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Abstract 

This thesis focuses on developing a high power, compact source of Terahertz (THz) 

radiation. An amplifier and an oscillator are designed using an active device 

exhibiting the Gunn Effect. The amplification properties of the amplifier and 

oscillator are first studied using the commercial software Comsol Multiphysics. 

Then, the electrical properties of the active device are studied using the commercial 

software Crosslight APSYS. This thesis also focuses on the modulation of THz 

radiation by a 2 dimensional electron gas (2DEG). THz time-domain spectroscopy 

(THz-TDS) experiments are performed on gallium nitride (GaN) samples in the 

presence and absence of a 2DEG and the measurements are used to predict the 

modulation introduced by the 2DEG. Additionally, THz-TDS experiments are 

performed on a bare sapphire wafer and GaN thin films (having various doping densities) 

grown on a sapphire substrate. The refractive index of the sapphire and GaN is determined 

from the measurements and compared to literature values. Furthermore, the GaN relative 

permittivity is determined from the measurements and compared to the Drude model. 
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Chapter 1 

Introduction 

The terahertz (THz) regime consists of frequencies between 0.1 and 10 THz 

[1, 2] (or free space wavelengths between 0.03 and 3 mm) and falls between the 

microwave frequency regime and the infrared frequency regime. Currently, THz 

radiation is often generated through the use of a photoconductive antenna or by 

optical rectification and is detected through the use of a photoconductive antenna or 

by electro-optical sampling.  

THz radiation is able to penetrate a number of non-conducting materials, 

such as clothing, plastic, and wood [3]. This is used in areas such as security and 

quality control of packaged goods [4]. THz radiation is also capable of exciting 

vibrational modes in organic and inorganic materials, which allows samples to be 

identified based on their chemical composition, and could be used to identify 

concealed drugs or explosives [4]. Furthermore, THz radiation has found a niche in 

medical applications. The amount of THz absorption can be used to distinguish 

between malignant or benign tissue [4], such that THz radiation may be used as a 

non-invasive cancer diagnostic technique.  It is envisaged that THz radiation will 

find use in communication, mainly because short-range communication systems are 

expected to extend into the THz regime in the near future [5]. THz radiation is also 
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relevant to spectroscopy as THz time-domain spectroscopy (THz-TDS) is a 

technique often employed to study the fundamental interaction between THz 

radiation and a variety of materials [6]. 

 

1.1 Motivation 

A major limitation associated with THz radiation is that compact, simple, 

and low cost sources of THz radiation are unavailable [7]. This has become known 

as the “THz gap” because technologies for generating microwave and infrared 

frequencies are well established [1], in contrast to that of THz radiation frequencies. 

Recently, GaN has emerged as a material capable of amplifying THz radiation, 

which is made possible since GaN exhibits a Gunn Effect combined with its short 

energy relaxation time [8-10]. GaN provided an exciting opportunity to produce a 

THz source, which would find use in applications such as imaging, security, quality 

control, material identification, medical, communications, and spectroscopy [1-7]. 

A modulation device attempting to extend short-range communication 

systems into the THz regime has been studied in [5, 11-15]. A 2 dimensional 

electron gas (2DEG) at a GaAs/AlGaAs interface, which may be depleted by an 

electrical bias voltage, modulates THz radiation transmitted through the device. This 

device successfully encodes an audio signal into a train of THz pulses.  However, a 

limitation of this device is that a maximum of 3% modulation depth (MD) is 

achieved [12]. This is a major concern because even a small amount of noise in the 

channel may make it impossible to recover the signal encoded into the THz. The 

interface charge of a 2DEG at a GaN/AlN interface is often over an order of 



3 
 

magnitude larger than the interface charge of a 2DEG at a GaAs/AlGaAs interface. 

As such, a device with a 2DEG at a GaN/AlN interface is expected to allow for a 

modulation depth > 3%. 

Before fabrication of THz devices it is helpful, and often necessary, to 

understand the properties of the material on which the device is fabricated. 

THz-TDS experiments have been used to study GaN [6, 10, 16-20]. However, 

additional research is still required to fully understand the effects of the GaN doping 

density and growth conditions on THz radiation.  

 

1.2 Formation of a 2DEG at a GaN/AlN Interface 

Fig. 1.1 illustrates the formation mechanism of a 2DEG at the interface of 

GaN (having Ga-faced polarity [21-23]) and AlN. The spontaneous and 

piezoelectric polarization properties of GaN and AlN [21, 22] induce a fixed 

positive surface charge at the GaN/AlN interface and a fixed negative surface charge 

at the AlN surface [24]. Electrons occupying donor-like surface states located at the 

AlN surface lower their energy by transferring into the GaN [24]. These electrons 

are attracted to the fixed positive surface charge at the GaN/AlN interface, such that 

a 2DEG forms a few nanometers inside the GaN. This attraction is only possible 

because the positive surface charge arising from the un-occupied donor-like surface 

states compensates for the negative surface charge at the AlN surface. The electrons 

in the 2DEG can only occupy discrete energy levels and the majority of the electrons 

occupy the ground state energy level. 
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Fig. 1.1: Formation of a 2DEG at the interface of GaN and AlN. The 2DEG has 

discrete energy levels that are occupied by electrons. 

 

1.3 The Gunn Effect 

Devices fabricated on materials exhibiting the Gunn Effect, such as GaN and 

GaAs, produce a negative differential resistance (NDR) that can be used to amplify 

radiation. GaN exhibits a low mobility valley 0.9 eV above a higher mobility valley 

[25, 26], as shown in Fig. 1.2a. Electrons that gain enough energy (from an electric 

field) transfer to the higher energy valley and experience a reduction in their drift 

velocity, vd, as seen in Fig. 1.2b. Here, Eth is the electric field value where the slope 

of the curve is zero and the portion of the curve with a negative slope has a negative 

differential mobility (NDM). This transfer of electrons, leading to a NDM, is 

referred to as the Gunn Effect. 
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Fig. 1.2: (a) Schematic of electrons transferring from the low mobility valley to the 

high mobility valley in GaN, which are separated by 0.9 eV [25, 26]. (b) The 

electron drift velocity vs. electric field plot showing the existence of a NDM. Eth is 

the electric field value where the slope of the curve is zero. 

 

The following sections briefly discuss Gunn and accumulation domains, 

Shockley’s positive conductance theorem (SPCT), the stable amplification (SA) 

mode, the limited space-charge accumulation (LSA) mode, cathode domains, and a 

static NDR.  All of these effects are relevant to the phenomenon of the Gunn Effect.  

 

1.3.1 Gunn or Accumulation Domains 

Devices that satisfy a specific set of conditions support Gunn or 

accumulation domains. When a Gunn Effect device, having ohmic contacts, is 

biased so the electric field is above Eth, a surplus of electrons arises at the cathode. 

This is shown by the blue curve in Fig. 1.3a and the electron bunch grows in 
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magnitude as it travels toward the anode. The electron bunch dissipates into the 

anode if the following three conditions are met [27-31], 

 

 
𝑁 <

휀𝑜휀𝑟
 ′𝑣𝑑

2

4𝑒𝐷|𝜇𝑑,𝑚𝑖𝑚𝑖𝑚𝑢𝑚|
 , (1.1a) 

 
𝑁𝑑 >

휀𝑜휀𝑟
 ′𝑣𝑑

𝑒|𝜇𝑑,𝑚𝑖𝑛𝑖𝑚𝑢𝑚|
 , (1.1b) 

 
𝑁 ∗ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 >

4𝑣𝑑휀𝑜

𝑒|𝜇𝑑,𝑚𝑖𝑛𝑖𝑚𝑢𝑚|
 , (1.1c) 

 

where N is the electron concentration, ɛo is the permittivity of free space, 휀𝑟
 ′ is the 

real part of the GaN relative permittivity, vd is the drift velocity of the electrons in 

GaN, e is the electron charge, D is the diffusion coefficient of GaN, 𝜇𝑑,𝑚𝑖𝑛𝑖𝑚𝑢𝑚 is 

the minimum electron differential mobility of GaN, d is the distance between the 

contacts, and thickness is the thickness of the region in which the electrons flow. 

When the electron bunch dissipates into the anode, a new bunch arises at the 

cathode, which later dissipates into the anode. This process is repeated, such that a 

steady-state is never reached and oscillations are observed in the current as a 

consequence of this repeated accumulation and dissipation. These electron bunches 

are commonly referred to as accumulation domains. However, if the cathode contact 

is not an ideal ohmic contact then a surplus of electrons followed by a depletion 

region may instead form at the cathode, which is shown by the blue curve in Fig. 

1.3b. This electron concentration distribution may also occur if the doping near the 

cathode is less than the remainder of the device, which can be introduced 
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intentionally and is referred to as a doping notch. This electron distribution 

phenomenon is referred to as the Gunn domain, which behaves essentially identical 

to the accumulation domain. The time it takes for the Gunn or accumulation 

domains to traverse the device is equal to the velocity of the domain divided by the 

distance between the contacts of the device. This, thus, sets the oscillation frequency 

observed in the current. Clearly, by reducing the distance between the contacts of 

the device, this frequency can be increased. However, reducing this distance 

decreases the oscillation strength, which is the major limitation associated with 

Gunn and accumulation domains. In this mode, the NDR is supporting the 

propagation of the electron regions and may not be used to amplify an externally 

applied signal. 

    

Fig. 1.3: Schematic showing (a) accumulation domains and (b) Gunn domains 

propagating from the cathode toward the anode. However, not shown are the 

accumulation and Gunn domains dissipating into the anode and the formation of a 

new domain at the cathode. 
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 Devices supporting Gunn or accumulation domains with a frequency in the 

THz regime have been studied in detail; however, most of this research has been 

conducted only through simulations [32-35]. Aslan and Eastman [35] simulated a 

GaN-based planar device. When the distance between the contacts is 125 nm, 

accumulation domains oscillating at a frequency of 3.2 THz are observed at a DC to 

AC conversion efficiency < 2.3%. However, when the distance between the contacts 

is increased to 250 nm, accumulation domains oscillating at a frequency of 1.5 THz 

are observed (with efficiency < 3.5%). Torre et al. [34] performed Monte-Carlo 

simulations on GaN-based devices with a planar structure. Similarly, when the 

distance between the contacts is 1 μm, Gunn domains oscillating at a frequency of 

0.3 THz are observed at a DC to AC conversion efficiency less than 0.5%. When the 

distance between the contacts is increased to 0.4 μm, Gunn domains oscillating at a 

frequency of 0.65 THz are observed (with efficiency ~ 0.1%). Alekseev and Pavlidis 

[33] performed hydro fluidic simulations on a GaN slab having contact distance of 

2 μm. The device was shown to support Gunn domains oscillating at a frequency of 

0.33 THz. Yang et al. [32] employed SILVACO ATLAS, which is a simulation tool 

capable of studying semiconductor devices, to study a slab of GaN with contacts on 

either end. When the distance between the contacts is 0.3 μm and the doping density 

is uniform, accumulation domains are observed to oscillate at a frequency of 

0.70 THz. Interestingly, when a doping notch is made at the cathode, Gunn domains 

are observed to oscillate at a higher frequency of 0.75 THz. 
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1.3.2 Shockley’s Positive Conductance Theorem 

Devices that satisfy a specific set of conditions exhibit SPCT. When a Gunn 

Effect device, having ohmic contacts, is biased so the electric field is above Eth, a 

surplus of electrons arises at the cathode. This region of electrons travels along the 

device and, if any condition (i.e.: Eq. (1.1a), or (1.1b), or (1.1c)) is not satisfied, the 

electron bunch becomes “trapped” at the anode, as shown in Fig. 1.4a. Associated 

with this phenomenon is an accumulation of the electric field at the anode reaching a 

magnitude above Eth, as shown in Fig. 1.4b. The current in a semiconductor depends 

on both the electron drift velocity (which decreases as the field increases above Eth) 

and the electron concentration. SPCT states that the increase in electron 

concentration at the anode more than compensates for the decrease in electron drift 

velocity at the anode [36, 37]. This results in a DC resistance that is positive at all 

bias voltages.  

    

Fig. 1.4: Schematic of the (a) electron concentration and (b) electric field associated 

with SPCT. This schematic is designed assuming the electron drift velocity vs. 

electric field curve of GaN remains flat after the NDM region, as shown in [38]. 
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SPCT was first derived in 1954, under a number of simplifying assumptions 

[36]. Kroemer [37] later generalized the SPCT formalism for arbitrary geometries 

and Hauge [39] and Dӧhler [40] generalized the SPCT formalism for a material 

having a diffusion coefficient that depends on electric field.  A comprehensive 

theoretical analysis was performed by McCumber and Chynoweth [27], which 

focused on the conditions necessary to observe this effect. 

 

1.3.3 Stable Amplification Mode 

 Devices that exhibit SPCT are able to operate in the SA mode. A device that 

operates in the SA mode supports a NDR within multiple frequency bands, as shown 

in Fig. 1.5. The lowest frequency band is centered at the frequency, ft, which is equal 

to the reciprocal of the time it takes the electrons to traverse between the contacts of 

the device. The higher frequency bands are centered at the harmonics of ft.  Clearly, 

the largest NDR occurs at the frequency band centered at ft [27] and the NDR is 

positive at DC (as required by SPCT [36]). A more detailed discussion of the SA 

mode is presented in section 3.2 of this thesis. 
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Fig. 1.5: Schematic showing a positive resistance existing at DC, and an NDR 

existing in frequency bands centered at ft and its harmonics. ft is equal to the 

reciprocal of the time it takes the electrons to transverse between the contacts of the 

device.  

 

 Thim and Barber [41, 42], Baynham and Colliver [43, 44], and Fleming et al. 

[45, 46] have used the SA mode to amplify frequencies in the GHz regime. In the 

THz regime, such devices are key interest if they are fabricated on a GaN platform. 

Thim and Barber [41, 42] excited a space-charge wave (i.e.: electron region) at the 

cathode of a device exhibiting the SA mode. Here, the wave propagated along the 

device and the amplified signal is extracted at the anode. Thim and Barber [42] 

investigated a device fabricated on GaAs and observed a positive power gain  in the 

frequency region  between 2.2 and 4.1 GHz, with maximum power gain of 10 

observed at a frequency of 4 GHz. In a different investigation, Thim [41] reported 

on a GaAs device having a power gain ranging from 0.8 to 3.8 between frequencies 

of 4 and 8 GHz. Baynham and Colliver [43, 44] investigated the microstrip line 

structure device shown in Fig. 1.6a. The material exhibiting the Gunn Effect acts as 
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a cavity supporting standing wave modes, where the material-air boundaries are 

reflective enough to make round trip gain possible. Baynham [44] reported on a 

Ge-based device (another material exhibiting the Gunn Effect) and observed 

emission from the Ge-air boundaries with a frequency of 3.74 GHz. Baynham and 

Colliver [43] also studied a GaAs-based device and observed emission at 

frequencies ranging from 2.3-4.2 GHz. Fleming et al. [45, 46] studied the device 

with the co-planar waveguide structure shown in Fig. 1.6b. A signal was applied to 

one end of the device, which propagates along the contacts of the device, and the 

amplified signal is extracted from the other end. Fleming [45] studies a device 

fabricated on GaAs and amplification is achieved at frequencies between 15 and 

22 GHz. A signal at 20 GHz experiences gain as large as 3 dB. In a later publication, 

Fleming et al. [46] investigated a similar device and a gain of 4.86 dB was observed 

at 17.5 GHz. Amplification is determined to occur between 16 and 18 GHz in this 

device. 

    

Fig. 1.6: (a) The oscillator studied by Baynham, which has a microstrip line 

structure (adapted from Baynham, 1970 [47]). (b) The amplifier studied by Fleming, 

which behaves as a co-planar waveguide (adapted from Fleming, 1975 [45]). 

 

  

  N-type GaAs 

Semi-Insulating GaAs 

contacts 

(b) 

  

contacts 

material exhibiting 

the Gunn Effect 

(a) 



13 
 

1.3.4 Limited Space-Charge Accumulation Mode 

The LSA mode states that an AC voltage applied to a device exhibiting Gunn 

domains, accumulation domains, or SPCT is sustained if the following conditions 

are met [48], 

 

 𝑁

𝑓
<

3휀𝑟
 ′휀𝑜

𝑒|𝜇𝑎𝑣|
 , (1.2a) 

 𝑁

𝑓
>

휀𝑟
 ′휀𝑜

𝑒𝜇𝑜
 , (1.2b) 

 

where f is the frequency of the AC voltage applied by a resonant circuit, 𝜇𝑎𝑣 is the 

average negative electron mobility, and 𝜇𝑜 is the electron mobility of GaN at low 

electric fields. Equation (1.2a) places a restriction on the length of time the electric 

field in the semiconductor can remain above Eth. If Eq. (1.2a) is satisfied then the 

electric field in the semiconductor does not remain above Eth long enough for 

accumulation domains, Gunn domains, or the electron bunch discussed in 

section 1.3.2 to completely form. Furthermore, Eq. (1.2b) places a restriction on the 

length of time the electric field in the semiconductor can remain below Eth. If Eq. 

(1.2b) is satisfied then the electric field in the semiconductor remains below Eth long 

enough for accumulation domains, Gunn domains, or the electron bunch discussed 

in section 1.3.2 to completely dissipate [48, 49]. If Eq.’s (1.2a) and (1.2b) are 

satisfied, then the electric field remains approximately uniform in the device and the 

electron concentration remains approximately constant with increasing bias voltage. 
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The AC voltage is sustained because it is essentially operating on a current vs. 

voltage curve with an NDR [50], as illustrated in Fig. 1.7. 

 

Fig. 1.7: Schematic showing an AC voltage superimposed onto the anode current vs. 

anode voltage curve associated with the LSA mode. The peak current occurs at a 

voltage of ~ Ethd, since the electric field in the device remains approximately 

uniform. 

 

Devices supporting the LSA mode at a frequency in the THz regime have 

been studied; however, this has only been done through simulations. Sokolov et al. 

[51] studied a device fabricated on GaN using a transport model and a quasistatic 

large-signal approach. When the distance between the contacts is 100 nm, a DC to 

AC conversion efficiency of up to 8.9% is predicted and this device is capable of 

sustaining oscillations with frequencies between 0.14 and 1.6 THz. Barry [52] 

simulates a device fabricated on GaN and that has a distance between the contacts of 

100 nm. This device supports frequencies between 0.5 and 2.3 THz and the 
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maximum DC to AC conversion efficiency is about 1.7%, which is obtained at 

2.1 THz. Barry et al. [53] investigated a GaN device using a high-field electron 

transport model and the local quasistatic approximation. When the distance between 

the contacts of the device is 0.5 μm, they reported THz oscillation in the region of 

0.33-0.88 THz.  A maximum DC to AC conversion frequency of nearly 1.2% was 

obtained at 0.6 THz. 

 

1.3.5 Cathode Domain 

When the material exhibiting the Gunn Effect has an “imperfect” cathode 

contact, a surplus of electric field may form at the cathode. This is commonly 

referred to as a cathode domain [54, 55] and is illustrated in Fig. 1.8a. Cathode 

domains increase in width with additional bias voltage and a depletion region exists 

in the electron concentration at the location where the electric field equals Eth, as 

shown in Fig. 1.8b. This phenomenon occurs because the electron drift velocity is 

largest at this point, such that a small electron concentration is required to satisfy 

current continuity. The depletion region shifts towards the anode region with 

increasing bias voltage and seems to “propagate” as the bias voltage increases. At a 

bias voltage slightly below Ethd the cathode domain often breaks away from the 

cathode and initiates Gunn or accumulation domains [54]. If the cathode domain 

does not break away from the cathode then the device remains in a steady-state, 

which results in a DC resistance that is positive at all bias voltages. 
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Fig. 1.8: A schematic of the (a) electric field and (b) electron concentration 

associated with a cathode domain. 

 

Bӧer et al. [54] used the field of directions to show that cathode domains 

form if a slightly blocking schottky contact exists at the cathode. Bӧer et al. [54] 

also considers the situation when a strongly blocking schottky contact exists at the 

cathode. At low bias voltages a depletion region exists near the cathode, which 

arises due to the strongly blocking cathode, and the electric field accumulates in the 

depletion region only. This is the normal operation of a device with a strongly 

blocking cathode contact. However, at larger bias voltages a cathode domain 

appears adjacent to the electric field that accumulated in the depletion region.  Bӧer 

et al. [54] showed that the cathode domains that occur due to a slightly blocking 

cathode contact can lead to Gunn domains; however, cathode domains that occur 

due to a strongly blocking cathode are expected to remain stable. Gunn [56] 

observed cathode domains experimentally in GaAs. At large bias voltage values, the 
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domain breaks away from the cathode and a cyclic propagation of domains is 

observed. 

 

1.3.6 Static Negative Differential Resistance 

The current density in a semiconductor, assuming diffusion current is 

negligible, is described by the equation, 

 

 𝑗 = 𝑒𝑁𝑣𝑑(𝐸) , (1.3) 

 

where E is the electric field. If the electron concentration, N, does not change with 

bias voltage and the electric field between the contacts of the device increases 

uniformly with the bias voltage, then the NDM directly results in an NDR. This is 

often referred to as a static NDR. A device structure for exhibiting NDM is shown in 

Fig. 1.9a, which is studied in [58].  The primary axis of Fig. 1.9b shows the current 

vs. voltage obtained from this device and the secondary axis shows the electron drift 

velocity vs. electric field of GaN. The NDR is a result of the Gunn Effect and is 

expected to exist up to THz due to the small energy relaxation time of GaN [8-10]. 

Huang et al. [38] also measured a static NDR from a planar device fabricated on 

low-doped GaN, while Yilmazoglu et al. [57] measured a static NDR from a device 

with a vertical structure and a doping density of 10
17

 cm
−3

. 
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Fig. 1.9: (a) The gateless device studied in [58], which is fabricated on low-doped 

GaN (adapted from Ceroici et al., 2012 [58]). (b) The current vs. voltage curve 

clearly showing a NDR region and the electron drift velocity vs. electric field curve 

clearly showing a NDM region [58]. 

 

A device exhibiting a NDR has the ability to amplify a signal. A 

semiconductor device exhibits a NDR when the current flowing into the anode 

decreases with increasing bias voltage. This means the current density flowing in the 

semiconductor decreases as the electric field in the semiconductor increases. As 

such, the semiconductor exhibits a negative differential conductivity (NDC). 

However, this NDC only exists at the specific anode bias voltage and only exists in 

the specific region of the semiconductor that the current is flowing. Radiation 

interacting with this NDC region experiences amplification if the gain provided by 

the region of the semiconductor exhibiting a NDC overcomes the losses experienced 

by the radiation. Due to the low electron concentration of the GaN, the NDR 

measured in [58] is unable to overcome the THz losses. It should be noted that the 

electron concentration in the device may be increased significantly by inducing a 

2DEG (i.e.: a channel), as shown in Fig. 1.10. This proposed device can: (1) amplify 
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THz radiation by exciting a wave on the contacts of the device and allowing it to 

propagate and, (2) be placed into a resonator to sustain THz oscillations. 

 

Fig. 1.10: The gateless device fabricated on GaN and that has a 2DEG (i.e.: a 

channel), which is a result of polarization effects between the AlN and GaN [24]. 

 

1.4 THz Modulation Device 

A modulation device is used to encode signals containing information into a 

higher frequency signal (known as the carrier signal) to be transmitted to another 

location [59]. Kleine-Ostmann et al. [13] designed and tested the THz modulation 

device illustrated in Fig. 1.11a. THz modulation is achieved by 

electrically-controlling the presence or depletion of a 2DEG. To fully understand 

how this device operates, consider the example in Fig. 1.11b, which shows a train of 

THz pulses being transmitted through the modulator. The voltage on the Cr contact 

is large and negative at the time of the first pulse through the device. The 2DEG is 

depleted, such that the pulse is transmitted through the device with large amplitude. 
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time of the second pulse through the device. The 2DEG is partially depleted and, 

therefore, the pulse is transmitted through the device with slightly smaller amplitude 

then the first pulse. Finally, there is no voltage applied to Cr contact at the time the 

third pulse is through the device. The 2DEG is fully present and the pulse is 

transmitted through the device with the smallest amplitude of the three pulses. Thus, 

the signal applied to the Cr contact is encoded into the amplitude of the THz pulses.  
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Fig. 1.11: (a) Schematic of the THz modulator fabricated on GaAs (adapted from 

Kleine-Ostmann et al., 2004 [13]). (b) A simple example showing the operation of 

the THz modulator. The amplitude of the transmitted pulses depends on the 2DEG 

concentration and, therefore, on the voltage applied to the Cr. VCr is the voltage, time 

is the time, and the blue arrows represent transmission of THz radiation through the 

device. 
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 To design a high-power THz amplifier and/or oscillator that is inexpensive 

and compact using a GaN platform. 

 To investigate the static NDR mode and the SA mode and their potential to 

amplify THz radiation. 

 To provide a better understanding of devices fabricated on GaN that 

incorporate a channel configuration. A more specific objective is to 

determine if a static NDR can be obtained from these devices. 

 To improving the modulation depth obtained from the THz modulation 

devices based on a 2DEG at a GaAs/AlGaAs interface. 

 To study the interaction of THz radiation with GaN having various doping 

densities. 

 

1.6 Thesis Outline 

 This thesis consists of 5 chapters, which consider THz amplification devices, 

THz modulation from a 2DEG, and THz spectroscopy of GaN. 

 In chapter 2, a commercial software package (Comsol Multiphysics) is used 

to simulate THz amplification devices, under the assumption of a static NDR.  The 

simulations are performed to determine the feasibility of THz amplification. 

In chapter 3, a commercial software package (Crosslight APSYS) is used to 

simulate a GaN-based, gateless device having ohmic contacts to determine if a static 

NDR occurs. A gated device employing ohmic contacts and a gateless device 

employing metal-insulator-semiconductor (MIS) contacts are also simulated for the 
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same reason. Furthermore, Crosslight APSYS is used to determine the resistivity of 

a non-planar GaN-device based and to determine if a planar GaN-device (and having 

a channel) is able to exhibit the SA mode. 

In chapter 4, THz pulses are transmitted through (and reflected from) GaN 

samples in the presence and absence of a 2DEG. The measurements are used to 

predict the amount of modulation that occurs from a 2DEG at an AlN/GaN interface. 

In addition, THz pulses are transmitted through GaN thin films (grown on sapphire), 

as well as a bulk sapphire wafer. The GaN and sapphire complex refractive index is 

determined, as well as the GaN relative permittivity. 

In chapter 5, the results of this research are summarized. This chapter also 

presents suggestions for continuing this research. 
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Chapter 2 

THz Amplifier and 

Oscillator 

COMSOL Multiphysics software is used to simulate an amplifier and 

oscillator, which amplifies THz radiation using the active device shown in Fig. 1.10. 

The main objective of this chapter is to determine if THz amplification is achieved 

in the amplifier and/or the oscillator, under the assumption that the active device 

exhibits a static NDR. Another objective is to determine possible techniques to 

increase the amplification observed in the amplifier and the oscillator. 

 

2.1 Active Device 

 This section discusses the techniques and approximations used to implement 

the active device into COMSOL. Voon et al. [60] determined that a 2DEG at the 

interface of low-doped GaN and 5.7 nm of AlN has an interface charge of 

1.9  10
13

 cm
−2

. Implementing this interface charge into Crosslight APSYS software 

produces a 2DEG having a concentration of 85  10
18

 cm
−3

 and a thickness of 
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approximately 1 nm. As such, the 2DEG in COMSOL is modelled as a rectangular 

region with a thickness of 1 nm and a 2DEG concentration ≤ 85  10
18

 cm
−3

. 

Furthermore, the 2DEG conductivity, 𝜎2𝐷𝐸𝐺, must be anisotropic because only the 

component of the electric field in the direction of current flow is amplified [61, 62]. 

This is achieved by defining the tensor, 

 

 
[𝜎2𝐷𝐸𝐺] = [

𝑒𝑁𝜇𝑑,2𝐷𝐸𝐺(𝐸) 0 0

0 0 0
0 0 0

] , (2.1) 

 

where µd,2DEG is the differential mobility of the electrons in the 2DEG. The top-left 

component in this equation is the only non-zero component because the electrons in 

the 2DEG are assumed to flow entirely in the x-direction (see Fig. 1.10). This is a 

valid assumption since the 2DEG is only 1 nm thick. Moreover, this component has 

a value of eNµd,2DEG(E) because the 2DEG is assumed to have a static NDR. The 

2DEG electron mobility is defined as −100 cm
2
/(Vs), which is determined from the 

slope of the curve in Fig. 1.9b at an electric field value of ~ 240 kV/cm. 

The GaN and sapphire are defined by a complex refractive index of 3 + i*0, 

which is based on the assumption that low-doped GaN and sapphire have a similar 

complex refractive index at THz [6, 63]. The contacts of the active device are 

assumed to be gold having a complex refractive index described by the function 

[64], 
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�̃� = 300 + 𝑖1020.5 (

𝑓

1012
)

−0.94

 , (2.2) 

 

where f is the radiation frequency. This equation is only valid for frequencies 

between 0.5 and 2 THz. 

Considering the factors outlined above, the device shown in Fig. 1.10 is 

transformed into the device shown in Fig. 2.1, which can now be implemented into 

COMSOL. The contact width (wc), the contact height (hc), and the contact distance 

(d) are design parameters that influence THz amplification. 

 

Fig. 2.1: Schematic of the active device used in the simulations. wc, hc, and d are 

design parameters. 

 

2.2 THz Amplifier 

A THz signal may be amplified by DC biasing the active device into the 

NDR region and applying a THz wave to the contacts. This excites a transverse 

electromagnetic (TEM) mode that propagates along the contacts perpendicular to the 

x-y plane. Amplification occurs if the gain that the TEM mode experiences 
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overcome the loss it experiences. The active device in Fig. 2.1 is referred to as the 

THz amplifier when used in this manner. 

Details of the simulation are discussed in section 2.2.1. Amplification of the 

TEM mode, as well as techniques to improve this amplification, is discussed in 

sections 2.2.2-2.2.4. 

 

2.2.1 Simulation Details 

The TEM mode of the amplifier is obtained and analysed using COMSOL’s 

2D “Mode Analysis” study, which solves Maxwell’s equations using the finite 

element method. The amplifier is enclosed in a rectangular region defined by perfect 

electric conductor boundaries. These boundaries are carefully placed far enough 

from the amplifier that they have no effect on the TEM mode. Amplification of the 

TEM mode is studied using the attenuation constant, α, which is defined in the 

equation, 

 

 |𝐸𝑜𝑢𝑡|

|𝐸𝑖𝑛|
= 𝑒−𝛼𝐿𝑎𝑚𝑝  , (2.3) 

 

where Eout is the electric field at the end of the amplifier, Ein is the electric field at 

the beginning of the amplifier, and Lamp is the length of the amplifier in the direction 

perpendicular to the x-y plane. It is worth noting that this equation does not consider 

saturation of the TEM mode’s amplification. 
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The reliability of the simulation is checked by simulating the amplifier that 

has a 2DEG conductivity of 0 S/m and ignoring the loss of the contacts. An 

attenuation constant of 0 mm
−1

 is obtained, confirming that the simulation 

environment is properly set up under these simplified conditions. It is very easy to 

introduce too few mesh points in regions thinner than about 1 μm, which could lead 

to incorrect results. Therefore, the mesh in the 2DEG and the mesh in the contacts 

are reduced (in a few select simulations) and the attenuation constant remains 

essentially unchanged, which confirms that the mesh in these regions is satisfactory.  

 

2.2.2 Basic THz Amplifier 

The optimal contact width (wc), contact height (hc), and contact distance (d) 

are determined by simulating the amplifier at a 2DEG concentration of 

85  10
18

 cm
−3

 and an operating frequency of 1 THz. Amplification of the TEM 

mode increases as the contact width and contact distance decreases because the 

TEM mode interacts better with the 2DEG at smaller dimensions. The optimal value 

for both parameters is 1 μm, since this is the smallest dimension that can be 

fabricated at the University of Alberta. Maximum amplification is achieved when 

the contact height is 200 nm. This could be because the mode interacts best with the 

2DEG at this value, or it could be related to the fact that THz radiation experiences 

more loss from metals having smaller dimensions [65]. The amplifier studied in this 

section, as well as in sections 2.2.3 and 2.2.4, is defined by the optimal dimensions 

stated above. 
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The amplifier is investigated at an operating frequency of 1 THz. 

Amplification is achieved at 2DEG concentrations > 7.8  10
18

 cm
−3

, as seen in 

Fig. 2.2a, and an attenuation constant of −5.8 mm
−1

 is achieved at a 2DEG 

concentration of 85  10
18

 cm
−3

. The TEM mode supported by the amplifier is 

shown in Fig. 2.2b and the radiation interacts well with the 2DEG. 

 

Fig. 2.2: (a) The attenuation constant vs. 2DEG concentration, obtained at f = 1 THz. 

(b) The TEM mode supported by the amplifier. 

 

 The amplifier is investigated at a 2DEG concentration of 50  10
18

 cm
−3

. The 

TEM mode experiences amplification at frequencies between 0.5 and 2 THz, as 

shown in Fig. 2.3. 
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Fig. 2.3: The attenuation constant vs. operating frequency, obtained at 

N = 50  10
18

 cm
−3

. 

  

Amplification of the TEM mode vs. amplifier length is obtained from 

Eq. (2.3) and plotted in Fig. 2.4. This plot is created using an attenuation constant of 

−3.3 mm
−1

 and the electric field magnitude grows by a factor of 10 for an amplifier 

having a length of ~ 700 µm. 
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Fig. 2.4: Amplification of the TEM mode vs. amplifier length, obtained at 

α = 50  10
18

 cm
−3

. 

  

2.2.3 Moving the Contacts into the GaN  

The amplifier shown in Fig. 2.1 is investigated at an operating frequency of 

1 THz. A 2DEG having an isotropic conductivity allows for larger amplification 

than a 2DEG having an anisotropic conductivity, as shown in Fig. 2.5a. This is 

because the y-component of the electric field in the 2DEG is amplified by the 

isotropic 2DEG conductivity, but not by the anisotropic 2DEG conductivity. The 

contacts of the amplifier are moved into the GaN, such that the middle of the 
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2DEG is experiencing gain. However, amplification is not increased, which is 

evident by comparing the curves labelled “anisotropic” in Fig. 2.5a and b. 

 

Fig. 2.5: The attenuation constant vs. 2DEG concentration, obtained at f = 1 THz. 

The 2DEG has either an anisotropic or isotropic 2DEG conductivity. The contacts 

are sitting on the GaN in (a), and are moved into the GaN in (b). 
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achieves amplification at 2DEG concentrations > 7.0  10
18

 cm
−3

 and an attenuation 

constant of −7.9 mm
−1

 is achieved at a 2DEG concentration of 85  10
18

 cm
−3

. 

Moreover, increasing the number of contacts from 2 to 6 causes the attenuation 

constant to become more negative by a factor of 1.5 at a 2DEG concentration of 

85  10
18

 cm
−3

. The TEM mode supported by the 6 contact amplifier is shown in 

Fig. 2.6b and the radiation interacts most strongly with the center 2DEG region. 

The multi-contact amplifier is simulated at an operating frequency of 1 THz, 

having a 2DEG concentration of 50  10
18

 cm
−3

, and with fac equal to 10. The curve 

saturates as the number of contacts increases, as shown in Fig. 2.6c, and there is 

essentially no benefit to producing an amplifier with more than 6 contacts. 

The 6-contact amplifier is simulated at an operating frequency of 1 THz. 

Decreasing fac increases the amplification, as shown in Fig. 2.6d, which suggests 

that the approximation implemented in this section underestimates the amplification. 
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Fig. 2.6: (a) The attenuation constant vs. 2DEG concentration of the multi-contact 

amplifier, obtained at f = 1 THz and fac = 10. (b) The TEM mode supported by the 

6-contact amplifier. (c) The attenuation constant vs. number of contacts, obtained at 

f = 1 THz, N = 50  10
18

 cm
−3

, and fac = 10. (d) The attenuation constant vs. 2DEG 

concentration of the 6-contact amplifier, obtained at f = 1 THz. 
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device shown in Fig. 2.1 can be used to sustain the standing wave supported by this 

resonator. This device is referred to as the THz oscillator and is shown in Fig. 2.7c. 

The distance between the upper and lower metal regions is λ/2 and the active device 

is covered with a dielectric that has the same refractive index as the GaN. The 

standing wave with polarization in the x-direction passes through the contacts of the 

active device and experiences gain by interacting with the 2DEG (assuming the 

active device is biased into the NDR region). The thickness of the GaN and the 

thickness of the overlaying dielectric are equal, such that the anti-node of the 

standing wave occurs at the location of the 2DEG. Radiation is extracted from the 

oscillator by making the top metal region partially transparent (lossy). The amount 

of transmission through this lossy region is controlled by defining it as having a 

reflection coefficient, r. 

Details of the simulation are discussed in section 2.3.1. Amplification of the 

standing wave, as well as techniques to improve this amplification, is discussed in 

sections 2.3.2-2.3.4. 
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Fig. 2.7: (a) The resonator that supports a standing wave in the y-direction. (b) 

COMSOL simulation showing the standing wave of half a wavelength supported by 

the GaN-resonator. This simulation is performed at 1 THz. (c) Schematic of the THz 

oscillator. 

 

2.3.1 Simulation Details 
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x-axis, as shown in Fig. 2.8. This likely overestimates amplification when the width 

of the resonator is ≲ 𝜆, since the GaN-air boundaries do not effectively confine the 

standing wave to the resonator. However, these simulations may actually 

underestimate the amplification when the width of the resonator is ≳ 𝜆, since the 

loss associated with the metal boundaries could be greater than the loss associated 

with the GaN-air boundaries. The width of the resonator is 100 μm in all simulations 

performed, which is approximately equal to the wavelength of radiation in GaN at 

1 THz. 

 

Fig. 2.8: The 2D THz oscillator that is simulated in COMSOL. 

 

 

Amplification of the standing wave is studied using the damping term, δ, 

which is defined in the equation, 
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where E(time) is the electric field in the oscillator at time, time, and E(time0) is the 

electric field in the oscillator at some arbitrarily chosen time, time0. It is important to 

note that this equation does not consider saturation of the standing wave’s 

amplification. The damping term, δ, can be obtained by simulating the oscillator 

having a perfectly reflective upper gold region and adding the simulation damping 

term to the equation, 

 

 𝛿𝑚𝑖𝑟𝑟𝑜𝑟 = −𝑓𝑙𝑛(𝑟) , (2.5) 

 

where 𝛿𝑚𝑖𝑟𝑟𝑜𝑟 is the damping term that results from the upper lossy region and f is 

the frequency supported by the resonator. This equation is derived by considering 

the standing wave as a travelling wave that is reflecting back and forth inside the 

resonator. The damping term, δ, obtained using Eq. (2.5) and obtained by including 

the upper lossy region directly into the simulation is compared for various cases. 

The results are identical, verifying the accuracy of Eq. (2.5). In this chapter, the 

lossy gold region is described by Eq. (2.5) with a reflection coefficient of 0.99. 

 The reliability of the simulation is checked by simulating the resonator with 

lossless boundaries. The resonant frequencies agree with the equation [66], 

 

 

𝑓𝑚,𝑝 =
𝑐

2√휀𝑟
 ′

√
𝑚

ℎ𝑟
2

+
𝑝

𝑤𝑟
2

 , (2.6) 
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where fm,p is the resonant frequency of the mode, m and p are the indexes 

representing the different modes the resonator supports, c is the speed of light, 휀𝑟
 ′ is 

the real part of the relative permittivity of the material filling the resonator, hr is the 

height of the resonator, and wr is the width of the resonator. This confirms that the 

simulation environment is set up properly under these simplified conditions. 

Additionally, the mesh in the 2DEG and the mesh in the contacts are reduced (in a 

few select simulations) and the damping term remains essentially unchanged, which 

confirms that the mesh in these regions is satisfactory. 

 

2.3.2 Basic THz Oscillator 

The optimal contact width (wc), contact height (hc), and contact distance (d) 

are determined by simulating the oscillator at a 2DEG concentration of 

85  10
18

 cm
−3

 and at an operating frequency of 1 THz. Amplification of the 

standing wave increases as the contact height and contact distance decreases, since 

the standing wave interacts better with the 2DEG as these dimensions decrease. The 

optimal contact height is 100 nm because a value below this may lead to issues 

during fabrication or testing. The optimal contact distance is 1 μm because this is the 

smallest dimension that can be fabricated at the University of Alberta. Amplification 

increases as the width of the contacts increases because larger widths cause the 

electric field to increase in the 2DEG. The optimal width is 8 μm, since larger values 

lead to significant distortion of the standing wave. The oscillator studied in this 

section, section 2.3.3, and section 2.3.4 is defined by the dimensions stated above. 
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The oscillator is investigated at an operating frequency of 1 THz. 

Amplification is achieved at 2DEG concentrations > 68  10
18

 cm
−3

, as seen in 

Fig. 2.9a, and a damping term of −2.6  10
9
 s

−1
 is achieved at a 2DEG concentration 

of 85  10
18

 cm
−3

. The standing wave supported by the oscillator is shown in Fig. 

2.9b and the radiation interacts well with the 2DEG. 

 

Fig. 2.9: (a) The damping term vs. 2DEG concentration, obtained at f = 1 THz. (b) 

The standing wave supported by the oscillator. 

 

The oscillator is investigated at a 2DEG concentration of 50  10
18

 cm
−3

. The 

standing wave experiences amplification at frequencies between 0.5 and 2 THz, as 

shown in Fig. 2.10. However, the damping term drops to a value of −2  10
8
 s

−1
 at a 

frequency of 0.5 THz. 
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Fig. 2.10: The damping term vs. operating frequency, obtained at 

N = 80  10
18

 cm
−3

. 

 

Amplification of the standing wave vs. amplifier lengths is obtained from 

Eq. (2.4) and plotted in Fig. 2.11. This plot is created using a damping term of 

−1.85  10
9
 s

−1
 and the electric field magnitude increases by a factor of 10 in 

~ 1.25 ns. 

 

Fig. 2.11: Amplification of the standing wave vs. time, obtained at 

δ = −1.85  10
9
 s

−1
. 
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2.3.3 Moving the Contacts into the GaN 

The oscillator shown in Fig. 2.8 is investigated at an operating frequency of 

1 THz. A 2DEG having an isotropic conductivity allows for larger amplification 

then a 2DEG having an anisotropic conductivity, as shown in Fig. 2.12a. This means 

that the electric field in the 2DEG has a y-component. The contacts of the active 

device are moved into the GaN, such that the middle of the contacts is aligned with 

the middle of the 2DEG.  This oscillator is simulated at an operating frequency of 1 

THz and, as seen in Fig. 2.12b, amplification is the same for a 2DEG having an 

anisotropic and isotropic conductivity. This confirms that the electric field in the 

2DEG is oriented entirely in the x-direction. This technique causes the damping term 

to become more negative by a value of −1  10
9
 s

−1
, which is observed by 

comparing the curves labelled “anisotropic” in Fig. 2.12a and b. 

 

Fig. 2.12: The damping term vs. 2DEG concentration, obtained at f = 1 THz. The 

2DEG has either an anisotropic or isotropic 2DEG conductivity. The contacts are 

sitting on the GaN in (a), and are moved into the GaN in (b). 
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2.3.4 Multi-Contact THz Oscillator 

 COMSOL is unable to simulate the multi-contact THz oscillator (with a 

2DEG thickness of 1 nm) due to the extremely large number of mesh points. The 

approximation used in section 2.2.4 is again used in this section. This approximation 

consists of increasing the 2DEG thickness by a factor, fac, and decreasing the 2DEG 

concentration by this same factor. 

Here, a multi-contact THz oscillator is investigated to operate at a frequency 

of 1 THz and with fac equal to 10. As shown in Fig. 2.13a, the oscillator with an 

active device that has 11 contacts (which is the maximum number of contacts that fit 

in the resonator) shows amplification at 2DEG concentrations > 5.0  10
18

 cm
−3

. 

Additionally, a damping term of −17.3  10
10

 s
−1

 is achieved at a 2DEG 

concentration of 85  10
18

 cm
−3

. Furthermore, increasing the number of contacts 

from 4 to 11 causes the damping term to become more negative by a factor of 4 at a 

2DEG concentration of 85  10
18

 cm
−3

. Figure 2.13b shows the standing wave 

supported by the 4-contact oscillator and the mode interacts with the three 2DEG 

regions equally. 

The 4-contact THz oscillator is simulated at an operating frequency of 

1 THz. Decreasing fac increases the amplification, as shown in Fig. 2.13d, which 

suggests that the approximation implemented in this section underestimates the 

amplification. 
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Fig. 2.13: (a) The damping term vs. 2DEG concentration of the multi-contact 

oscillator, obtained at f = 1 THz and fac = 10. (b) The standing wave supported by 

the 4-contact oscillator. (c) The damping term vs. 2DEG concentration of the 

4-contact amplifier, obtained at f = 1 THz. 
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necessary to achieve amplification at 1 THz is 7.0  10
18

 cm
−3

. COMSOL is also 

used to simulate an oscillator supporting a standing wave and amplification is 

possible over a frequency range of 0.5-2 THz. Increasing the active device’s number 

of contacts increase amplification of the standing wave; however, the number of 

contacts is limited by the width of the resonator. The minimum 2DEG concentration 

necessary to achieve amplification at 1 THz is 5.0  10
18

 cm
−3

. 
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Chapter 3 

Static NDR and the SA 

Mode 

The previous chapter determined that THz radiation can be amplified if the 

active device in Fig. 1.10 exhibits a static NDR. The first objective of this chapter is 

to determine if GaN-based, planar devices that incorporate a channel are able to 

exhibit a static NDR. Another objective of this chapter is to study a planar device 

(having a channel) and a non-planar device that operate in the SA mode. Crosslight 

APSYS software is used to perform all simulations in this chapter. 

 

3.1 Static NDR 

A static NDR, due to the Gunn Effect of GaN, has been separately measured 

by Ceroici et al. [58], Huang et al. [38], and Yilmazoglu et al. [57]. However, the 

conditions required to obtain this static NDR are not well understood. A gateless 

GaN-device with ohmic contacts (section 3.1.2), a gated GaN-device with ohmic 

contacts (section 3.1.3), and a gateless GaN-device with MIS contacts (section 3.1.4) 
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are investigated in an effort to observe a static NDR. The details of the simulations 

are discussed in section 3.1.1. 

 

3.1.1 Simulation Details 

Crosslight APSYS uses the drift-diffusion model and the finite element 

method to simulate the electrical properties of semiconductor devices. The electron 

drift velocity vs. electric field curve describing the GaN is shown in Fig. 3.1 [67] 

and the Gunn Effect is incorporated into the simulations by the NDM region.  The 

2DEG is included into the simulations by defining a fixed positive charge at the 

GaN/AlN interface (which attracts electrons). The discrete energy levels of the 

2DEG are determined by solving the drift-diffusion equations and Schrödinger’s 

equation self-consistently. Furthermore, intraband quantum tunnelling of electrons 

through the AlN [68] is taken into account using the techniques discussed in [69]. 

Ohmic contacts are implemented into the simulation using Crosslight’s 

pre-defined “ohmic contact” boundary condition, which is a Dirichlet boundary 

condition that allows electrons to flow across the boundary undisturbed. This 

boundary condition must be in contact with a highly doped region (≳ 5  10
18

 cm
−3

) 

to function properly. Schottky contacts can be implemented into the simulations 

using Crosslight’s pre-defined “schottky contact” boundary condition. The user 

must define the contacts work function, which Crosslight uses to determine the 

surface potential at the boundary condition. Alternatively, schottky contacts can be 

implemented by placing a metal in contact with a semiconductor. Crosslight uses the 
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work function of the metal to determine the electron energy barrier at the 

metal-semiconductor interface.  

Hot electron effects and self-heating effects are ignored in the simulations. 

These effects can produce an NDR at DC [70-73], but the NDR does not remain into 

the THz regime. Breakdown effects [74], trapping effects [73], surface states [24], 

current leaking into the gate, and the sapphire substrate are also ignored in the 

simulations. 

Time-independent simulations are performed to determine the steady-state of 

the devices. Time-independent simulations are capable of simulating a static NDR, 

but are unable to simulate Gunn and accumulation domains (since a steady-state is 

never reached). As such, a device exhibiting a static NDR requires further analyses 

to test for Gunn or accumulation domains; however, a device not exhibiting a static 

NDR does not need to be analysed further. 

 

Fig. 3.1: The electron drift velocity vs. electric field of GaN. This curve is obtained 

using the model discussed in [67].  
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3.1.2 Gateless GaN-Device with Ohmic Contacts 

 The GaN-based device studied in this section is shown in Fig. 3.2a, which 

has ohmic contacts and no gate. The GaN has a thickness of 5 μm and a doping 

density of 1  10
15

 cm
−3

. The N
+
 doping regions have a width of 1 μm, a height of 

300 nm, and a doping density of 1  10
19

 cm
−3

. Furthermore, the contacts are 

implemented into the simulations using Crosslight’s pre-defined “ohmic contact” 

boundary condition. 

The device is investigated at an interface charge, Ns, of 1  10
12

 cm
−2

 and 

having a contact distance, d, of 1 µm. At anode voltages ≳ 20 V, a surplus of 

electric field and a surplus of electrons exist at the anode end of the 2DEG. This is 

shown in Fig. 3.2b and c, respectively. Furthermore, the current density magnitude 

at the anode end of the 2DEG decreases as the anode voltage increasing from 20 V 

to 20.5 V, which is represented by the blue region seen in Fig. 3.2d. However, this 

decrease in current is more than compensated for by the current increase represented 

by the yellow region seen in Fig. 3.2d. This means that the DC resistance of the 

device is positive and suggests the presence of SPCT. 
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Fig. 3.2: (a) Schematic of the GaN-device with ohmic contacts and no gate. (b) The 

electric field and (c) the electron concentration plotted along the 2DEG, obtained at 

Ns = 1  10
12

 cm
−2

 and d = 1 µm. (d) The current density magnitude at an anode 

voltage of 20 V subtracted from the current density magnitude at an anode voltage 

of 20.5 V, ∆|j| = |j(20.5 V)| − |j(20 V)|, obtained at Ns = 1  10
12

 cm
−2

 and d = 1 µm. 
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The anode current is investigated at various interface charges and having 

various contact distances. The device exhibits a positive DC resistance at all anode 

voltages, as shown in Fig. 3.3, which confirms the presence of SPCT. This agrees 

with literature, which states that SPCT occurs in devices having ohmic contacts 

[36], independent of the device geometry [37]. The second point where the anode 

current saturates, as seen in Fig. 3.3, corresponds to the onset of SPCT. The first 

point of saturation is due to the knee occurring ~ 16 kV/cm in Fig. 3.1.  

 

Fig. 3.3: (a) The anode current vs. anode voltage, obtained at d = 1 µm. (b) The 

anode current vs. anode voltage, obtained at Ns = 6  10
12

 cm
−2

. 
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AlN. The cathode to gate spacing and the gate to anode spacing are both 0.5 µm. 

Additionally, the anode and cathode contacts are implemented into the simulations 

using Crosslight’s pre-defined “ohmic contact” boundary condition. The gate 

contact is implemented into the simulations using Crosslight’s pre-defined “schottky 

contact” boundary condition. 

The device is investigated at an interface charge (Ns) of 1  10
13

 cm
−2

, a gate 

length (LG) of 5 µm, and a gate voltage (VG) of 0 V. The electron concentration is 

depleted under the anode edge of the gate and the electric field accumulates in this 

region, as shown in Fig. 3.4b and c, respectively. This confirms the device is 

operating in the pinch-off regime [75]. 
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Fig. 3.4: (a) Schematic of the gated GaN-device with ohmic contacts. (b) The 

electron concentration and (c) the electric field plotted along the 2DEG of the 

device, obtained at Ns = 1  10
13

 cm
−2

, LG = 5 μm, and VG = 0 V. 
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increasing anode voltage, due to an increase in electron concentration. Therefore, 

SPCT suppresses the occurrence of an NDR in this device. 

 

Fig. 3.5: (a) The electron concentration and (b) the electric field, obtained at 

Ns = 1  10
13

 cm
−2

, LG = 5 μm, VG = 0 V, and V = 30 V. 
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Fig. 3.6, since the device is operating in the pinch-off regime. Furthermore, a static 

NDR does not occur due to the presence of SPCT in this device. 

 

Fig. 3.6: (a) The anode current vs. anode voltage, obtained at LG = 5 µm and 

VG = 0 V. (b) The anode current vs. anode voltage, obtained at Ns = 1  10
13

 cm
−2

 

and VG = 0 V. (c) The anode current vs. anode voltage, obtained at 

Ns = 1  10
13

 cm
−2

 and LG = 5 μm. 
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and a doping density of 1  10
15

 cm
−3

. Moreover, the contacts of the device are 

implemented into the simulations as metal having a width of 1 μm, a thickness of 

100 nm, and a work function of 4.6 eV. 

The device is investigated at an interface charge, Ns, of 1  10
13

 cm
−2

 and 

having a distance between the contacts, d, of 1 µm. The schottky cathode contact 

depletes the cathode end of the 2DEG, as seen in Fig. 3.7b, and the electric field 

accumulates within this region, thus producing the large spike seen in Fig. 3.7c. The 

depletion regions observed in Fig. 3.7b are directly related to the existence of 

cathode domains. As seen in Fig. 3.7c, cathode domains are observed at anode bias 

voltages ≳ 30 V. 

Bӧer and Dӧhler [54] use the field of directions to study a non-planar device 

that is based on a material having an NDM and that has a cathode contact that 

strongly blocks the flow of electrons. The electric field distribution supported by this 

device is extremely similar to the electric field distribution shown in Fig. 3.7c, 

regardless of the difference in geometry. 
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Fig. 3.7: (a) Schematic of the gateless GaN-device with MIS contacts. (b) The 

electric field and (c) the electron concentration plotted along the 2DEG of the 

device, obtained at Ns = 1  10
13

 cm
−2

 and d = 1 µm. 
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the AlN and into the GaN. This effect is known as Fowler-Nordheim tunneling [76] 

and the existence of a low current region with this contact structure is consistent 

with the experimental data in [68]. As the interface charge increases the low current 

region remains up to larger anode voltages, as seen in Fig. 3.8a. This is because the 

AlN is thicker in these simulations. In addition, the anode current vs. anode voltage 

curves in Fig. 3.8b are essentially identical. This is because the electric field 

distribution remains largely unchanged with increasing contact distance. 

 

Fig. 3.8: (a) The anode current vs. anode voltage, obtained at d = 1 µm. (b) The 

anode current vs. anode voltage, obtained at Ns = 1  10
13

 cm
−2

. There always exists 

a small bump in the curves with a contact distance of 1 µm. This seems to occur as a 

result of the cathode domain getting too close to the anode end of the channel. This 

is the reason it is not observed in the plots with a contact distance of 2 μm and 3 μm. 
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that the SA mode occurs in planar devices without a channel. In section 3.2.4, 

Crosslight is used to verify that a planar device having a channel is also capable of 

operating in the SA mode. The simulation details are discussed in section 3.2.1 and a 

technique that can determine whether a device supports Gunn or accumulation 

domains is introduced in section 3.2.2. 

 

3.2.1 Simulation Details 

The simulation details discussed in section 3.1.1 hold for the simulations 

performed in this section. However, it has not been previously discussed that 

Crosslight has a small signal analysis tool, which determines the AC resistance of a 

DC biased device. This tool solves the drift-diffusion equations in response to a 

sinusoidal voltage with a magnitude of 1 V. The AC parameters (AC electric field, 

electron concentration, current, etc.) are approximated by their first order Taylor 

series expansion. 

 

3.2.2 Testing for Gunn and Accumulation Domains 

 A device can only operate in the SA mode if Gunn and accumulation 

domains do not form. Time-dependent simulations can be performed to test if a 

device supports Gunn or accumulation domains, as follows: 

1. Apply a step voltage to the anode contact, which has a magnitude larger than 

the threshold electric field times contact distance (> Ethd) and that has a rise 

time equal to 1 fs. The electrons are unable to respond to this change in 1 fs, 



60 
 

such that the electric field is uniformly distributed between the contacts of 

the device. 

2. Hold the anode voltage at the value applied in step 1 and allow time to 

progress. The electrons in the device redistribute, which leads to fluctuations 

in the electric field and the electron concentration. These fluctuations initiate 

Gunn or accumulation domains if, and only if, the device is able to support 

Gunn or accumulation domains. 

 

The device shown in fig. 3.9a is investigated, which is known to support 

Gunn domains [54, 56, 78]. This device has a length of 5 µm, a homogenous doping 

density of 1  10
17

 cm
−3

, and contacts with shallow schottky barriers. These contacts 

are implemented into the simulations using Crosslight’s pre-defined “schottky 

contact” boundary condition. The device is simulated using the technique outlined 

above (using a step voltage of 160 V) and Gunn domains propagate towards the 

anode, as shown in Fig. 3.9b. This confirms that the technique presented in this 

section can successfully determine if a device supports Gunn or accumulation 

domains. 
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Fig. 3.9: (a) Schematic of the device that supports Gunn domains. (b) The electron 

concentration vs. distance between the contacts, at different instances in time. 
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 cm
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+
 doping regions is 
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 cm
−3

. The contacts are implemented 

using Crosslight’s pre-defined “ohmic contact” boundary condition. 
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(having a step voltage of 45 V). Electrons are injected into the GaN at the cathode 

0.0

0.2

0.4

0 1 2 3 4 5

10 ps 

x (μm) 

N
 (


 1
0

1
8
 c

m
−

3
) 

(b) 

0.0

0.2

0.4

0 1 2 3 4 5

20 ps 

x (μm) 

N
 (


 1
0

1
8
 c

m
−

3
) 

0.0

0.2

0.4

0 1 2 3 4 5

30 ps 

x (μm) 

N
 (


 1
0

1
8
 c

m
−

3
) 

0.0

0.2

0.4

0 1 2 3 4 5

40 ps 

x (μm) 

N
 (


 1
0

1
8
 c

m
−

3
) 

0.0

0.2

0.4

0 1 2 3 4 5

50 ps 

x (μm) 

N
 (


 1
0

1
8
 c

m
−

3
) 

0.0

0.2

0.4

0 1 2 3 4 5

60 ps 

x (μm) 

N
 (


 1
0

1
8
 c

m
−

3
) 

0.0

0.2

0.4

0 1 2 3 4 5

70 ps 

x (μm) 
N

 (


 1
0

1
8
 c

m
−

3
) 

   

GaN 

5 µm 

Contacts with 

a shallow 

schottky barrier  

(a) 

y 

x 



62 
 

contact and settle to a steady-state near the anode contact, as shown in Fig. 3.10b, 

which confirms that the device does not support Gunn or accumulation domains. 

The device is further investigated by performing time-independent 

simulations. At an anode voltage (V) of 45 V, a surplus of electric field and a surplus 

of electrons are observed near the anode contact, as shown in Fig. 3.10c. 

Additionally, the DC resistance of the device is positive at all anode bias voltages, as 

shown in Fig. 3.10d, confirming that the device exhibits SPCT. 
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Fig. 3.10: (a) Schematic of the non-planar GaN-device. (b) The electron 

concentration plotted along the x-axis of the device, at various instances in time. (c) 

The electric field and electron concentration plotted along the x-axis of the device, 

obtained at V = 45 V. (d) The anode current vs. anode voltage. 
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it takes the electrons to travel between the contacts of the device (ft), while the 

higher frequency is approximately equal to 2ft. This confirms that this device is 

operating in the SA mode. 

The device is investigated at a DC anode voltage of 45 V with a sinusoidal 

anode voltage (having frequency f and an amplitude of 1 V). Time-dependent 

simulations determine the complex AC electric field (ẼAC) and the complex AC 

current density (𝑗�̃�𝐶). This, in turn, can be used to determine the AC resistivity of 

GaN from the equation, 

 

 
𝜌𝐴𝐶(𝑥, 𝑓) = 𝑟𝑒𝑎𝑙 (

�̃�𝐴𝐶(𝑥, 𝑓)

𝑗�̃�𝐶(𝑥, 𝑓)
), (3.1) 

 

where real is the real part of the argument. The AC resistivity near the cathode (left) 

contact always remains positive, as seen in Fig. 3.11b, since the electric field 

magnitude is below the threshold electric field. However, negative resistivity values 

can exist near the anode (right) contact, since the electric field magnitude is above 

the threshold electric field. Furthermore, the resistivity near the anode can be either 

positive or negative because of variations in the electron concentration. However, a 

detailed discussion of this is not within the scope of this research. 

The AC resistance times area of the device is determined from the AC 

resistivity shown in fig. 3.11b, using the relationship, 

 

 
𝑅𝐴𝐶(𝑓)𝐴 = ∫ 𝜌𝐴𝐶(𝑥, 𝑓)

𝑎𝑛𝑜𝑑𝑒

𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑑𝑥, (3.2) 
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The results are represented by the discrete points in Fig. 3.11a and they are in 

agreement with the line-plot presented in this figure. 

 

  

  

  
Fig. 3.11: (a) The AC resistance times area of the device, obtained at V = 45 V. The 

line-plot is obtained using Crosslight’s small signal analysis tool and the discrete 

points are obtained from the curves in (b). (b) The GaN resistivity, obtained at 

V = 45 V and various frequencies. 
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3.2.4 Planar GaN-Device 

The planar GaN-device studied in this section is shown in Fig. 3.2a, which 

was also the focus of section 3.1.2. The technique outlined in section 3.2.2 (having a 

step voltage of 30 V) is used to simulate the device having an interface charge, Ns, 

of 1  10
12

 cm
−2

 and a contact distance, d, of 1 µm. The electron concentration 

reaches a steady-state, as shown in Fig. 3.12a. This confirms that the device does not 

support Gunn or accumulation domains. A doping notch is added into the 2DEG 

(which is shown in the inset of Fig. 3.12b) to study the effects of an inhomogeneous 

2DEG concentration. This device is simulated using the technique discussed in 

section 3.2.2 and, as shown in Fig. 3.12b, a steady-state is reached. Devices with an 

interface charge of 2  10
12

 cm
−2

, 4  10
12

 cm
−2

, and 6  10
12

 cm
−2

 are also 

simulated (both having and not having a doping notch) and Gunn or accumulation 

domains are not observed. Furthermore, this device is known to exhibit SPCT, 

which was discussed in section 3.1.2. 



67 
 

 

 

Fig. 3.12: The electron concentration plotted along the 2DEG of the device, obtained 

at Ns = 1  10
12

 cm
−3

, d = 1 µm, and V = 30 V. The 2DEG concentration is 

homogenous in (a). In (b), the 2DEG has a doping notch near the cathode. The inset 

in (b) shows the doping notch at equilibrium. 
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the SA mode. The minimum conductance in Fig. 3.13 is −3 S/m at an interface 

charge of 1  10
12

 cm
−3

 and decreases to −52.3 S/m at an interface charge of 

1  10
13

 cm
−3

. This decrease is likely a result of the increase in current, which is due 

to the increase in 2DEG concentration. Furthermore, the minimum conductance in 

Fig. 3.13 is located at a frequency of 0.2 THz when the interface charge is 1  10
12

 

cm
−3

 and increases to 0.33 THz when the interface charge is 1  10
13

 cm
−3

. This 

shift in frequency may be explained by the effect illustrated in Fig. 3.2d, which 

shows a portion of the channel spreading away from the GaN/AlN interface. This 

spreading becomes more pronounced as the interface charge increases, such that the 

time it takes for electrons to travel between the contacts of the device also increases. 

The complex conductivity (or resistivity) of GaN must be obtained in order 

to determine whether or not this device is able to amplify THz radiation. However, 

the technique used in section 3.2.3 is only effective in 1D and future work should 

focus on determining a technique that can be applied in 2D. 

 

Fig. 3.13: The conductance per length of the device, obtained at d = 1 μm and 

V = 45 V. The length is measured in the direction perpendicular to the x-y plane. 
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3.3 Conclusions 

Various GaN-based devices are simulated that have a planar structure and a 

2DEG. The devices with ohmic contacts exhibit SPCT, regardless of the presence or 

absence of a gate contact, while a cathode domain exists in the device with MIS 

contacts and no gate. The AC resistivity of GaN is determined from a non-planar 

device with ohmic contacts. Negative resistivity regions may exist at the anode, 

while the resistivity near the cathode is always positive. A planar GaN-device with a 

channel and ohmic contacts is shown to support the SA mode. The next step in this 

research is to determine the complex conductivity of this device, which can be used 

to determine if the device has the ability to amplify THz radiation. 
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Chapter 4 

THz Modulation and 

Spectroscopy 

Experiments 

 This chapter discusses modulation of THz radiation by a 2DEG at a 

GaN/AlN interface. THz pulses are transmitted through (and reflected from) GaN 

samples in the presence and absence of a 2DEG. This chapter also presents several 

THz spectroscopy experiments performed on GaN thin films (grown on a sapphire 

substrate) and a bulk sapphire wafer. 

 

4.1 THz Systems 

Three different time-domain THz spectroscopy systems are used to perform 

the experiments. The THz systems are briefly discussed in this section. 
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(a) The THz Transmission (TT) system 

This setup consists of a THz pump-optical probe system that allows 

time-domain THz radiation transmission measurements to be performed at normal 

incidence. The setup is composed of: A mode-locked Ti:sapphire laser that produces 

femtosecond optical pulses having a duration of 10 fs, a wavelength of 794 nm, at a 

repetition rate of 75 MHz. The THz time-domain pulses are generated using a GaAs 

photoconductive antenna and these pulses are detected using an electro-optic 

sampling detector. This system has a measuring bandwidth between 0.2 and 

1.5 THz. 

 

(b) Zomega’s THz system 

 This THz system is owned and operated by a US company, Zomega 

(www.zomega-terahertz.com, East Greenbush, New York). Zomega was kind 

enough to perform measurements on a number of samples, the results of which are 

presented in this chapter. The experiments were performed by the company's staff 

and were sent to us for comparison with our measurements. Zomega's THz system 

has a measuring bandwidth between 0.2 and 1.5 THz. 

 

(c) The THz Angular (TA) system 

This system is a THz pump-optical probe system that allows either 

transmission or reflection measurements to be performed at any angle. A 

mode-locked Ti:sapphire laser produces femtosecond optical pulses having a 

duration of 10 fs, a wavelength of 800 nm, at a repetition rate of 80 MHz. The THz 

http://www.zomega-terahertz.com/
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time-domain pulses are generated using a GaAs photoconductive antenna and these 

pulses are detected using an electro-optic sampling detector. This system has a 

measuring bandwidth between 0.2 and 0.8 THz. A full description of this system is 

provided in [79]. 

 The measurements obtained by the TT system are considered the primary set 

of data. The measurements obtained using Zomega’s system and the TA system is 

used to supplement the measurements of the TT system. 

 

4.2 Materials 

 THz measurements are performed on the various samples discussed below. 

These samples are purchased from a US company, KYMA (www.kymatech.com, 

Raleigh, North Carolina). 

 Sapphire 

This sample consists of a bare 435 μm thick sapphire wafer. The upper 

surface of the wafer is optically polished and the backside of the sapphire is 

unpolished. The unpolished sapphire surface has a peak-to-peak surface roughness 

≲ 6 μm, as is determined using the KLA Tencor P-6 Profilometer. 

 Semi-insulating (SI) GaN 

This sample consists of SI 5 μm (±1 μm) GaN grown on a sapphire substrate 

using Hydride Vapour Phase Epitaxy (HVPE) with a low growth rate. The total 

thickness of the sample (GaN and sapphire) is 424 μm. A surface roughness 

http://www.kymatech.com/
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measurement of sapphire’s backside was not performed on this sample; however, it 

is expected to be ≲ 6 μm. The doping density is estimated to be < 10
12

 cm
−3

, which 

is obtained from the SI GaN resistivity value stated on the KYMA website. 

 N
−
 GaN 

The N-type GaN is grown on a sapphire substrate in a two-step process. 

First, high growth rate HVPE is used to grow ~ 2 μm of GaN that is un-intentionally 

doped with Si. Then, low growth rate HVPE is used to grow ~ 3 μm of GaN that is 

also un-intentionally doped with Si. The total thickness of the sample (GaN and 

sapphire) is measured to be 440 μm. Similarly, the sapphire has an unpolished 

backside with a peak-to-peak surface roughness ≲ 5 μm, as determined using the 

KLA Tencor P-6 Profilometer. The doping density is estimated to be ~ 4  10
14

 cm
−3

 

[68]. 

 N
+
 GaN 

The N-type GaN is grown on a sapphire substrate in a two-step process. 

First, high growth rate HVPE is used to grow ~ 2 μm of GaN that is un-intentionally 

doped with Si. Then, low growth rate HVPE is used to grow ~ 3 μm of GaN that is 

intentionally doped with Si. The total thickness of the sample is measured to be 

440 μm. The sapphire has an unpolished backside with a peak-to-peak surface 

roughness ≲ 5 μm, as measured using the KLA Tencor P-6 Profilometer. The 

doping density is estimated to be 7  10
17

 cm
−3

 [68]. 

 AlN-N
−
 GaN  



74 
 

 This sample consists of the N
−
 GaN sample discussed above, but with 5.7 nm 

of AlN deposited on the GaN surface using atomic layer deposition (ALD). The AlN 

induces a 2DEG at the GaN/AlN interface having an interface charge of 

1.9  10
13

 cm
−3

 [68]. 

 AlN-N
+
 GaN  

 This sample consists of the N
+
 GaN sample discussed above, but with 4.5 nm 

of AlN deposited on the GaN surface using ALD. The AlN induces a 2DEG at the 

GaN/AlN interface having an interface charge of ~ 2.2  10
13

 cm
−3

 [68]. 

 

4.3 THz Modulation by a 2DEG 

Kleine-Ostmann et al. [13] performed experiments on the GaAs-based THz 

modulation device outlined in section 1.4. This device operates on the principle of 

modulating the THz radiation by electrically controlling the presence/absence of a 

2DEG of sheet density 1.12  10
12

 cm
−3

.  At a voltage of −10 V, the authors 

demonstrated a maximum MD of 3%.  

The 2DEG at a GaN/AlN interface is expected to significantly increase the 

MD due to the large interface charges that can be achieved [68]. THz transmission 

and reflection experiments are performed on the N
−
 and N

+
 AlN-GaN samples, as 

well as the N
−
 and N

+
 GaN samples, which are discussed in section 4.2. The AlN 

deposited on the GaN is sufficiently thin that, under ideal conditions, such a ~ 5 nm 

thick layer does not affect the THz radiation. As such, the modulation of THz 

radiation, due to a 2DEG in GaN, can be detected by these experiments. 
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4.3.1 THz Radiation Transmission Through N
−
 GaN and AlN-N

−
 GaN  

THz transmission and reflection experiments are performed on the N
−
 GaN 

sample and the AlN-N
−
 GaN sample. The transmission measurements are performed 

at normal incidence and the reflection measurement is performed at 45°. 

Transmission experiments are performed using the TT system and the time-domain 

pulses are shown in Fig. 4.1a. The Fourier Transform (FT) of these pulses is 

obtained and the amplitude is shown in Fig. 4.1b. The blue curves represent 

measurements performed on the AlN-N
−
 GaN sample and the red curves represent 

measurements performed on the N
−
 GaN sample. Presenting the runs separately, 

opposed to the averaged pulse, allows the scan-to-scan error in identical runs to be 

determined (see insets). There is no measureable difference between the two 

samples, indicating that even in the presence of the 2DEG, the interface free electron 

plasma does not couple to the incident THz radiation 
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Fig. 4.1: Measurements performed using the TT system. (a) The THz time-domain 

pulses transmitted through the N
−
 GaN sample and the AlN-N

−
 GaN sample. The 

upper inset shows the positive peak of the pulse between 11 and 13  10
−3

 a.u.. 

Similarly, the lower inset shows the negative peak of the pulse between −13.2 and 

−12.2  10
−3

 a.u.. (b) The spectral power of the FT of the time-domain pulses. 

 

Fig. 4.2a depicts the THz radiation transmission measurements performed at 

the Zomega facility.  The time-domain signals are averaged over multiple runs. The 

THz radiation pulse transmitted through the AlN-N
−
 GaN sample experiences 

significant attenuation in comparison to the THz radiation pulse transmitted through 
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the N
−
 GaN sample. Clearly, these results are in direct disagreement with those 

presented in Fig. 4.1a.  

The THz radiation transmission through the N
−
 GaN sample relative to 

transmission through free space, analysed in the frequency domain, is given by the 

equation, 

 

 
�̃�𝐺𝑎𝑁,𝐹𝑆(𝜔) =

�̃�𝐺𝑎𝑁(𝜔)

�̃�𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒(𝜔)
 , (4.1) 

 

where �̃�𝐺𝑎𝑁(𝜔) is the FT of the main THz pulse transmitted through the GaN 

sample, �̃�𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒(𝜔) is the FT of the pulse transmitted through free space, and ω 

is the angular frequency. Similarly, transmission through the AlN-N
−
 GaN sample 

relative to transmission through free space is given by the equation, 

 

 
�̃�𝐴𝑙𝑁–𝐺𝑎𝑁,𝐹𝑆(𝜔) =

�̃�𝐴𝑙𝑁–𝐺𝑎𝑁(𝜔)

�̃�𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒(𝜔)
 , (4.2) 

 

where �̃�𝐴𝑙𝑁–𝐺𝑎𝑁(𝜔) is the FT of the main pulse transmitted through the AlN-GaN 

sample. The magnitude of �̃�𝑁− 𝐺𝑎𝑁,𝐹𝑆(𝜔) and �̃�𝐴𝑙𝑁–𝑁− 𝐺𝑎𝑁,𝐹𝑆(𝜔) is displayed in 

Fig. 4.2b. The 2DEG introduces absorption at all frequencies; however, the 

absorption is strongest in a frequency range centered at ~ 0.55 THz. The phase of 

�̃�𝑁− 𝐺𝑎𝑁,𝐹𝑆(𝜔) is subtracted from the phase of �̃�𝐴𝑙𝑁–𝑁− 𝐺𝑎𝑁,𝐹𝑆(𝜔) and the results are 
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plotted in Fig. 4.2c.  The change in sign at ~ 0.55 THz implies that the absorption 

occurring at this frequency is due to a resonance. 

The origin of the absorption/resonance depicted in Fig. 4.2 is unknown; 

however, there are a number of possible explanations.  There is a possibility that this 

might be due to artefact of the THz system, and is not a product of the THz radiation 

interacting with the sample. Another possibility is that the location spot on the 

AlN-N
−
 GaN surface where the measurement was taken consists of a defect at the 

back of the sapphire substrate. This defect region would need to be comparable to 

the spot size of the THz beam (~ 800 μm) in order to significantly distort the pulses. 

However, THz pulses which are transmitted through the same AlN-N
−
 GaN sample 

at a number of different locations (using both the TT system and the TA system) did 

not show this feature. 
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Fig. 4.2: Measurements performed by Zomega. (a) The THz time-domain pulses 

transmitted through the N
−
 GaN sample and the AlN-N

−
 GaN sample. (b) The 

magnitude of �̃�𝑁− 𝐺𝑎𝑁,𝐹𝑆(𝜔) and �̃�𝐴𝑙𝑁−𝑁− 𝐺𝑎𝑁,𝐹𝑆(𝜔) (c) The phase difference 

between the samples, ∆𝜙{�̃�(𝜔)} = 𝜙{�̃�𝐴𝑙𝑁−𝑁− 𝐺𝑎𝑁,𝐹𝑆(𝜔)} − 𝜙{�̃�𝑁− 𝐺𝑎𝑁,𝐹𝑆(𝜔)}. 

 

 

The transmission and reflection measurements using the TA system are 

shown in Fig. 4.3a and Fig. 4.3b, respectively. The temporal shift seen in the 

reflection measurements is due to an un-intentionally change in the path length when 

switching between the N
−
 GaN sample and the AlN-N

−
 GaN sample. Although there 
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is a substantial amount of noise in the measurements, it is clear that no significant 

modulation is present in either the transmission or reflection signals. This is in 

agreement with the measurements obtained using the TT system. 

 

Fig. 4.3: Measurements performed using the TA system. (a) The THz time-domain 

pulses transmitted through the N
−
 GaN sample and the AlN-N

−
 GaN sample. (b) The 

THz time-domain pulses reflected from the N
−
 GaN sample and the AlN-N

−
 GaN 

sample. 

 

4.3.2 THz Radiation Transmission Through N
+
 GaN and AlN-N

+
 GaN 

 THz transmission experiments performed on the N
+
 GaN sample and the 

AlN-N
+
 GaN sample. The transmission experiments are performed using the TT 

system and the time-domain pulses are shown in Fig. 4.4a. The FT of the 

corresponding time-domain pulses is obtained and the amplitude is shown in 

Fig. 4.4b. Similar to the AlN-N
−
 GaN and the N

−
 GaN, no significant modulation is 

observed. 
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Fig. 4.4: Measurements performed using the TT system. (a) The THz time-domain 

pulses transmitted through the N
+
 GaN sample and the AlN-N

+
 GaN sample. The 

upper inset shows the positive peak of the pulse between 2.4 and 3.8  10
−3

 a.u.. 

Similarly, the lower inset shows the negative peak of the pulse between −4.5 and 

−2.5  10
−3

 a.u.. (b) The magnitude of the FT of the time-domain pulses. 

 

Zomega performed transmission measurements and the time-domain pulses 

(averaged over multiple runs) are shown in Fig. 4.5a. The pulses are nearly identical. 

Transmission through the N
+
 GaN sample relative to transmission through free 

space, analysed in the frequency domain, is given by Eq. (4.1). Similarly, 

transmission through the AlN-N
+
 GaN sample relative to transmission through free 
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space is given by Eq. (4.2). The magnitude obtained from these two equations is 

displayed in Fig. 4.5b and show no significant modulation. 

 

 

Fig. 4.5: Measurements performed by Zomega. (a) The THz time-domain pulses 

transmitted through the N
+
 GaN sample and the AlN-N

+
 GaN sample. The upper 

inset shows the positive peak of the pulse between 40 and 43 a.u.. Similarly, the 

lower inset shows the negative peak of the pulse between −17 and −16 a.u.. (b) The 

magnitude of �̃�𝑁+ 𝐺𝑎𝑁,𝐹𝑆(𝜔) and �̃�𝐴𝑙𝑁–𝑁+ 𝐺𝑎𝑁,𝐹𝑆(𝜔). 
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4.4 THz Spectroscopy Experiments 

 THz spectroscopy experiments are performed on the GaN samples, as well as 

the bare sapphire sample. The complex refractive index of sapphire and GaN is 

obtained. Additionally, the relative permittivity of the GaN is determined and 

compared to the Drude model. 

 

4.4.1 Bulk sapphire 

 THz time-domain pulses are transmitted through the sapphire sample, as well 

as through free space. The pulses obtained using the TT system is shown in 

Fig. 4.6a. On such traces there is a noticeable low-amplitude THz noise after the 

main pulse’s arrival. This signal is attributed to the water absorption in the air and 

can be removed by purging the system with nitrogen. The pulses obtained from 

Zomega’s system are also shown in Fig. 4.6b. The two after pulses transmitted 

through the sapphire sample are due to reflections from the sample faces. 

Furthermore, the THz pulses obtained from the TA system are shown in fig. 4.6c. 



84 
 

 

 

Fig. 4.6: The time-domain pulses transmitted through sapphire, as well as free space. 

These pulses are measured using (a) the TT system, (b) Zomega’s system, and (c) 

the TA system. 

 

The THz transmission through the sapphire sample relative to transmission 

through free space, analysed in the frequency domain, is given by the equation, 
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 , (4.3) 
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where �̃�𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒(𝜔) is the FT of the main pulse transmitted through the sapphire 

sample. In order to isolate the main THz pulse in the Zomega measurements, the 

signal is truncated at ~ 14.6 ps.  The magnitude of �̃�𝑆,𝐹𝑆(𝜔) is plotted in Fig. 4.7a 

and there are significant fluctuations in the TT system measurement, as well as the 

TA system measurement. The fluctuations in the TT system measurement are due to 

the low amplitude THz noise present in the pulses (see Fig. 4.6a). Similarly, the 

fluctuations in the TA system measurement are due to the system’s low 

signal-to-noise ratio. The phase of �̃�𝑆,𝐹𝑆(𝜔) is plotted in Fig. 4.7b. Both the 

transmission magnitude and phase differ depending on which system is used to 

perform the measurements; however, this dependence is more evident in the 

magnitude data. 

 

Fig. 4.7: (a) The magnitude and (b) phase of �̃�𝑆,𝐹𝑆(𝜔). This is determined from the 

measurements obtained using the TT system, Zomega’s system, and the TA system. 
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�̃�𝑆,𝐹𝑆(𝜔) =

�̃�𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒(𝜔)

�̃�𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒(𝜔)
=

4�̃�𝑆𝑒𝑖𝑘0(�̃�𝑆−1)𝑡𝑆

(1 + �̃�𝑆)2
 , (4.4) 

 

where k0 is the free space wavevector and tS is the thickness of the sapphire wafer. 

The refractive index of sapphire is shown in Fig. 4.8a, which is obtained using the 

data from each of the three THz systems. The refractive index determined from the 

TT system measurements is ~ 3.11 between 0.2 and 1.5 THz, while the refractive 

index determined from the measurements provided by Zomega is ~ 3.03 between 0.2 

and 1.5 THz. Grischkowsky et al. [63] determined that sapphire has a refractive 

index between 3.066 and 3.077 (over the frequency range of 0.2-1.5 THz). The 

refractive index determined by Grischkowsky et al. [63] is within the range of that 

determined from the TT system measurements and Zomega’s measurements. The 

sapphire extinction coefficient shown in Fig. 4.8b, for all three measurement 

systems, is almost zero.  The fact that sapphire is essentially lossless at THz agrees 

with the results of Grischkowsky et al. [63].  
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Fig. 4.8: (a) The refractive index and (b) extinction coefficient of sapphire. The 

curves are determined from the measurements obtained using the TT system, 

Zomega’s system, and the TA system. 

 

4.4.2 Thin Film GaN 

 THz pulses are transmitted through the GaN and sapphire samples using the 

TT system. The time domain THz signals are presented in Fig. 4.9a. THz pulses 

transmitted through the GaN and sapphire samples using Zomega’s system are 

shown in Fig. 4.9b. Notably, the after pulses that arrive shortly after 20 ps are due to 

multiple reflections from the faces of the samples. The THz pulses transmitted 

through the GaN samples, as well as free space, using the TA system are shown in 

Fig. 4.9c. 
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Fig. 4.9: The time-domain pulses transmitted through the GaN samples, as well as a 

reference sample. These pulses are obtained using (a) the TT system, (b) Zomega’s 

system, and (c) the TA system. 

 

The THz transmission through GaN relative to transmission through 

sapphire, analysed in the frequency domain, is given by, 

 

 
�̃�𝐺𝑎𝑁,𝑆(𝜔) =

�̃�𝐺𝑎𝑁(𝜔)

�̃�𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒(𝜔)
 , (4.5a) 
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�̃�𝐺𝑎𝑁,𝑆(𝜔) =

�̃�𝐺𝑎𝑁(𝜔)

�̃�𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒(𝜔)

�̃�𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒
 ′ (𝜔)

�̃�𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒
 ′ (𝜔)

 , (4.5b) 

 

where Eq. (4.5a) is used for both the TT system measurements and the Zomega 

measurements, Eq. (4.5b) is used for the TA system measurements, the un-primed 

symbols (�̃�(𝜔)) correspond to the traces shown in Fig. 4.9, and the primed symbols 

(�̃�′(𝜔)) correspond to the traces shown in Fig. 4.6c. In order to isolate the main THz 

pulse in the Zomega measurements, the signal is truncated at ~ 19.3 ps. The 

magnitude and phase of �̃�𝐺𝑎𝑁,𝑆(𝜔)  (obtained for SI GaN) is plotted in Fig. 4.10a 

and b, respectively. A significant discrepancy exists in both the magnitude and phase 

depending upon the system used to perform the measurements. The negative phase 

means that the THz time-domain pulses transmitted through the SI GaN sample 

arrive before the pulses transmitted through the sapphire sample. This occurs 

because the SI GaN sample is thinner than the sapphire sample. The magnitude and 

phase of �̃�𝐺𝑎𝑁,𝑆(𝜔) (obtained for N
−
 GaN) is plotted in Fig. 4.10c and d, 

respectively. In addition, the magnitude and phase of �̃�𝐺𝑎𝑁,𝑆(𝜔) (obtained for N
+
 

GaN) is plotted in Fig. 4.10e and f, respectively. The positive phase means that the 

THz pulses transmitted through the N
−
 and N

+
 GaN samples arrive after the pulses 

transmitted through the sapphire sample. This is due to the additional 5 μm of GaN 

present in the N
−
 and N

+
 GaN samples. 
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Fig. 4.10: (a) The magnitude and (b) phase of �̃�𝑆𝐼 𝐺𝑎𝑁,𝑆(𝜔). (c) The magnitude and 

(d) phase of �̃�𝑁− 𝐺𝑎𝑁,𝑆(𝜔). (e) The magnitude and (f) phase of �̃�𝑁+ 𝐺𝑎𝑁,𝑆(𝜔) obtained 

using the N
+
 GaN measurements. 
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The complex refractive index of GaN, ñG, is determined (using the 

measurements obtained by the TT system and Zomega’s systems) from the equation, 

 

 
�̃�𝐺𝑎𝑁,𝑆(𝜔) =

�̃�𝐺𝑎𝑁(𝜔)

�̃�𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒(𝜔)

=
2�̃�𝐺(1 + �̃�𝑆)𝑒𝑖𝑘0(�̃�𝐺−1)𝑡𝐺𝑒𝑖𝑘0(�̃�𝑆−1)𝑡𝑆

[(1 + �̃�𝐺)(�̃�𝐺 + �̃�𝑆) + (1 − �̃�𝐺)(�̃�𝐺 − �̃�𝑆)𝑒𝑖2𝑘0�̃�𝐺𝑡𝐺]𝑒𝑖𝑘0(�̃�𝑆−1)𝑡𝑆
′  , 

(4.6) 

 

where tG is the thickness of the GaN, tS is the thickness of the sapphire in the GaN 

sample, and tS’ is the thickness of the bare sapphire (reference) sample. The 

refractive index and extinction coefficient of SI GaN are presented in Figs. 4.11a 

and b, respectively. The discrepancy in the refractive index is due to the large 

difference in the experimental data (see Fig. 4.10a and b). Zhang et al. [6] 

determined that low-doped GaN has a refractive index very nearly equal to 3 in the 

THz regime, which agrees with the refractive index obtained from the TT system 

measurements. 

 The refractive index and extinction coefficient of N
−
 GaN is obtained from 

Eq. (4.6) and the results are shown in Fig. 4.11c and d, respectively. The refractive 

index and extinction coefficient obtained using the measurements from both systems 

are in agreement. The refractive index and extinction coefficient of N
+
 GaN is 

obtained from Eq. (4.6) and the results are shown in Fig. 4.11e and f, respectively. 

There is a noticeable discrepancy in the results depending upon which system is 

used to perform the measurements, which is slightly more noticeable in the 

refractive index. 
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Fig. 4.11: (a) The refractive index and (b) extinction coefficient of SI GaN. (c) The 

refractive index and (d) extinction coefficient of N
−
 GaN. (e) The refractive index 

and (f) extinction coefficient of N
+
 GaN. 
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It is interesting to compare our measured results with other groups. 

Gauthier-Brun et al. [80] presented a plot that compares the refractive index and 

extinction coefficient of GaN collected from various papers. These figures are 

displayed in Fig. 4.12a and b. Each curve is labelled with the GaN doping density 

and, for the most part, the refractive index and extinction coefficient decrease with 

decreasing doping density. The refractive index and extinction coefficient of the 

GaN (obtained from the TT system measurements) is plotted on Fig. 4.12a and b, 

respectively. Clearly, the SI GaN curve on the refractive index plot is comparable to 

the curve corresponding to GaN having a doping density of 9  10
15

 cm
−3

. In 

addition, the SI GaN curve on the extinction coefficient plot is below all the other 

curves that are presented. This behaviour is expected since SI GaN has the lowest 

estimated doping density (< 10
12

 cm
−3

).  However, the curves corresponding to N
+
 

GaN are above the GaN curves having a doping density of 3.3  10
17

 cm
−3

, 

2.0  10
17

 cm
−3

, and 3.3  10
17

 cm
−3

. Clearly, this does not agree with the estimated 

doping density of N
+
 GaN, which is 7  10

17
 cm

−3
. In addition, the curves 

corresponding to N
−
 GaN are above the curves corresponding to GaN having a 

doping density of 9  10
15

 cm
−3

 and 2.5  10
17

 cm
−3

. Again, this trend does not agree 

with the estimated doping density of N
−
 GaN, which is ~ 10

14
 cm

−3
. 



94 
 

 

 

Fig. 4.12: (a) The refractive index and (b) extinction coefficient of GaN with various 

doping densities (adapted from Gauthier-Brun et al., 2012 [80]). The refractive 

index and extinction coefficient of SI, N
−
, and N

+
 GaN (obtained using the TT 

system) is added to the plot in (a) and (b), respectively. 
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Clearly, according to the measured refractive index and extinction 

coefficient, the reported doping levels cannot be correct. As such, to estimate the 

doping levels, one must refer to a model representing the material property.  Here, 

we employ the Drude model to fit to the GaN relative permittivity and infer the 

doping density, as in [6, 10, 16-20, 80]. The Drude relative permittivity is given by 

the equation [6, 10], 

 

 
휀�̃�,𝑑𝑟𝑢𝑑𝑒 = 휀�̃� +

𝑖𝜏𝑁𝑒2

𝜔휀0𝑚∗(1 − 𝑖𝜔𝜏)
 , (4.7) 

 

where 휀�̃� is the background relative permittivity, 𝑚∗ is the effective mass of GaN, N 

is the doping density, and τ is the time constant of the electrons in GaN. 𝜏 = 𝑚∗𝜇 𝑒⁄  

and 𝑚∗ = 0.22𝑚0 [6, 10], where μ is the electron mobility in GaN and m0 is the 

mass of a free electron. The Drude relative permittivity reduces to the background 

relative permittivity when the doping is equal to zero. Additionally, the Drude 

relative permittivity can be separated into its real, 휀𝑟,𝑑𝑟𝑢𝑑𝑒
 ′  , and imaginary, 휀𝑟,𝑑𝑟𝑢𝑑𝑒

 ′′  , 

components as follows, 

 

 
휀𝑟,𝑑𝑟𝑢𝑑𝑒

 ′ = 휀𝑏
 ′ −

𝜏2𝑁𝑒2

휀0𝑚∗(1 + 𝜔2𝜏2)
 , (4.8a) 

 
휀𝑟,𝑑𝑟𝑢𝑑𝑒

 ′′ = 휀𝑏
 ′′ +

𝜏𝑁𝑒2

𝜔휀0𝑚∗(1 + 𝜔2𝜏2)
 , (4.8b) 
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where 휀𝑏
 ′ is the real component of the background relative permittivity and 휀𝑏

 ′′ is the 

imaginary component of the background relative permittivity. Notably, when fitting 

the Drude model to experimental data to determined relative permittivity, there is an 

inherent assumption that the background relative permittivity is considered to be 

constant, [6, 10, 18-20, 80]. In this case, the doping density and electron mobility 

controls the shape of the Drude relative permittivity vs. frequency curves. In 

addition, the background relative permittivity introduces a constant shift into the 

Drude relative permittivity vs. frequency curves. 

 The complex refractive index of a material is related to its relative 

permittivity through the relationship, 휀�̃� = �̃�2. This relationship is used to obtain the 

SI GaN relative permittivity and the real and imaginary components are plotted in 

Fig. 4.13a and b, respectively. The Drude relative permittivity is fit to these results 

as follows. First, the background relative permittivity is set to 9.4 + i*0, [6, 10, 18-

20, 80]. Then, the doping density is set as 10
15

 cm
−3

 and the electron mobility is 

chosen to be 2000 cm
2
/(Vs).  For the best fit, it is clear that the doping density 

obtained from the Drude model (10
15

 cm
−3

) is larger than the estimated doping 

density (< 10
12

 cm
−3

). 

 The real and imaginary components of the N
−
 GaN relative permittivity are 

plotted in Fig. 4.13c and d, respectively. The Drude model cannot be fit to these 

curves when the background relative permittivity is 9.4 + i*0. Instead, the proper 

shape of the Drude relative permittivity curves is obtained by choosing a doping 

density of 2.4  10
23

 cm
−3

 and an electron mobility of 500 cm
2
/(Vs). Then, the 

proper shift in the Drude relative permittivity curves is obtained by choosing a 
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background relative permittivity of 23.5 + i*0. The Drude model only considers free 

carrier scattering. Thus, the real part of the background relative permittivity having a 

value of 23.5 suggests that there are additional effects present in the GaN that is 

influencing the transmission of THz radiation through the sample. It is possible that 

impurities, defects, or traps are introduced into the GaN during the growth process 

and interact with the THz radiation transmitted through the sample. 

 The real and imaginary components of the N
+
 GaN relative permittivity are 

plotted in Fig. 4.13e and f, respectively.  Again, the Drude model cannot be fit to 

these curves when the background relative permittivity is 9.4 + i*0. The best fit is 

achieved by choosing a doping density of 1.5  10
18

 cm
−3

, an electron mobility of 

500 cm
2
/(Vs), and a relative permittivity of 45 + i*0. The real part of the 

background relative permittivity is much larger than 9.4 and this suggests that 

additional effects are influencing the THz radiation, as in the case of N
−
 GaN. 

Again, it is possible that impurities, defects, or traps are introduced into the GaN 

during the growth process, which interacts with the THz radiation transmitted 

through the sample. 
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Fig. 4.13: (a) The real part and (b) imaginary part of the SI GaN relative 

permittivity. (c) The real part and (d) imaginary part of the N
−
 GaN relative 

permittivity. (e) The real part and (f) imaginary part of the N
+
 GaN relative 

permittivity. The Drude model is fit to the results. 
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4.5 Conclusions 

 THz experiments performed on the N
−
 GaN and AlN-N

−
 GaN sample, using 

the TT system and the TA system, shows no modulation. However, experiments 

performed on these samples using Zomega’s system shows a resonance at 

~ 0.55 THz. This resonance could be spurious or the THz beam could be interacting 

with a defect that is located at the back surface of the sapphire wafer. THz 

modulation experiments performed on the N
+
 GaN and AlN-N

+
 GaN sample, using 

the TT system and Zomega’s system, shows no modulation. 

 THz spectroscopy experiments are performed on the sapphire sample and the 

GaN samples. The complex refractive index of sapphire and SI GaN agrees with 

literature; however, the complex refractive index of N
−
 and N

+
 GaN does not agree 

with literature. The relative permittivity of SI GaN is accurately described by the 

Drude model; however, the Drude model cannot be properly fit to N
−
 and N

+
 GaN.  
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Chapter 5 

Conclusions and Future 

Work 

In chapter 2, COMSOL Multiphysiscs software is used to study the 

amplification of THz radiation sustained by an amplifier and oscillator. The active 

component consists of a planar device that has a 2DEG at a GaN/AlN interface.  The 

free electrons in the 2DEG are assumed to produce a static NDR, since a static NDR 

was measured from a GaN-based device in [58]. The amplifier and oscillator both 

amplify THz radiation over a frequency range of 0.5-2 THz and the amplification 

can be improved by increasing the number of contacts on the active device. 

However, the THz amplification is significantly limited by the 2DEG thickness 

(~ 1 nm) and using doped GaN (without a 2DEG) may actually increase the 

amplification. 

In chapter 3, Crosslight APSYS software is used to study the electrical 

properties of the active device. Three planar GaN-devices (having a 2DEG) are 

simulated: (1) with ohmic contacts and no gate, (2) with ohmic contacts and a gate, 

and (3) with MIS contacts and no gate. Those devices having ohmic contacts exhibit 
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SPCT, while the device having MIS contacts is shown to exhibit a cathode domain. 

Therefore, a static NDR cannot be obtained from the studied devices. In light of this 

setback, Crosslight APSYS software is used to simulate a non-planar GaN-device 

having ohmic contacts, as well as a 2DEG planar device having no gate and ohmic 

contacts. The simulations determine the GaN resistivity in the non-planar device and 

confirm that the planar device is able to operate in the SA mode. Future work should 

determine if the planar device (operating in the SA mode) is able to amplify THz 

radiation. This requires the AC complex conductivity of the 2DEG to be obtained. 

However, a concern is that it may be difficult for the device to overcome losses 

inherent in the amplification devices, since only a portion of the GaN exhibits a 

negative resistivity. 

 In chapter 4, THz radiation is transmitted through (and reflected from) GaN 

samples in the presence and absence of 2DEG. One measurement shows a resonance 

at ~ 0.55 THz; however, this measurement is believed to be spurious or due to a 

defect located on the back surface of the sapphire substrate. It is clear from the 

remaining measurements that free electron absorption from the 2DEG does not 

modulate the THz radiation. However, it is expected that THz radiation scattered 

from a grating will excited surface plasmons on the 2DEG [81]. In turn, this would 

result in the absorption of THz radiation at specific frequencies [81]. A grating 

structure could be deposited on the AlN-GaN samples (that is, the samples with a  

2DEG) and measurements could be performed to determine if THz radiation is 

absorbed.  
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 THz time-domain spectroscopy experiments performed on sapphire and thin 

film GaN (having various doping densities) is also discussed in chapter 4. The 

complex refractive index of sapphire and GaN is determined from the 

measurements. The complex refractive index of GaN having an estimated doping 

density < 10
12

 cm
−3

, as well as sapphire, agrees with literature values. However, 

GaN having an estimated doping density of ~ 10
14

 cm
−3

 and 7  10
17

 cm
−3

 does not 

agree with literature values. The GaN is further studied by comparing the GaN 

relative permittivity (determined from the experimental data) to the Drude model.  

The Drude model is fit to the relative permittivity of GaN having an estimated 

doping density of < 10
12

 cm
−3

. However, the Drude model cannot be properly fit to 

the relative permittivity of GaN having estimated doping densities of ~ 10
14

 cm
−3

 

and 7  10
17

 cm
−3

. The disagreement with the Drude model suggests that impurities, 

defects, or traps influences the THz radiation transmitted through the GaN (in 

addition to free electron absorption of the radiation). Future work could attempt to 

deduce the exact cause of the disagreement. 
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Appendices 

Appendix A: MATLAB Analysis of THz-TDS Modulation 

Measurements 

 The MATLAB script files used to analyse modulation in the GaN and the 

AlN-GaN samples (discussed in section 4.3) are displayed below. 

 

TT_system_Nminus_GaN.m 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---TT system---%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---N- GaN---%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%--------------------------------------------------------%%% 
% The following script compares THz time-domain 
% spectroscopy measurements performed on an N- GaN sample 
% without a 2DEG and on an N- GaN/AlN sample with a 2DEG. 
% Measurements are performed using the TT system. 
%%%--------------------------------------------------------%%% 

  
%%%%%%%%-----Clear environment-----%%%%%% 
clear 
clc 
close all 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Define parameters-----%%%%%% 
L = 281;   %Number of data points 
NFFT = 2^nextpow2(1000);   %length of Fourier Transform 
dt=0.042;   %time step in picoseconds 
f = 1/2/dt*linspace(0,1,NFFT/2+1);   %frequency 
file1='modulation.xlsx';   %Excel file name 
sheet_name_td='td_TT_system_N-_GaN';   %time domain sheet name 
sheet_name_fd='fd_TT_system_N-_GaN';   %frequency domain sheet name 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Import text files-----%%%%%% 
s1 = 'TT_system_N-_GaN_with_2DEG_march_20.txt'; 
s2 = 'TT_system_N-_GaN_without_2DEG_march_20.txt'; 
%%%%%%%%-----End sub-----%%%%%% 
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%%%%%%%%-----time domain signals-----%%%%%% 
y1=dlmread(s1, '\t', 'A1..J281'); 
y2=dlmread(s2, '\t', 'A1..J281'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export time domain signals-----%%%%%% 
warning('off','MATLAB:xlswrite:AddSheet') 

  
xlswrite(file1,{'time'},sheet_name_td,'A1'); 
xlswrite(file1,{'N- GaN with 2DEG'},sheet_name_td,'B1'); 
xlswrite(file1,y1,sheet_name_td,'A2'); 

  
xlswrite(file1,{'time'},sheet_name_td,'K1'); 
xlswrite(file1,{'N- GaN without 2DEG'},sheet_name_td,'L1'); 
xlswrite(file1,y2,sheet_name_td,'K2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Fourier Transform signals-----%%%%%% 
aa=9;   %number of measurements (for N- GaN with 2DEG) 
Y1=zeros(NFFT,aa); 
for ii=1:aa 
    Y1(:,ii) = fft(y1(:,ii+1),NFFT);   %N- GaN with 2DEG 
end 

  
aa=9;   %number of measurements (for N- GaN without 2DEG) 
Y2=zeros(NFFT,aa); 
for ii=1:aa 
    Y2(:,ii) = fft(y2(:,ii+1),NFFT);   %N- GaN without 2DEG 
end 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export Fourier Transform amplitude-----%%%%%% 
xlswrite(file1,{'frequency'},sheet_name_fd,'A1'); 
xlswrite(file1,f(:),sheet_name_fd,'A2'); 
xlswrite(file1,{'N- GaN with 2DEG'},sheet_name_fd,'B1'); 
xlswrite(file1,abs(Y1(1:NFFT/2+1,:)),sheet_name_fd,'B2'); 

  
xlswrite(file1,{'frequency'},sheet_name_fd,'K1'); 
xlswrite(file1,f(:),sheet_name_fd,'K2'); 
xlswrite(file1,{'N- GaN without 2DEG'},sheet_name_fd,'L1'); 
xlswrite(file1,abs(Y2(1:NFFT/2+1,:)),sheet_name_fd,'L2'); 
%%%%%%%%-----End sub-----%%%%%% 

 

TT_system_Nplus_GaN.m 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---TT system---%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---N+ GaN---%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%--------------------------------------------------------%%% 
% The following script compares THz time-domain 
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% spectroscopy measurements performed on an N+ GaN sample 
% without a 2DEG and on an N+ GaN/AlN sample with a 2DEG. 
% Measurements are performed using the TT system. 
%%%--------------------------------------------------------%%% 

  
%%%%%%%%-----Clear environment-----%%%%%% 
clear 
clc 
close all 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Define parameters-----%%%%%% 
L = 281;   %Number of data points 
NFFT = 2^nextpow2(1000);   %length of Fourier Transform 
dt=0.042;   %time step in picoseconds 
f = 1/2/dt*linspace(0,1,NFFT/2+1);   %frequency 
file1='modulation.xlsx';   %Excel file name 
sheet_name_td='td_TT_system_N+_GaN';   %time domain sheet name 
sheet_name_fd='fd_TT_system_N+_GaN';   %frequency domain sheet name 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Import text files-----%%%%%% 
s1 = 'TT_system_N+_GaN_with_2DEG_march_20.txt'; 
s2 = 'TT_system_N+_GaN_without_2DEG_march_20.txt'; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----time domain signals-----%%%%%% 
y1=dlmread(s1, '\t', 'A1..I281'); 
y2=dlmread(s2, '\t', 'A1..J281'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export time domain signals-----%%%%%% 
warning('off','MATLAB:xlswrite:AddSheet') 

  
xlswrite(file1,{'time'},sheet_name_td,'A1'); 
xlswrite(file1,{'N+ GaN with 2DEG'},sheet_name_td,'B1'); 
xlswrite(file1,y1,sheet_name_td,'A2'); 

  
xlswrite(file1,{'time'},sheet_name_td,'J1'); 
xlswrite(file1,{'N+ GaN without 2DEG'},sheet_name_td,'K1'); 
xlswrite(file1,y2,sheet_name_td,'J2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----FT of signals-----%%%%%% 
aa=8;   %number of measurements (for N+ GaN with 2DEG) 
Y1=zeros(NFFT,aa); 
for ii=1:aa 
    Y1(:,ii) = fft(y1(:,ii+1),NFFT);   %N+ GaN with 2DEG 
end 

  
aa=9;   %number of measurements (for N+ GaN without 2DEG) 
Y2=zeros(NFFT,aa); 
for ii=1:aa 
    Y2(:,ii) = fft(y2(:,ii+1),NFFT);   %N+ GaN without 2DEG 
end 
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%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export Fourier Transform signal amplitude-----%%%%%% 
xlswrite(file1,{'frequency'},sheet_name_fd,'A1'); 
xlswrite(file1,f(:),sheet_name_fd,'A2'); 
xlswrite(file1,{'N+ GaN with 2DEG'},sheet_name_fd,'B1'); 
xlswrite(file1,abs(Y1(1:NFFT/2+1,:)),sheet_name_fd,'B2'); 

  
xlswrite(file1,{'frequency'},sheet_name_fd,'J1'); 
xlswrite(file1,f(:),sheet_name_fd,'J2'); 
xlswrite(file1,{'N+ GaN without 2DEG'},sheet_name_fd,'K1'); 
xlswrite(file1,abs(Y2(1:NFFT/2+1,:)),sheet_name_fd,'K2'); 
%%%%%%%%-----End sub-----%%%%%% 

 

Zomega.m 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---Zomega---%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%--------------------------------------------------------%%% 
% The following script compares THz time-domain 
% spectroscopy measurements performed on an N- GaN sample 
% without a 2DEG and on an N- GaN/AlN sample with a 2DEG. 
% This script also compares THz time-domain spectroscopy 
% measurements performed on an N+ GaN sample without a 2DEG 
% and on an N+ GaN/AlN sample with a 2DEG. Measurements 
% are performed using Zomega's system. 
%%%--------------------------------------------------------%%% 

  
%%%%%%%%-----Clear environment-----%%%%%% 
clear 
clc 
close all 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Define parameters-----%%%%%% 
L = 1939;   %Number of data points 
NFFT = 2^nextpow2(L);   %length of Fourier Transform 
dt=0.05524655;   %time step in picoseconds 
f = 1/2/dt*linspace(0,1,NFFT/2+1);    %frequency 
file1='modulation.xlsx';   %Excel file name 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Import text files-----%%%%%% 
s1 = 'Zomega_N-_GaN_with_2DEG.txt'; 
s2 = 'Zomega_N-_GaN_without_2DEG.txt'; 
s3 = 'Zomega_N+_GaN_with_2DEG.txt'; 
s4 = 'Zomega_N+_GaN_without_2DEG.txt'; 
s5 = 'Zomega_free_space.txt'; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----time domain signals-----%%%%%% 
y1=dlmread(s1, '\t', 'B1..C1939'); 
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y2=dlmread(s2, '\t', 'B1..C1939'); 
y3=dlmread(s3, '\t', 'B1..C1939'); 
y4=dlmread(s4, '\t', 'B1..C1939'); 
y5=dlmread(s5, '\t', 'B1..C1939'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export time domain signals-----%%%%%% 
warning('off','MATLAB:xlswrite:AddSheet') 
xlswrite(file1,{'time'},'td_Zomega','A1'); 
xlswrite(file1,y1(:,1),'td_Zomega','A2'); 
xlswrite(file1,{'N- GaN with 2DEG'},'td_Zomega','B1'); 
xlswrite(file1,y1(:,2),'td_Zomega','B2'); 
xlswrite(file1,{'N- GaN without 2DEG'},'td_Zomega','C1'); 
xlswrite(file1,y2(:,2),'td_Zomega','C2'); 
xlswrite(file1,{'N+ GaN with 2DEG'},'td_Zomega','D1'); 
xlswrite(file1,y3(:,2),'td_Zomega','D2'); 
xlswrite(file1,{'N+ GaN without 2DEG'},'td_Zomega','E1'); 
xlswrite(file1,y4(:,2),'td_Zomega','E2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----cut-off time domain signals-----%%%%%% 
y1(1075:L,2)=0; 
y2(1075:L,2)=0; 
y3(1075:L,2)=0; 
y4(1075:L,2)=0; 
y5(1080:L,2)=0; 
%%%%%%%%----- End sub-----%%%%%% 

  
%%%%%%%%-----FT of signals-----%%%%%% 
Y1 = fft(y1(1:L,2),NFFT);   %N- GaN with 2DEG 
Y2 = fft(y2(1:L,2),NFFT);   %N- GaN without 2DEG 
Y3 = fft(y3(1:L,2),NFFT);   %N+ GaN with 2DEG 
Y4 = fft(y4(1:L,2),NFFT);   %N+ GaN without 2DEG 
Y5 = fft(y5(1:L,2),NFFT);   %free space 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Relative signals-----%%%%%% 
Yrel_1=Y1(:)./Y5(:); 
Yrel_1(:,1)=real(Yrel_1(:,1))-i*imag(Yrel_1(:,1)); 
Yrel_2=Y2(:)./Y5(:); 
Yrel_2(:,1)=real(Yrel_2(:,1))-i*imag(Yrel_2(:,1)); 
Yrel_3=Y3(:)./Y5(:); 
Yrel_3(:,1)=real(Yrel_3(:,1))-i*imag(Yrel_3(:,1)); 
Yrel_4=Y4(:)./Y5(:); 
Yrel_4(:,1)=real(Yrel_4(:,1))-i*imag(Yrel_4(:,1)); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export FT signal amplitude-----%%%%%% 
xlswrite(file1,{'frequency'},'fd_Zomega','A1'); 
xlswrite(file1,f(:),'fd_Zomega','A2'); 
xlswrite(file1,{'N- GaN with 2DEG'},'fd_Zomega','B1'); 
xlswrite(file1,abs(Yrel_1(1:NFFT/2+1)),'fd_Zomega','B2'); 
xlswrite(file1,{'N- GaN without 2DEG'},'fd_Zomega','C1'); 
xlswrite(file1,abs(Yrel_2(1:NFFT/2+1)),'fd_Zomega','C2'); 
xlswrite(file1,{'N+ GaN with 2DEG'},'fd_Zomega','D1'); 
xlswrite(file1,abs(Yrel_3(1:NFFT/2+1)),'fd_Zomega','D2'); 
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xlswrite(file1,{'N+ GaN without 2DEG'},'fd_Zomega','E1'); 
xlswrite(file1,abs(Yrel_4(1:NFFT/2+1)),'fd_Zomega','E2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export FT signal phase-----%%%%%% 
xlswrite(file1, ... 
{'phase(N- GaN with 2DEG)-phase(N- GaN without 2DEG)'}, ... 
'fd_Zomega', 'F1'); 
xlswrite(file1, ... 
phase(Yrel_1(1:NFFT/2+1))-phase(Yrel_2(1:NFFT/2+1)), ... 
'fd_Zomega', 'F2'); 
%%%%%%%%-----End sub-----%%%%%% 

 

TA_system_transmission.m 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---TA system---%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---transmission---%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%--------------------------------------------------------%%% 
% The following script compares THz time-domain 
% spectroscopy measurements performed on an N- GaN sample 
% without a 2DEG and on an N- GaN/AlN sample with a 2DEG. 
% Transmission experiments are performed (at normal 
% incidence) using the TA system. 
%%%--------------------------------------------------------%%% 

  
%%%%%%%%-----Clear environment-----%%%%%% 
clear 
clc 
close all 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Define parameters-----%%%%%% 
L = 200;   %Number of data points 
NFFT = 2^nextpow2(1000);   %length of Fourier Transform 
dt=0.08;   %time step in picoseconds 
f = 1/2/dt*linspace(0,1,NFFT/2+1);   %frequency 
file1='modulation.xlsx';   %Excel file name 
sheet_name_td='td_TA_system_transmission';  %time domain sheet name 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Import text files-----%%%%%% 
s1 = 'TA_system_N-_GaN_with_2DEG_transmission.txt'; 
s2 = 'TA_system_N-_GaN_without_2DEG_transmission.txt'; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----time domain signals-----%%%%%% 
y1=dlmread(s1, '\t', 'A1..AE200'); 
y2=dlmread(s2, '\t', 'A1..AE200'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Export time domain signals-----%%%%%% 
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warning('off','MATLAB:xlswrite:AddSheet') 

  
xlswrite(file1,{'time'},sheet_name_td,'A1'); 
xlswrite(file1,{'N- GaN with 2DEG_transmission'}, ... 
sheet_name_td,'B1'); 
xlswrite(file1,y1,sheet_name_td,'A2'); 

  
xlswrite(file1,{'time'},sheet_name_td,'AF1'); 
xlswrite(file1,{'N- GaN without 2DEG_transmission'}, ... 
sheet_name_td,'AG1'); 
xlswrite(file1,y2,sheet_name_td,'AF2'); 
%%%%%%%%-----End-----%%%%%% 

 

TA_system_reflection.m 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---TA system---%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---reflection---%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%--------------------------------------------------------%%% 
% The following script compares THz time-domain 
% spectroscopy measurements performed on an N- GaN sample 
% without a 2DEG and on an N- GaN/AlN sample with a 2DEG. 
% Reflection experiments are performed (at 45 degrees) 
% using the TA system. 
%%%--------------------------------------------------------%%% 

  
%%%%%%%%-----Clear environment-----%%%%%% 
clear 
clc 
close all 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Define parameters-----%%%%%% 
L = 120;   %Number of data points 
NFFT = 2^nextpow2(1000);   %length of Fourier Transform 
dt=0.08;   %time step in picoseconds 
f = 1/2/dt*linspace(0,1,NFFT/2+1);   %frequency 
file1='modulation.xlsx';   %Excel file name 
sheet_name_td='td_TA_system_reflection';   %time domain sheet name 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Import text files-----%%%%%% 
s1 = 'TA_system_N-_GaN_with_2DEG_reflection.txt'; 
s2 = 'TA_system_N-_GaN_without_2DEG_reflection.txt'; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----time domain signals-----%%%%%% 
y1=dlmread(s1, '\t', 'A1..AE120'); 
y2=dlmread(s2, '\t', 'A1..AE120'); 
%%%%%%%%-----End sub-----%%%%%% 
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%%%%%%%%-----Export time domain signals-----%%%%%% 
warning('off','MATLAB:xlswrite:AddSheet') 

  
xlswrite(file1,{'time'},sheet_name_td,'A1'); 
xlswrite(file1,{'N- GaN with 2DEG_reflection'},sheet_name_td,'B1'); 
xlswrite(file1,y1,sheet_name_td,'A2'); 

  
xlswrite(file1,{'time'},sheet_name_td,'AF1'); 
xlswrite(file1,{'N- GaN without 2DEG_reflection'}, ... 
sheet_name_td,'AG1'); 
xlswrite(file1,y2,sheet_name_td,'AF2'); 
%%%%%%%%-----End sub-----%%%%%% 

 

Appendix B: MATLAB Analysis of the Sapphire THz-TDS 

Measurements 

 The MATLAB files used to analyse the measurements performed on the bare 

sapphire wafer (discussed in section 4.4.1) are displayed below. The three script 

files use the function called SAPPHIRE_REFRACTIVE_INDEX.m to determine 

the sapphire complex refractive index. 

 

TT_system_sapphire.m 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---TT system---%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---Sapphire---%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%--------------------------------------------------------%%% 
% The following script outputs the THz time-domain traces 
% obtained by performing THz time-domain spectroscopy 
% measurements on sapphire. The Fourier Transform of the 
% time-domain traces are obtained and used to determine the 
% sapphire refractive index. The experimental data is 
% obtained using the TT system. 
%%%--------------------------------------------------------%%% 

  
%%%%%%%%-----Clear environment-----%%%%%% 
clear 
clc 
close all 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Define parameters-----%%%%%% 
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L = 281;   %Number of data points 
NFFT = 2^nextpow2(1000);   %length of Fourier Transform 
dt=0.042;   %time step in picoseconds 
f = 1/2/dt*linspace(0,1,NFFT/2+1);   %frequency 
file1='refractive_index.xlsx';   %Excel file name 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Import text files-----%%%%%% 
s1 = 'TT_system_sapphire_one.txt'; 
s2 = 'TT_system_free_space_one.txt'; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----time domain signals-----%%%%%% 
y1=dlmread(s1, '\t', 'A1..B281'); 
y2=dlmread(s2, '\t', 'A1..B281'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export FULL time domain signals-----%%%%%% 
warning('off','MATLAB:xlswrite:AddSheet') 
aa=0.04;   %vertical shift in sapphire trace 
xlswrite(file1,{'time'},'sap_td_full','A1'); 
xlswrite(file1,y1(:,1),'sap_td_full','A2'); 
xlswrite(file1,{'TT_system_sapphire'},'sap_td_full','B1'); 
xlswrite(file1,y1(:,2)+aa,'sap_td_full','B2'); 
xlswrite(file1,{'TT_system_free space'},'sap_td_full','C1'); 
xlswrite(file1,y2(:,2),'sap_td_full','C2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----cut-off time domain signals-----%%%%%% 
y1(281:L,2)=0; 
y2(211:L,2)=0; 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Export CUT-OFF time domain signals-----%%%%%% 
xlswrite(file1,{'time'},'sap_td_co','A1'); 
xlswrite(file1,y1(:,1),'sap_td_co','A2'); 
xlswrite(file1,{'TT_system_sapphire'},'sap_td_co','B1'); 
xlswrite(file1,y1(:,2)+aa,'sap_td_co','B2'); 
xlswrite(file1,{'TT_system_free space'},'sap_td_co','C1'); 
xlswrite(file1,y2(:,2),'sap_td_co','C2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----FT of signals-----%%%%%% 
Y1 = fft(y1(1:L,2),NFFT);   %sapphire 
Y2 = fft(y2(1:L,2),NFFT);   %free space 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Relative signal-----%%%%%% 
Yrel=Y1(1:NFFT/2+1)./Y2(1:NFFT/2+1); 
Yrel(:,1)=real(Yrel(:,1))-i*imag(Yrel(:,1)); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export FT-----%%%%%% 
xlswrite(file1,{'frequency'},'sap_fd','A1'); 
xlswrite(file1,f(:),'sap_fd','A2'); 
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xlswrite(file1,{'TT_system_amplitude'},'sap_fd','B1'); 
xlswrite(file1,abs(Yrel(:)),'sap_fd','B2'); 
xlswrite(file1,{'TT_system_phase'},'sap_fd','C1'); 
xlswrite(file1,unwrap(angle(Yrel(:))),'sap_fd','C2') 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Find refractive index-----%%%%%% 
V=90;   %number of points that are solved for 
d2=435e-6;   %thickness of sapphire 
lower_limit=3-0.1*i;   %lower limit of solver 
upper_limit=3.3+0.1*i;   %upper limit of solver 

  
Nf=SAPPHIRE_REFRACTIVE_INDEX(V, d2, lower_limit, upper_limit, ... 
f, Yrel); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export refractive index-----%%%%%% 
xlswrite(file1,{'frequency'},'sap_RI','A1'); 
xlswrite(file1,f(1:V)','sap_RI','A2'); 
xlswrite(file1,{'n_TT_system'},'sap_RI','B1'); 
xlswrite(file1,real(Nf(1:V)),'sap_RI','B2'); 
xlswrite(file1,{'K_TT_system'},'sap_RI','C1'); 
xlswrite(file1,imag(Nf(1:V)),'sap_RI','C2'); 
%%%%%%%%-----End-----%%%%%% 

 

Zomega_system_sapphire.m 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---Zomega---%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---Sapphire---%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%--------------------------------------------------------%%% 
% The following script outputs the THz time-domain traces 
% obtained by performing THz time-domain spectroscopy 
% measurements on sapphire. The Fourier Transform of the 
% time-domain traces are obtained and used to determine 
% the sapphire refractive index. The experimental data is 
% obtained using Zomega's system. 
%%%--------------------------------------------------------%%% 

  
%%%%%%%%-----Clear environment-----%%%%%% 
clear 
clc 
close all 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Define parameters-----%%%%%% 
L = 1939;   %Number of data points 
NFFT = 2^nextpow2(L);   %length of Fourier Transform 
dt=0.05524655;   %time step in picoseconds 
f = 1/2/dt*linspace(0,1,NFFT/2+1);   %frequency 
file1='refractive_index.xlsx';   %Excel file name 
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%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Import text files-----%%%%%% 
s1 = 'Zomega_sapphire.txt'; 
s2 = 'Zomega_free_space.txt'; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----time domain signals-----%%%%%% 
y1=dlmread(s1, '\t', 'B1..C1939'); 
y2=dlmread(s2, '\t', 'B1..C1939'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export FULL time domain signals-----%%%%%% 
warning('off','MATLAB:xlswrite:AddSheet') 
aa=500;   %vertical shift in sapphire trace 
xlswrite(file1,{'time'},'sap_td_full','D1'); 
xlswrite(file1,y1(:,1),'sap_td_full','D2'); 
xlswrite(file1,{'Zomega_sapphire'},'sap_td_full','E1'); 
xlswrite(file1,y1(:,2)+aa,'sap_td_full','E2'); 
xlswrite(file1,{'Zomega_free space'},'sap_td_full','F1'); 
xlswrite(file1,y2(:,2),'sap_td_full','F2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----cutt-off time domain signals-----%%%%%% 
y1(1080:L,2)=0; 
y2(1080:L,2)=0; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export CUT-OFF time domain signals-----%%%%%% 
xlswrite(file1,{'time'},'sap_td_co','D1'); 
xlswrite(file1,y1(:,1),'sap_td_co','D2'); 
xlswrite(file1,{'Zomega_sapphire'},'sap_td_co','E1'); 
xlswrite(file1,y1(:,2)+aa,'sap_td_co','E2'); 
xlswrite(file1,{'Zomega_free space'},'sap_td_co','F1'); 
xlswrite(file1,y2(:,2),'sap_td_co','F2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----FT of signals-----%%%%%% 
Y1 = fft(y1(1:L,2),NFFT);      %sapphire 
Y2 = fft(y2(1:L,2),NFFT);      %free space 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Relative signal-----%%%%%% 
Yrel=Y1(1:NFFT/2+1)./Y2(1:NFFT/2+1); 
Yrel(:,1)=real(Yrel(:,1))-i*imag(Yrel(:,1)); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Export FT-----%%%%%% 
xlswrite(file1,{'frequency'},'sap_fd','D1'); 
xlswrite(file1,f(:),'sap_fd','D2'); 
xlswrite(file1,{'Zomega_amplitude'},'sap_fd','E1'); 
xlswrite(file1,abs(Yrel(:)),'sap_fd','E2'); 
xlswrite(file1,{'Zomega_phase'},'sap_fd','F1'); 
xlswrite(file1,unwrap(angle(Yrel(:))),'sap_fd','F2') 
%%%%%%%%-----End-----%%%%%% 
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%%%%%%%%-----Find refractive index-----%%%%%% 
V=230;   %number of points that are solved for 
d2=435e-6;   %thickness of sapphire 
lower_limit=2.8-0.1*i;   %lower limit of solver 
upper_limit=3.3+1*i;   %upper limit of solver 

  
Nf=SAPPHIRE_REFRACTIVE_INDEX(V, d2, lower_limit, upper_limit, ... 
f, Yrel); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export refractive index-----%%%%%% 
xlswrite(file1,{'frequency'},'sap_RI','D1'); 
xlswrite(file1,f(1:V)','sap_RI','D2'); 
xlswrite(file1,{'n_Zomega'},'sap_RI','E1'); 
xlswrite(file1,real(Nf(1:V)),'sap_RI','E2'); 
xlswrite(file1,{'K_Zomega'},'sap_RI','F1'); 
xlswrite(file1,imag(Nf(1:V)),'sap_RI','F2'); 
%%%%%%%%-----End sub-----%%%%%% 

 

TA_system_sapphire.m 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---TA system---%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---Sapphire---%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%--------------------------------------------------------%%% 
% The following script outputs the THz time-domain traces 
% obtained by performing THz time-domain spectroscopy 
% measurements on sapphire. The Fourier Transform of the 
% time-domain traces are obtained and used to determine the 
% sapphire refractive index. The experimental data is 
% obtained using the TA system. 
%%%--------------------------------------------------------%%% 

  
%%%%%%%%-----Clear environment-----%%%%%% 
clear 
clc 
close all 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Define parameters-----%%%%%% 
L = 150;   %Number of data points 
NFFT = 2^nextpow2(1000);   %length of Fourier Transform 
dt=0.08;   %time step in picoseconds 
f = 1/2/dt*linspace(0,1,NFFT/2+1);   %frequency 
file1='refractive_index.xlsx';   %Excel file name 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Import text files-----%%%%%% 
s1 = 'TA_system_sapphire.txt'; 
s2 = 'TA_system_free_space_sapphire.txt'; 
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%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----time domain signals-----%%%%%% 
y1=dlmread(s1, '\t', 'A1..B150'); 
y2=dlmread(s2, '\t', 'A1..B150'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export FULL time domain signals-----%%%%%% 
warning('off','MATLAB:xlswrite:AddSheet') 
aa=0.012;   %vertical shift in sapphire trace 
xlswrite(file1,{'time'},'sap_td_full','G1'); 
xlswrite(file1,y1(:,1),'sap_td_full','G2'); 
xlswrite(file1,{'TA_system_sapphire'},'sap_td_full','H1'); 
xlswrite(file1,y1(:,2)+aa,'sap_td_full','H2'); 
xlswrite(file1,{'TA_system_free space'},'sap_td_full','I1'); 
xlswrite(file1,y2(:,2),'sap_td_full','I2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----cut-off time domain signals-----%%%%%% 
y1(1:40,2)=0; 
y2(1:1,2)=0; 
y1(150:L,2)=0; 
y2(110:L,2)=0; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export CUT-OFF time domain signals-----%%%%%% 
xlswrite(file1,{'time'},'sap_td_co','G1'); 
xlswrite(file1,y1(:,1),'sap_td_co','G2'); 
xlswrite(file1,{'TA_system_sapphire'},'sap_td_co','H1'); 
xlswrite(file1,y1(:,2)+aa,'sap_td_co','H2'); 
xlswrite(file1,{'TA_system_free space'},'sap_td_co','I1'); 
xlswrite(file1,y2(:,2),'sap_td_co','I2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----FT of signals-----%%%%%% 
Y1 = fft(y1(1:L,2),NFFT);      %sapphire 
Y2 = fft(y2(1:L,2),NFFT);      %free space 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Relative signal-----%%%%%% 
Yrel=Y1(1:NFFT/2+1)./Y2(1:NFFT/2+1); 
Yrel(:,1)=real(Yrel(:,1))-i*imag(Yrel(:,1)); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export FT-----%%%%%% 
xlswrite(file1,{'frequency'},'sap_fd','G1'); 
xlswrite(file1,f(:),'sap_fd','G2'); 
xlswrite(file1,{'TA_system_amplitude'},'sap_fd','H1'); 
xlswrite(file1,abs(Yrel(:)),'sap_fd','H2'); 
xlswrite(file1,{'TA_system_phase'},'sap_fd','I1'); 
xlswrite(file1,unwrap(angle(Yrel(:)))-2*pi,'sap_fd','I2') 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Find refractive index-----%%%%%% 
V=85;   %number of points that are solved for 
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d2=435e-6;   %thickness of sapphire 
lower_limit=2.8-0.1*i;   %lower limit of solver 
upper_limit=3.3+1*i;   %upper limit of solver 

  
Nf=SAPPHIRE_REFRACTIVE_INDEX(V, d2, lower_limit, upper_limit, ... 
f, Yrel); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export refractive index-----%%%%%% 
xlswrite(file1,{'frequency'},'sap_RI','G1'); 
xlswrite(file1,f(1:V)','sap_RI','G2'); 
xlswrite(file1,{'n_TA_system'},'sap_RI','H1'); 
xlswrite(file1,real(Nf(1:V)),'sap_RI','H2'); 
xlswrite(file1,{'K_TA_system'},'sap_RI','I1'); 
xlswrite(file1,imag(Nf(1:V)),'sap_RI','I2'); 
%%%%%%%%-----End-----%%%%%% 

 

SAPPHIRE_REFRACTIVE_INDEX.m 

function Nf = SAPPHIRE_REFRACTIVE_INDEX(V, d2, lower_limit, ... 
upper_limit, f, Yrel) 
%%%--------------------------------------------------------%%% 
% The following code uses experimental data obtained by THz 
% time-domain spectroscopy experiments (performed on a 
% bare sapphire substrate) to determine the sapphire 
% refractive index. 
%  
% Input parameters: 
% -V is  the number of points that are solved for 
% -d2 is the thickness of the sapphire wafer 
% -lower limit is the minimum sapphire refractive index the 
%  solver considers 
% -upper limit is the maximum sapphire refractive index the 
%  solver considers 
% -f is the frequency of the radiation 
% -Yrel is the experimental measurements 
%  
% Output parameter: 
% -Nf is the vector containing the sapphire refractive index 
%%%--------------------------------------------------------%%% 

  
%%%%%%%%-----Define parameters-----%%%%%% 
n1p=1;   %refractive index of air 
syms n2p; 
n3p=1;   %refractive index of air 
c=299792458;   %speed of light in a vacuum 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Find refractive index of SI GaN-----%%%%%% 
Nf=zeros(V,1); 
for ii=1:V 
    fi=f(ii)*10^12;   %frequency 
    w=2*pi*fi;   %angular frequency 
    k0=w/c;   %free space wavevector 
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    k2=w/c*n2p;   %sapphire wavevector 
    t12=2*n1p/(n1p+n2p);   %transmission from air to sapphire 
    t23=2*n2p/(n2p+n3p);   %transmission from sapphire to air 
    t=t12*t23*exp(i*k2*d2)/exp(i*k0*d2);   %trans. through sapphire 

     
    n_temp=vpasolve(Yrel(ii)==t,n2p,[lower_limit upper_limit]); 
    if length(n_temp)>0 
        Nf(ii)=n_temp; 
    end 

  
end 
%%%%%%%%-----End sub-----%%%%%% 

  
end 

 

 

Appendix C: MATLAB Analysis of the GaN THz-TDS 

Measurements 

 The MATLAB files used to analyse the measurements performed on the 

GaN thin film samples (discussed in section 4.4.2) are displayed below. The three 

script files use the function called GAN_REFRACTIVE_INDEX.m to determine the 

GaN complex refractive index. 

 

TT_system_GaN.m 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---TT system---%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---GaN---%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%--------------------------------------------------------%%% 
% The following script outputs the THz time-domain traces 
% obtained by performing THz time-domain spectroscopy 
% measurements on GaN. The Fourier Transform of the 
% time-domain traces are obtained and used to 
% determine the GaN refractive index. Furthermore, 
% the GaN relative% permittivity is determined and 
% compared to the Drude model. The experimental data is 
% obtained using the TT system. 
%%%--------------------------------------------------------%%% 

  
%%%%%%%%-----Clear environment-----%%%%%% 
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clear 
clc 
close all 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Define parameters-----%%%%%% 
L = 281;   %Number of data points 
NFFT = 2^nextpow2(1000);   %length of Fourier Transform 
dt=0.042;   %time step in picoseconds 
f = 1/2/dt*linspace(0,1,NFFT/2+1);   %frequency 
file1='refractive_index.xlsx';   %Excel file name 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Import text files-----%%%%%% 
s1 = 'TT_system_SI_GaN_two.txt'; 
s2 = 'TT_system_N-_GaN_two.txt'; 
s3 = 'TT_system_N+_GaN_two.txt'; 
s4 = 'TT_system_sapphire_two.txt'; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----time domain signals-----%%%%%% 
y1=dlmread(s1, '\t', 'A1..B281'); 
y2=dlmread(s2, '\t', 'A1..B281'); 
y3=dlmread(s3, '\t', 'A1..B281'); 
y4=dlmread(s4, '\t', 'A1..B281'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export FULL time domain signals-----%%%%%% 
warning('off','MATLAB:xlswrite:AddSheet') 
aa=0.045;   %vertical shift in SI GaN trace 
bb=0.075;   %vertical shift in N- GaN trace 
cc=0.1;   %vertical shift in N+ GaN trace 
xlswrite(file1,{'time'},'GaN_td_full','A1'); 
xlswrite(file1,y1(:,1),'GaN_td_full','A2'); 
xlswrite(file1,{'TT_system_SI GaN'},'GaN_td_full','B1'); 
xlswrite(file1,y1(:,2)+aa,'GaN_td_full','B2'); 
xlswrite(file1,{'TT_system_n- GaN'},'GaN_td_full','C1'); 
xlswrite(file1,y2(:,2)+bb,'GaN_td_full','C2'); 
xlswrite(file1,{'TT_system_n+ GaN'},'GaN_td_full','D1'); 
xlswrite(file1,y3(:,2)+cc,'GaN_td_full','D2'); 
xlswrite(file1,{'TT_system_sapphire'},'GaN_td_full','E1'); 
xlswrite(file1,y4(:,2),'GaN_td_full','E2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----cut-off time domain signals-----%%%%%% 
y1(281:L,2)=0; 
y2(281:L,2)=0; 
y3(281:L,2)=0; 
y4(281:L,2)=0; 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Export CUT-OFF time domain signals-----%%%%%% 
warning('off','MATLAB:xlswrite:AddSheet') 
xlswrite(file1,{'time'},'GaN_td_co','A1'); 
xlswrite(file1,y1(:,1),'GaN_td_co','A2'); 
xlswrite(file1,{'TT_system_SI GaN'},'GaN_td_co','B1'); 
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xlswrite(file1,y1(:,2)+aa,'GaN_td_co','B2'); 
xlswrite(file1,{'TT_system_n- GaN'},'GaN_td_co','C1'); 
xlswrite(file1,y2(:,2)+bb,'GaN_td_co','C2'); 
xlswrite(file1,{'TT_system_n+ GaN'},'GaN_td_co','D1'); 
xlswrite(file1,y3(:,2)+cc,'GaN_td_co','D2'); 
xlswrite(file1,{'TT_system_sapphire'},'GaN_td_co','E1'); 
xlswrite(file1,y4(:,2),'GaN_td_co','E2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----FT of signals-----%%%%%% 
Y1 = fft(y1(1:L,2),NFFT);   %SI GaN 
Y2 = fft(y2(1:L,2),NFFT);   %N- GaN   
Y3 = fft(y3(1:L,2),NFFT);   %N+ GaN    
Y4 = fft(y4(1:L,2),NFFT);   %sapphire  
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Relative signals-----%%%%%% 
Yrel_1=Y1(1:NFFT/2+1)./Y4(1:NFFT/2+1); 
Yrel_1(:,1)=real(Yrel_1(:,1))-i*imag(Yrel_1(:,1)); 
Yrel_2=Y2(1:NFFT/2+1)./Y4(1:NFFT/2+1); 
Yrel_2(:,1)=real(Yrel_2(:,1))-i*imag(Yrel_2(:,1)); 
Yrel_3=Y3(1:NFFT/2+1)./Y4(1:NFFT/2+1); 
Yrel_3(:,1)=real(Yrel_3(:,1))-i*imag(Yrel_3(:,1)); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Export FT amplitude-----%%%%%% 
xlswrite(file1,{'frequency'},'GaN_fd_amp','A1'); 
xlswrite(file1,f(:),'GaN_fd_amp','A2'); 
xlswrite(file1,{'TT_system_amp_SI'},'GaN_fd_amp','B1'); 
xlswrite(file1,abs(Yrel_1(:)),'GaN_fd_amp','B2'); 
xlswrite(file1,{'TT_system_amp_n-'},'GaN_fd_amp','C1'); 
xlswrite(file1,abs(Yrel_2(:)),'GaN_fd_amp','C2'); 
xlswrite(file1,{'TT_system_amp_n+'},'GaN_fd_amp','D1'); 
xlswrite(file1,abs(Yrel_3(:)),'GaN_fd_amp','D2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Export FT phase-----%%%%%% 
xlswrite(file1,{'frequency'},'GaN_fd_phase','A1'); 
xlswrite(file1,f(:),'GaN_fd_phase','A2'); 
xlswrite(file1,{'TT_system_phase_SI'},'GaN_fd_phase','B1'); 
xlswrite(file1,unwrap(angle(Yrel_1(:))),'GaN_fd_phase','B2'); 
xlswrite(file1,{'TT_system_phase_n-'},'GaN_fd_phase','C1'); 
xlswrite(file1,unwrap(angle(Yrel_2(:))),'GaN_fd_phase','C2'); 
xlswrite(file1,{'TT_system_phase_n+'},'GaN_fd_phase','D1'); 
xlswrite(file1,unwrap(angle(Yrel_3(:))),'GaN_fd_phase','D2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%%%%% 
%%-SI GaN-%% 
%%%%%%%%%%%% 

  
%%%%%%%%-----Find refractive index-----%%%%%% 
V=90;      %number of points that are solved for 
n3p=3.10;   %refractive index of sapphire 
d2=5e-6;   %thickness of GaN 
d3=419e-6;   %thickness of sapphire substrate on GaN sample 
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d3_ref=435e-6;   %thickness of bare sapphire wafer 
lower_limit=zeros(V,1); 
lower_limit(:)=1-1*i;   %lower limit of solver 
upper_limit=zeros(V,1); 
upper_limit(:)=10+10*i;   %upper limit of solver 

  
Nf=GAN_REFRACTIVE_INDEX(V, n3p, d2, d3, d3_ref, ... 
lower_limit, upper_limit, f, Yrel_1); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export refractive index-----%%%%%% 
xlswrite(file1,{'frequency'},'SI_GaN_RI','A1'); 
xlswrite(file1,f(1:V)','SI_GaN_RI','A2'); 
xlswrite(file1,{'n_TT_system'},'SI_GaN_RI','B1'); 
xlswrite(file1,real(Nf(1:V)),'SI_GaN_RI','B2'); 
xlswrite(file1,{'K_TT_system'},'SI_GaN_RI','C1'); 
xlswrite(file1,imag(Nf(1:V)),'SI_GaN_RI','C2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%-----find relative permittivity-----%%%%%% 
ERf=zeros(V,1); 
for ii=1:V 
    fi=f(ii)*10^12;   %frequency 
    w=2*pi*fi;   %angular frequency 
    ERf(ii) = Nf(ii)^2;   %GaN relative permittivity 
end 
%%%%%End sub%%%%%% 

  
%%%%%%%%-----Export relative permittivity-----%%%%%% 
xlswrite(file1,{'frequency'},'SI_GaN_RP','A1'); 
xlswrite(file1,f(1:V)','SI_GaN_RP','A2'); 
xlswrite(file1,{'eps_real_TT_system'},'SI_GaN_RP','B1'); 
xlswrite(file1,real(ERf(1:V)),'SI_GaN_RP','B2'); 
xlswrite(file1,{'eps_imag_TT_system'},'SI_GaN_RP','C1'); 
xlswrite(file1,imag(ERf(1:V)),'SI_GaN_RP','C2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%-----find drude relative permittivity-----%%%%%% 
eps_b=9.4+0*i;   %background relative permittivity 
N_doping=10^21;   %GaN doping density 
mobility=0.2;   %GaN electron mobility 
eps0=8.854e-12;   %permittivity of free space 
wp=sqrt(N_doping*(1.602e-19)^2/eps0/0.22/9.11e-31);   %plasma freq 
tau=mobility*0.22*9.11e-31/1.602e-19;   %GaN time constant 
DRUDE=zeros(V,1); 

  
for ii=1:V 
    fi=f(ii)*10^12; 
    w=2*pi*fi; 
    DRUDE(ii)=eps_b+i*wp^2*tau/w/(1-i*w*tau); 
end 
%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export drude relative permittivity----%%%%%% 
xlswrite(file1,{'drude_real_TT_system'},'SI_GaN_RP','D1'); 



128 
 

xlswrite(file1,real(DRUDE(1:V)),'SI_GaN_RP','D2'); 
xlswrite(file1,{'drude_imag_system'},'SI_GaN_RP','E1'); 
xlswrite(file1,imag(DRUDE(1:V)),'SI_GaN_RP','E2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%%%%% 
%%-N- GaN-%% 
%%%%%%%%%%%% 

  
%%%%%%%%-----Find refractive index-----%%%%%% 
V=90;      %number of points that are solved for 
n3p=3.10;   %refractive index of sapphire 
d2=5e-6;   %thickness of GaN 
d3=435e-6;   %thickness of sapphire substrate on GaN sample 
d3_ref=435e-6;   %thickness of bare sapphire wafer 
lower_limit=zeros(V,1); 
lower_limit(:)=1-1*i;   %lower limit of solver 
upper_limit=zeros(V,1); 
upper_limit(:)=30+30*i;   %upper limit of solver 

  
Nf=GAN_REFRACTIVE_INDEX(V, n3p, d2, d3, d3_ref, ... 
lower_limit, upper_limit, f, Yrel_2); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export refractive index-----%%%%%% 
xlswrite(file1,{'frequency'},'N-_GaN_RI','A1'); 
xlswrite(file1,f(1:V)','N-_GaN_RI','A2'); 
xlswrite(file1,{'n_TT_system'},'N-_GaN_RI','B1'); 
xlswrite(file1,real(Nf(1:V)),'N-_GaN_RI','B2'); 
xlswrite(file1,{'K_TT_system'},'N-_GaN_RI','C1'); 
xlswrite(file1,imag(Nf(1:V)),'N-_GaN_RI','C2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%-----find relative permittivity-----%%%%%% 
ERf=zeros(V,1); 
for ii=1:V 
    fi=f(ii)*10^12; 
    w=2*pi*fi; 
    ERf(ii) = Nf(ii)^2; 
end 
%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export relative permittivity-----%%%%%% 
file1='REFRACTIVE_INDEX.xlsx'; 
xlswrite(file1,{'frequency'},'N-_GaN_RP','A1'); 
xlswrite(file1,f(1:V)','N-_GaN_RP','A2'); 
xlswrite(file1,{'epsr_real_TT_system'},'N-_GaN_RP','B1'); 
xlswrite(file1,real(ERf(1:V)),'N-_GaN_RP','B2'); 
xlswrite(file1,{'epsr_imag_TT_system'},'N-_GaN_RP','C1'); 
xlswrite(file1,imag(ERf(1:V)),'N-_GaN_RP','C2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%-----find drude relative permittivity-----%%%%%% 
eps_b=23.5+0*i; 
N_doping=2.4e23; 
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mobility=0.05; 
wp=sqrt(N_doping*(1.602e-19)^2/eps0/0.22/9.11e-31); 
tau=mobility*0.22*9.11e-31/1.602e-19; 
DRUDE=zeros(V,1); 
for ii=1:V 
    fi=f(ii)*10^12; 
    w=2*pi*fi; 
    DRUDE(ii)=eps_b+i*wp^2*tau/w/(1-i*w*tau); 
end 
%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export drude relative permittivity----%%%%%% 
xlswrite(file1,{'drude_real_TT_system'},'N-_GaN_RP','D1'); 
xlswrite(file1,real(DRUDE(1:V)),'N-_GaN_RP','D2'); 
xlswrite(file1,{'drude_imag_TT_system'},'N-_GaN_RP','E1'); 
xlswrite(file1,imag(DRUDE(1:V)),'N-_GaN_RP','E2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%%%%% 
%%-N+ GaN-%% 
%%%%%%%%%%%% 

  
%%%%%%%%-----Find refractive index-----%%%%%% 
V=90;      %number of points that are solved for 
n3p=3.10;   %refractive index of sapphire 
d2=5e-6;   %thickness of GaN 
d3=435e-6;   %thickness of sapphire substrate on GaN sample 
d3_ref=435e-6;   %thickness of bare sapphire wafer 
lower_limit=zeros(V,1); 
lower_limit(:)=1-1*i;   %lower limit of solver 
upper_limit=zeros(V,1); 
upper_limit(:)=50+50*i;   %upper limit of solver 

  
Nf=GAN_REFRACTIVE_INDEX(V, n3p, d2, d3, d3_ref, ... 
lower_limit, upper_limit, f, Yrel_3); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export refractive index-----%%%%%% 
xlswrite(file1,{'frequency'},'N+_GaN_RI','A1'); 
xlswrite(file1,f(1:V)','N+_GaN_RI','A2'); 
xlswrite(file1,{'n_TT_system'},'N+_GaN_RI','B1'); 
xlswrite(file1,real(Nf(1:V)),'N+_GaN_RI','B2'); 
xlswrite(file1,{'K_TT_system'},'N+_GaN_RI','C1'); 
xlswrite(file1,imag(Nf(1:V)),'N+_GaN_RI','C2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%find relative permitivity%%%%%% 
ERf=zeros(V,1); 
for ii=1:V 
    fi=f(ii)*10^12; 
    w=2*pi*fi; 
    ERf(ii) = Nf(ii)^2; 
end 
%%%%%End%%%%%% 
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%%%%%%%%-----Export relative permittivity-----%%%%%% 
xlswrite(file1,{'frequency'},'N+_GaN_RP','A1'); 
xlswrite(file1,f(1:V)','N+_GaN_RP','A2'); 
xlswrite(file1,{'epsr_real_TT_system'},'N+_GaN_RP','B1'); 
xlswrite(file1,real(ERf(1:V)),'N+_GaN_RP','B2'); 
xlswrite(file1,{'epsr_imag_TT_system'},'N+_GaN_RP','C1'); 
xlswrite(file1,imag(ERf(1:V)),'N+_GaN_RP','C2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%find drude relative permittivity%%%%%% 
eps_b=45+0*i; 
N_doping=1.5e24; 
mobility=0.05; 
wp=sqrt(N_doping*(1.602e-19)^2/eps0/0.22/9.11e-31); 
tau=mobility*0.22*9.11e-31/1.602e-19; 
DRUDE=zeros(V,1); 
for ii=1:V 
    fi=f(ii)*10^12; 
    w=2*pi*fi; 
    DRUDE(ii)=eps_b+i*wp^2*tau/w/(1-i*w*tau); 
end 
%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export drude relative permittivity----%%%%%% 
xlswrite(file1,{'drude_real_TT_system'},'N+_GaN_RP','D1'); 
xlswrite(file1,real(DRUDE(1:V)),'N+_GaN_RP','D2'); 
xlswrite(file1,{'drude_imag_TT_system'},'N+_GaN_RP','E1'); 
xlswrite(file1,imag(DRUDE(1:V)),'N+_GaN_RP','E2'); 
%%%%%%%%-----End sub-----%%%%%% 

 

Zomega_system_GaN.m 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---Zomega---%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---GaN---%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%--------------------------------------------------------%%% 
% The following script outputs the THz time-domain traces 
% obtained by performing THz time-domain spectroscopy 
% measurements on GaN. The Fourier Transform of the 
% time-domain traces are obtained and used to 
% determine the GaN refractive index. Additionally, the 
% GaN relative permittivity is determined. The experimental 
% data is obtained using Zomega's system. 
%%%--------------------------------------------------------%%% 

  
%%%%%%%%-----Clear environment-----%%%%%% 
clear 
clc 
close all 
%%%%%%%%-----End sub-----%%%%%% 
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%%%%%%%%-----Define parameters-----%%%%%% 
L = 1939;  % Number of points 
NFFT = 2^nextpow2(L); % Next power of 2 from length of y 
dt=0.05524655; 
f = 1/2/dt*linspace(0,1,NFFT/2+1); 
file1='refractive_index.xlsx'; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Import text files-----%%%%%% 
s1 = 'Zomega_SI_GaN.txt'; 
s2 = 'Zomega_N-_GaN.txt'; 
s3 = 'Zomega_N+_GaN.txt'; 
s4 = 'Zomega_sapphire.txt'; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----time domain signals-----%%%%%% 
y1=dlmread(s1, '\t', 'B1..C1939'); 
y2=dlmread(s2, '\t', 'B1..C1939'); 
y3=dlmread(s3, '\t', 'B1..C1939'); 
y4=dlmread(s4, '\t', 'B1..C1939'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export FULL time domain signals-----%%%%%% 
warning('off','MATLAB:xlswrite:AddSheet') 
aa=500; 
bb=900; 
cc=1150; 
xlswrite(file1,{'time'},'GaN_td_full','F1'); 
xlswrite(file1,y1(:,1),'GaN_td_full','F2'); 
xlswrite(file1,{'Zomega_SI GaN'},'GaN_td_full','G1'); 
xlswrite(file1,y1(:,2)+aa,'GaN_td_full','G2'); 
xlswrite(file1,{'Zomega_N- GaN'},'GaN_td_full','H1'); 
xlswrite(file1,y2(:,2)+bb,'GaN_td_full','H2'); 
xlswrite(file1,{'Zomega_N+ GaN'},'GaN_td_full','I1'); 
xlswrite(file1,y3(:,2)+cc,'GaN_td_full','I2'); 
xlswrite(file1,{'Zomega_sapphire'},'GaN_td_full','J1'); 
xlswrite(file1,y4(:,2),'GaN_td_full','J2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----cut-off time domain signals-----%%%%%% 
y1(1075:L,2)=0; 
y2(1075:L,2)=0; 
y3(1075:L,2)=0; 
y4(1080:L,2)=0; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export CUT-OFF time domain signals-----%%%%%% 
xlswrite(file1,{'time'},'GaN_td_co','F1'); 
xlswrite(file1,y1(:,1),'GaN_td_co','F2'); 
xlswrite(file1,{'Zomega_SI GaN'},'GaN_td_co','G1'); 
xlswrite(file1,y1(:,2)+aa,'GaN_td_co','G2'); 
xlswrite(file1,{'Zomega_N- GaN'},'GaN_td_co','H1'); 
xlswrite(file1,y2(:,2)+bb,'GaN_td_co','H2'); 
xlswrite(file1,{'Zomega_N+ GaN'},'GaN_td_co','I1'); 
xlswrite(file1,y3(:,2)+cc,'GaN_td_co','I2'); 
xlswrite(file1,{'Zomega_sapphire'},'GaN_td_co','J1'); 
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xlswrite(file1,y4(:,2),'GaN_td_co','J2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----FT of signals-----%%%%%% 
Y1 = fft(y1(1:L,2),NFFT);       
Y2 = fft(y2(1:L,2),NFFT);      
Y3 = fft(y3(1:L,2),NFFT);       
Y4 = fft(y4(1:L,2),NFFT);     
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Relative signals-----%%%%%% 
Yrel_1=Y1(1:NFFT/2+1)./Y4(1:NFFT/2+1); 
Yrel_1(:,1)=real(Yrel_1(:,1))-i*imag(Yrel_1(:,1)); 
Yrel_2=Y2(1:NFFT/2+1)./Y4(1:NFFT/2+1); 
Yrel_2(:,1)=real(Yrel_2(:,1))-i*imag(Yrel_2(:,1)); 
Yrel_3=Y3(1:NFFT/2+1)./Y4(1:NFFT/2+1); 
Yrel_3(:,1)=real(Yrel_3(:,1))-i*imag(Yrel_3(:,1)); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Export FT amplitude-----%%%%%% 
xlswrite(file1,{'frequency'},'GaN_fd_amp','E1'); 
xlswrite(file1,f(:),'GaN_fd_amp','E2'); 
xlswrite(file1,{'Zomega_amp_SI'},'GaN_fd_amp','F1'); 
xlswrite(file1,abs(Yrel_1(:)),'GaN_fd_amp','F2'); 
xlswrite(file1,{'Zomega_amp_N-'},'GaN_fd_amp','G1'); 
xlswrite(file1,abs(Yrel_2(:)),'GaN_fd_amp','G2'); 
xlswrite(file1,{'Zomega_amp_N+'},'GaN_fd_amp','H1'); 
xlswrite(file1,abs(Yrel_3(:)),'GaN_fd_amp','H2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Export FT phase-----%%%%%% 
xlswrite(file1,{'frequency'},'GaN_fd_phase','E1'); 
xlswrite(file1,f(:),'GaN_fd_phase','E2'); 
xlswrite(file1,{'Zomega_phase_SI'},'GaN_fd_phase','F1'); 
xlswrite(file1,unwrap(angle(Yrel_1(:))),'GaN_fd_phase','F2'); 
xlswrite(file1,{'Zomega_phase_N-'},'GaN_fd_phase','G1'); 
xlswrite(file1,unwrap(angle(Yrel_2(:))),'GaN_fd_phase','G2'); 
xlswrite(file1,{'Zomega_phase_N+'},'GaN_fd_phase','H1'); 
xlswrite(file1,unwrap(angle(Yrel_3(:)))-2*pi,'GaN_fd_phase','H2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%%%%% 
%%-SI GaN-%% 
%%%%%%%%%%%% 

  
%%%%%%%%-----Find refractive index-----%%%%%% 
V=230;      %number of points that are solved for 
n3p=3.03;   %refractive index of sapphire 
d2=5e-6;   %thickness of GaN 
d3=419e-6;   %thickness of sapphire substrate on GaN sample 
d3_ref=435e-6;   %thickness of bare sapphire wafer 
lower_limit=zeros(V,1); 
lower_limit(:)=1-1*i;   %lower limit of solver 
upper_limit=zeros(V,1); 
upper_limit(:)=10+10*i;   %upper limit of solver 
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Nf=GAN_REFRACTIVE_INDEX(V, n3p, d2, d3, d3_ref, ... 
lower_limit, upper_limit, f, Yrel_1); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export refractive index-----%%%%%% 
xlswrite(file1,{'frequency'},'SI_GaN_RI','D1'); 
xlswrite(file1,f(1:V)','SI_GaN_RI','D2'); 
xlswrite(file1,{'n_Zomega'},'SI_GaN_RI','E1'); 
xlswrite(file1,real(Nf(1:V)),'SI_GaN_RI','E2'); 
xlswrite(file1,{'K_Zomega'},'SI_GaN_RI','F1'); 
xlswrite(file1,imag(Nf(1:V)),'SI_GaN_RI','F2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%-----find relative permittivity-----%%%%%% 
ERf=zeros(V,1); 
for ii=1:V 
    fi=f(ii)*10^12; 
    w=2*pi*fi; 
    ERf(ii) = Nf(ii)^2; 
end 
%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export relative permittivity-----%%%%%% 
xlswrite(file1,{'frequency'},'SI_GaN_RP','F1'); 
xlswrite(file1,f(1:V)','SI_GaN_RP','F2'); 
xlswrite(file1,{'epsr_real_Zomega'},'SI_GaN_RP','G1'); 
xlswrite(file1,real(ERf(1:V)),'SI_GaN_RP','G2'); 
xlswrite(file1,{'epsr_imag_Zomega'},'SI_GaN_RP','H1'); 
xlswrite(file1,imag(ERf(1:V)),'SI_GaN_RP','H2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%%%%% 
%%-N- GaN-%% 
%%%%%%%%%%%% 

  
%%%%%%%%-----Find refractive index-----%%%%%% 
V=230;      %number of points that are solved for 
n3p=3.03;   %refractive index of sapphire 
d2=5e-6;   %thickness of GaN 
d3=435e-6;   %thickness of sapphire substrate on GaN sample 
d3_ref=435e-6;   %thickness of bare sapphire wafer 
lower_limit=zeros(V,1); 
lower_limit(:)=1-1*i;   %lower limit of solver 
upper_limit=zeros(V,1); 
upper_limit(1:V/2)=50+55*i;   %upper limit of solver 
upper_limit(V/2+1:V)=20+20*i;   %upper limit of solver 

  
Nf=GAN_REFRACTIVE_INDEX(V, n3p, d2, d3, d3_ref, ... 
lower_limit, upper_limit, f, Yrel_2); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export refractive index-----%%%%%% 
xlswrite(file1,{'frequency'},'N-_GaN_RI','D1'); 
xlswrite(file1,f(1:V)','N-_GaN_RI','D2'); 



134 
 

xlswrite(file1,{'n_Zomega'},'N-_GaN_RI','E1'); 
xlswrite(file1,real(Nf(1:V)),'N-_GaN_RI','E2'); 
xlswrite(file1,{'K_Zomega'},'N-_GaN_RI','F1'); 
xlswrite(file1,imag(Nf(1:V)),'N-_GaN_RI','F2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%-----find relative permittivity-----%%%%%% 
ERf=zeros(V,1); 
for ii=1:V 
    fi=f(ii)*10^12; 
    w=2*pi*fi; 
    ERf(ii) = Nf(ii)^2; 
end 
%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Export relative permittivity-----%%%%%% 
xlswrite(file1,{'frequency'},'N-_GaN_RP','F1'); 
xlswrite(file1,f(1:V)','N-_GaN_RP','F2'); 
xlswrite(file1,{'epsr_real_Zomega'},'N-_GaN_RP','G1'); 
xlswrite(file1,real(ERf(1:V)),'N-_GaN_RP','G2'); 
xlswrite(file1,{'epsr_imag_Zomega'},'N-_GaN_RP','H1'); 
xlswrite(file1,imag(ERf(1:V)),'N-_GaN_RP','H2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%%%%% 
%%-N+ GaN-%% 
%%%%%%%%%%%% 

  
%%%%%%%%-----Find refractive index-----%%%%%% 
V=230;      %number of points that are solved for 
n3p=3.03;   %refractive index of sapphire 
d2=5e-6;   %thickness of GaN 
d3=435e-6;   %thickness of sapphire substrate on GaN sample 
d3_ref=435e-6;   %thickness of bare sapphire wafer 
lower_limit=zeros(V,1); 
lower_limit(:)=1-1*i;   %lower limit of solver 
upper_limit=zeros(V,1); 
upper_limit(1:20)=90+90*i;   %upper limit of solver 
upper_limit(21:V)=40+40*i;   %upper limit of solver 

  
Nf=GAN_REFRACTIVE_INDEX(V, n3p, d2, d3, d3_ref, ... 
lower_limit, upper_limit, f, Yrel_3); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export refractive index-----%%%%%% 
xlswrite(file1,{'frequency'},'N+_GaN_RI','D1'); 
xlswrite(file1,f(1:V)','N+_GaN_RI','D2'); 
xlswrite(file1,{'n_Zomega'},'N+_GaN_RI','E1'); 
xlswrite(file1,real(Nf(1:V)),'N+_GaN_RI','E2'); 
xlswrite(file1,{'K_Zomega'},'N+_GaN_RI','F1'); 
xlswrite(file1,imag(Nf(1:V)),'N+_GaN_RI','F2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%-----find relative permittivity-----%%%%%% 
ERf=zeros(V,1); 
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for ii=1:V 
    fi=f(ii)*10^12; 
    w=2*pi*fi; 
    ERf(ii) = Nf(ii)^2; 
end 
%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export relative permittivity-----%%%%%% 
xlswrite(file1,{'frequency'},'N+_GaN_RP','F1'); 
xlswrite(file1,f(1:V)','N+_GaN_RP','F2'); 
xlswrite(file1,{'epsr_real_Zomega'},'N+_GaN_RP','G1'); 
xlswrite(file1,real(ERf(1:V)),'N+_GaN_RP','G2'); 
xlswrite(file1,{'imag_real_Zomega'},'N+_GaN_RP','H1'); 
xlswrite(file1,imag(ERf(1:V)),'N+_GaN_RP','H2'); 
%%%%%%%%-----End sub-----%%%%%% 

 

TA_system_GaN.m 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---TA system---%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%---GaN---%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%--------------------------------------------------------%%% 
% The following script outputs the THz time-domain traces 
% obtained by performing THz time-domain spectroscopy 
% measurements on GaN. The Fourier Transform of the 
% time-domain traces are obtained as well. The experimental 
% data is obtained using the TA system. 
%%%--------------------------------------------------------%%% 

  
%%%%%%%%-----Clear environment-----%%%%%% 
clear 
clc 
close all 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Define parameters-----%%%%%% 
L = 150;  % Number of points 
NFFT = 2^nextpow2(1000); % Next power of 2 from length of y 
dt=0.08; 
f = 1/2/dt*linspace(0,1,NFFT/2+1); 
file1='refractive_index.xlsx'; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Import text files-----%%%%%% 
s1 = 'TA_system_n-_GaN.txt'; 
s2 = 'TA_system_n+_GaN.txt'; 
s3 = 'TA_system_free_space_GaN.txt'; 
s4 = 'TA_system_sapphire.txt'; 
s5 = 'TA_system_free_space_sapphire.txt'; 
%%%%%%%%-----End sub-----%%%%%% 
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%%%%%%%%-----time domain signals-----%%%%%% 
y1=dlmread(s1, '\t', 'A1..B150'); 
y2=dlmread(s2, '\t', 'A1..B150'); 
y3=dlmread(s3, '\t', 'A1..B150'); 
y4=dlmread(s4, '\t', 'A1..B150'); 
y5=dlmread(s5, '\t', 'A1..B150'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export FULL time domain signals-----%%%%%% 
warning('off','MATLAB:xlswrite:AddSheet') 
aa=0.01; 
bb=0.016; 
xlswrite(file1,{'time'},'GaN_td_full','K1'); 
xlswrite(file1,y1(:,1),'GaN_td_full','K2'); 
xlswrite(file1,{'TA_system_N- GaN'},'GaN_td_full','L1'); 
xlswrite(file1,y1(:,2)+aa,'GaN_td_full','L2'); 
xlswrite(file1,{'TA_system_N+ GaN'},'GaN_td_full','M1'); 
xlswrite(file1,y2(:,2)+bb,'GaN_td_full','M2'); 
xlswrite(file1,{'TA_system_free space'},'GaN_td_full','N1'); 
xlswrite(file1,y3(:,2),'GaN_td_full','N2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----cut-off time domain signals-----%%%%%% 
y1(1:63,2)=0; 
y1(120:L,2)=0; 
y2(1:63,2)=0; 
y2(120:L,2)=0; 
y3(1:23,2)=0; 
y3(85:L,2)=0; 
y4(1:65,2)=0; 
y4(145:L,2)=0; 
y5(1:30,2)=0; 
y5(108:L,2)=0; 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Export CUT-OFF time domain signals-----%%%%%% 
xlswrite(file1,{'time'},'GaN_td_co','K1'); 
xlswrite(file1,y1(:,1),'GaN_td_co','K2'); 
xlswrite(file1,{'TA_system_N- GaN'},'GaN_td_co','L1'); 
xlswrite(file1,y1(:,2)+aa,'GaN_td_co','L2'); 
xlswrite(file1,{'TA_system_N+ GaN'},'GaN_td_co','M1'); 
xlswrite(file1,y2(:,2)+bb,'GaN_td_co','M2'); 
xlswrite(file1,{'TA_system_free space'},'GaN_td_co','N1'); 
xlswrite(file1,y3(:,2),'GaN_td_co','N2'); 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----FT of signals-----%%%%%% 
Y1 = fft(y1(1:L,2),NFFT);       
Y2 = fft(y2(1:L,2),NFFT);      
Y3 = fft(y3(1:L,2),NFFT);       
Y4 = fft(y4(1:L,2),NFFT);   
Y5 = fft(y5(1:L,2),NFFT);   
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Relative signal-----%%%%%% 
Yrel_1=Y1(1:NFFT/2+1)./Y3(1:NFFT/2+1).* ... 
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Y5(1:NFFT/2+1)./Y4(1:NFFT/2+1); 
Yrel_1(:,1)=real(Yrel_1(:,1))-i*imag(Yrel_1(:,1)); 
Yrel_2=Y2(1:NFFT/2+1)./Y3(1:NFFT/2+1).* ... 
Y5(1:NFFT/2+1)./Y4(1:NFFT/2+1); 
Yrel_2(:,1)=real(Yrel_2(:,1))-i*imag(Yrel_2(:,1)); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Export FT amplitude-----%%%%%% 
xlswrite(file1,{'frequency'},'GaN_fd_amp','I1'); 
xlswrite(file1,f(:),'GaN_fd_amp','I2'); 
xlswrite(file1,{'TA_system_amp_N-'},'GaN_fd_amp','J1'); 
xlswrite(file1,abs(Yrel_1(:)),'GaN_fd_amp','J2'); 
xlswrite(file1,{'TA_system_amp_N+'},'GaN_fd_amp','K1'); 
xlswrite(file1,abs(Yrel_2(:)),'GaN_fd_amp','K2'); 
%%%%%%%%-----End-----%%%%%% 

  
%%%%%%%%-----Export FT phase-----%%%%%% 
xlswrite(file1,{'frequency'},'GaN_fd_phase','I1'); 
xlswrite(file1,f(:),'GaN_fd_phase','I2'); 
xlswrite(file1,{'360_phase_N-'},'GaN_fd_phase','J1'); 
xlswrite(file1,unwrap(angle(Yrel_1(:))),'GaN_fd_phase','J2'); 
xlswrite(file1,{'360_phase_N+'},'GaN_fd_phase','K1'); 
xlswrite(file1,unwrap(angle(Yrel_2(:))),'GaN_fd_phase','K2'); 
%%%%%%%%-----End-----%%%%%% 

 

GAN_REFRACTIVE_INDEX.m 

function Nf = GAN_REFRACTIVE_INDEX(V, n3p, d2, d3, d3_ref, ... 
lower_limit, upper_limit, f, Yrel) 
%%%--------------------------------------------------------%%% 
% The following code uses experimental data obtained by THz 
% time-domain spectroscopy experiments (performed on 
% thin film GaN grown on sapphire substrates) to determine 
% the GaN refractive index. 
%  
% Input parameters: 
% -V is the number of points that are solved for 
% -n3p is the refractive index of the sapphire substrate 
% -d2 is the thickness of the GaN 
% -d3 is the thickness of the sapphire substrate on the GaN sample 
% -d3_ref is the thickness of the bare sapphire (reference) wafer 
% -lower limit is the minimum GaN refractive index the 
%  solver considers 
% -upper limit is the maximum GaN refractive index the 
%  solver considers 
% -f is the frequency of the radiation 
% -Yrel is the experimental measurements 
%  
% Output parameter: 
% -Nf is the vector containing the GaN refractive index 
%%%--------------------------------------------------------%%% 

  
%%%%%%%%-----Define parameters-----%%%%%% 
n1p=1;   %refractive index of air 
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syms n2p; 
n4p=1;   %refractive index of air 
c=299792458;   %speed of light in a vacuum 
%%%%%%%%-----End sub-----%%%%%% 

  
%%%%%%%%-----Find refractive index of SI GaN-----%%%%%% 
Nf=zeros(V,1); 
for ii=1:V 
    fi=f(ii)*10^12;   %frequency 
    w=2*pi*fi;   %angular frequency 
    k0=w/c;   %free space wavevector 
    k2=w/c*n2p;   %GaN wavevector 
    k3=w/c*n3p;   %sapphire wavevector 
    t12=2*n1p/(n1p+n2p);   %transmission at air/GaN interface 
    t23=2*n2p/(n2p+n3p);   %transmission at GaN/sapphire interface 
    t13=2*n1p/(n1p+n3p);   %transmission at air/sapphire interface 
    r12=(n1p-n2p)/(n1p+n2p);   %reflection from air/GaN interface 
    r23=(n2p-n3p)/(n2p+n3p);   %reflection from GaN/sapphire inter. 

     
    t=t12*t23/t13*exp(i*k2*d2)*exp(i*k3*d3)/ ... 
    (1+r12*r23*exp(2*i*k2*d2))*exp(i*k0*d3_ref)/exp(i*k0*d3)/ ... 
    exp(i*k0*d2)/exp(i*k3*d3_ref); %transmission through GaN sample 

  
    if t~=0 
        n_temp=vpasolve(Yrel(ii)==t,n2p, ... 
        [lower_limit(ii) upper_limit(ii)]) 
    end 

     
    if length(n_temp)>0 
        Nf(ii)=n_temp; 
    end 

     
end 
%%%%%%%%-----End sub-----%%%%%% 

  
end 

  

 

 

 


