. 
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Figure 9-4. Velocity vs electric field curve obtained by Monte Carlo simulation of bulk GaN at 
300K  

When mobilities due to different mechanisms are present at the same temperature, which is often 

the case, the total mobility is given by Matthiessen’s rule 

1
𝜇𝜇

=  1
𝜇𝜇1

+ 1
𝜇𝜇2

+ 1
𝜇𝜇3

+ ⋯          (9-2) 

This implies, 

1
𝑟𝑟𝜇𝜇𝐻𝐻

=  1
 𝑟𝑟1𝜇𝜇𝐻𝐻1

+ 1
𝑟𝑟2𝜇𝜇𝐻𝐻2

+ 1
𝑟𝑟3𝜇𝜇𝐻𝐻3

+ ⋯        (9-3) 

Therefore,  

𝑟𝑟 =  𝛴𝛴1 𝜇𝜇𝑗𝑗⁄

𝛴𝛴1 𝑟𝑟𝑗𝑗 𝜇𝜇𝑗𝑗�
          (9-4) 

Using a similar argument, the magnetoresistance coefficients can also be calculated.This 

equation can be used to estimate the Hall scattering factors knowing the component mobilities. 

The individual mobility components are estimated after 44. Mobility components are calculated 

using the relaxation time approximation. Recalling Equation (8-25), mobility is written as 
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𝜇𝜇 =  𝑞𝑞〈𝜏𝜏〉
𝑐𝑐∗  

where 〈𝜏𝜏〉 is the averaged relaxation time. Each mobility component can be determined from the 

averaged relaxation time of the corresponding scattering mechanism. This approximation holds 

true for impurity, piezoelectric and deformation potential scattering but is not true for polar 

optical phonon scattering, because it is an inelastic process. Therefore, an expression obtained 

from a variational approach is used to compute relaxation time, and thus mobility for polar 

optical phonon scattering.  

        This study is limited to low electric fields, and thus to low electron energies. Since the inter-

valley band gap for GaN is 2eV, only the Г1 valley is considered. At low energies there is no 

inter-valley scattering, so optical phonon, acoustic (deformation potential and piezoelectric) and 

impurity scattering are considered. The scattering rates are calculated using the parameters of 

Table 1 using the standard expressions 53. For ionized impurity scattering an impurity 

concentration of 1017 cm-3 is assumed. The scattering rates obtained are shown in Figure (9-5).  

         The various mobility components are estimated from the scattering rates and a plot of the 

mobility versus temperature is shown in Figure (9-6). Mobility at a temperature is limited by the 

smallest mobility component at that temperature. Mobilities due to polar optical scattering, 

acoustic and piezoelectric scattering dominate in the high temperature range and impurity 

scattering dominates at low temperatures. Acoustic and optical phonon scattering increase with 

increase in temperature. Inter-valley scattering is insignificant until the average electron energy 

exceeds the gamma-L valley energy separation of 1.9 eV. Impurity scattering and piezo-electric 

scattering have an inverse dependence on temperature. Fig (9-7) shows the total mobility 

obtained from the component mobilities obtained using Matthiessen’s rule from Equation (9-2). 
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The mobility at 300K is found to be ~700 cm2/V-s, which is comparable to that obtained using 

the Monte Carlo procedure.  

 

Figure 9-5. Scattering rates in Г1 valley at 300K . Open circles – impurity scattering, dottedline – 
polar optical phonon emission, ‘+’ – polar optical phonon absorption, ‘x’ – 
piezoelectric scattering, line- acoustic deformation potential scattering. 

 

Figure 9-6. Mobility variation with temperature. The various components are due to the 
following scattering mechanisms – line – impurity, dotted line – optical phonons, 
dash-dot – acoustic phonons,  dashed – piezo electric.  
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Figure 9-7. Total mobility calculated from components shown in Fig 9-6. 

Calculation of Hall Factor, Magnetoresistance Coefficients 

The relaxation time is the reciprocal of the scattering rate. It can be written in the form m 

𝜏𝜏 = 𝑎𝑎𝐸𝐸−𝑠𝑠           (9-5) 

To average 𝜏𝜏 over all energy we use the formula 

〈𝜏𝜏〉 =  
∫ 𝜏𝜏𝐸𝐸3/2 exp �− 𝐸𝐸

𝑘𝑘𝑘𝑘�𝑑𝑑𝐸𝐸

∫𝐸𝐸3/2 exp �− 𝐸𝐸
𝑘𝑘𝑘𝑘�𝑑𝑑𝐸𝐸

         (9-6) 

This can be simplified to a function  

Г(𝑒𝑒) =  ∫ 𝑒𝑒𝑒𝑒−1𝑒𝑒−𝑒𝑒𝑑𝑑𝑒𝑒         (9-7) 

which evaluates for integers as 

Г(𝑒𝑒) = (𝑒𝑒 − 1)!         (9-8) 

For all p,  

Г(𝑒𝑒) = (𝑒𝑒 − 1)Г(𝑒𝑒 − 1)        (9-9) 

Therefore, we have that  

 〈𝜏𝜏〉 = 𝑎𝑎(𝑘𝑘𝑘𝑘−𝑠𝑠)Г(5
2−𝑠𝑠)

Г(5
2)

         (9-10) 
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〈𝜏𝜏2〉 =  𝑎𝑎2𝑘𝑘2𝑘𝑘−2𝑠𝑠Г(5
2−2𝑠𝑠)

Г(5
2)

         (9-11) 

The Hall factor r is 

𝑟𝑟 ≜  〈𝜏𝜏
2〉

〈𝜏𝜏〉2
=  

Г�5
2�Г(5

2−2𝑠𝑠)

�Г(5
2−𝑠𝑠)�

2          (9-12) 

The physical magnetoresistance coefficient is  

𝜉𝜉𝑃𝑃𝐺𝐺𝑅𝑅 =  
𝛤𝛤�5

2−3𝑠𝑠�𝛤𝛤�5
2− 𝑠𝑠�

�𝛤𝛤�5
2−2𝑠𝑠��

2 −  1        (9-13) 

The geometrical magnetoresistance coefficient is given by 

𝜉𝜉𝐹𝐹𝐺𝐺𝑅𝑅 =  
𝛤𝛤�5

2−3𝑠𝑠��𝛤𝛤�5
2��

2

�𝛤𝛤�5
2−𝑠𝑠��

3          (9-14) 

Equations (9-12) – (9-14) can be calculated analytically using the value for s from the 

expressions for τ or calculated from the scattering tables by averaging the scattering rates over all 

energies. Table (9-2) lists the calculated parameters for r, 𝜉𝜉𝑃𝑃𝐺𝐺𝑅𝑅  and 𝜉𝜉𝐹𝐹𝐺𝐺𝑅𝑅  44. 

Table 9-2. Hall factor and magnetoresistance coefficients  for individual scattering mechanisms 
Mechanism s Hall factor 

(analytical) 
Hall factor 
(from 
scattering 
table) 

𝜉𝜉𝑃𝑃𝐺𝐺𝑅𝑅  𝜉𝜉𝐹𝐹𝐺𝐺𝑅𝑅  

Acoustic Def. 
Pot 

½ 1.18 1.1203 0.117 1.4020 

Piezoelectric -1/2 1.1 1.09 0.0856 1.3123 
Impurity -3/2 1.93 1.73 0.4889 4.4758 
Polar optical 
phonons 

See text See text 1.19 0.0119 1.4504 

 
For Polar optical phonons, at low temperatures the relaxation time is independent of energy and 

at higher temperatures, it varies roughly as 𝐸𝐸1/2. From the above table, it is obvious that when 

conduction is limited by impurity scattering, the Hall factor is high enough that there is a 

significant discrepancy between the Hall concentration, hall mobility and carrier concentration 
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and conductivity mobility. The Hall factor calculated from the scattering table is probably lower 

than the analytical term because the scattering rate is evaluated at the Brooks-Herring limit in the 

Born approximation and that depends on the carrier concentration chosen. At low carrier 

concentrations (low temperatures/ high trap concentration), the numerical value approaches the 

analytical value. Fig (9-8) shows a plot of the Hall factor with temperature.  Figure 9-9 shows a 

plot of the physical magnetoresistance with temperature, Figure 9-10 shows geometrical 

magnetoresistance plotted against temperature.  

From figure (9-8), it can be seen that the Hall factor remains almost invariant with 

temperature. The magnetoresistance coefficients for impurity scattering are much higher than for 

other types of scattering. Therefore, at low temperatures, the magnetoresistance mobility needs a 

bigger correction than at higher temperatures. However, for degenerate electrons, geometrical 

magnetoresistance coefficient is 1 and physical magnetoresistance coefficient is 0 44. 

 

 Figure 9-8. Hall factor variation with temperature. 



 

96 

 

Figure 9-9. Physical magnetoresistance coefficient plotted as a function of temperature. 

 

 

Figure 9-10. Plot of geometrical magnetoresistance coefficient with temperature.  
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Summary 

This chapter describes the dependence of electron mobility on electric field as determined 

by Monte Carlo simulations. Values obtained by considering optical, acoustic and inter-valley 

scattering are compared with those reported in literature. The Hall factor and magnetoresistance 

coefficients are calculated for various scattering mechanisms. The magnetoresistance coefficients 

obtained here are used in Chapter 8, to determine mobility.  
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CHAPTER 10 
CONCLUSION AND SUGGESTIONS FOR FUTURE WORK 

A framework to understand charge transport in GaN nanowires under the influence of 

electric and magnetic fields has been put together. Extraction of device parameters from I-V data 

obtained for devices from four different growth runs, simulation and analytical methods has been 

presented. A detailed discussion on the effects of different types of traps on the I-V has been 

presented, along with simple techniques for extracting carrier concentration, mobility and trap 

density from such I-V. Mobility has been independently determined from magnetoresistance 

data.  

The highest measured mobility of 710 cm2/V-s was obtained from magnetoresistance 

measurements and the carrier concentration is around 1017 cm-3. Trap activation energies were 

estimated from space charge limited transport and the possible presence of gallium vacancies, 

silicon, gallium in nitrogen sites is indicated.  

A Monte Carlo simulation was performed to extract values for Hall factor and 

magnetoresistance coefficients. At 300K, the Hall factor is calculated to be 1.125, physical 

magnetoresistance coefficient 0.035 and geometric magnetoresistance coefficient 1.35.  

In this study, Ti/Pt/Al/Au contacts have yielded the best results. But, the formation of an 

ohmic contact is by no means a given, and annealing does not necessarily improve the I-V 

characteristics. Ti/Au contacts yield Schottky devices and the mechanism of forming ohmic 

contacts could be further studied.  

The Poisson’s equation solved for the nanowire assumes a cylindrical cross section. Some 

GaN wires have a triangular cross section and this has been previously reported in the literature. 

More work is needed to analyze the effects of field crowding at the sharp corners. Surface 

pinning of the Fermi level has not been investigated or considered in this work, and the electric 
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field distribution could be studied by imposing this boundary condition. For thin wires, in the 

surface depletion region, the relaxation time is smaller than in the bulk of the device. Since the 

onset of space charge is attributed to slow relaxation, if the depletion region is very thick, the 

onset of space charge might be delayed.  

From the experimental data reported, it can be concluded that there is a lot of variability in 

devices from the same growth run. Lack of growth techniques which can reliably reproduce 

devices with the same I-V characteristics is the main bottleneck in the development of nanowire 

circuits. 
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