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Conventional pseudomorphic High Electron Mobility Transistor (pHEMTs) 

with lattice-matched InGaAs/InAlAs/InP structures exhibit high mobility and 
saturation velocity, and are hence attractive for the fabrication of three-terminal low 
noise and high frequency devices, which operate at room temperature. The major 
drawbacks of conventional pHEMT devices are the very low breakdown voltage (< 
2 V) and the very high gate leakage current (~ 1 mA/mm), which degrade device, 
performance especially in MMIC LNAs. These drawbacks are caused by the impact 
ionization in the low band gap, i.e. the InxGa(1-x)As (x = 0.53 or 0.7) channel 
material plus the contribution of other parts of the epitaxial structure.  

The capability to achieve higher frequency operation is also hindered in 
conventional InGaAs/InAlAs/InP pHEMTs, due to the standard 1 ɛm flat gate 
length technology used. A key challenge in solving these issues is the optimization 
of the InGaAs/InAlAs epilayer structure through bandgap engineering, without 
affecting the device RF characteristics. A related challenge is the fabrication of sub-
micron gate length devices using I-line optical lithography, which is more cost-
effective, compared to the use of e-Beam lithography.  

The main goal for this research involves a radical departure from the 
conventional InGaAs/InAlAs/InP pHEMT structures by designing new and 
advanced epilayer structures, which significantly improves the performance of 
conventional low-noise pHEMT devices, and at the same time preserves the RF 
characteristics. To achieve this, modified epilayer structures were fabricated and 
characterized, including solving the standard 1 ɛm gate length processing issue. DC 
and RF results are then carefully analysed, and compared with those of the 
conventional pHEMT. Optimization of the submicron T-gate length process is then 
performed, by introducing a new technique to further scale-down the bottom gate 
opening. A new material, SoG, is also explored to simplify the submicron process 
flow even further. 

The results of this work show outstanding performance compared to the 
conventional pHEMT. The breakdown voltage and gate current leakage are 
significantly improved, by Ó 70 % and Ó 90 % respectively, with no detrimental 
effect on the RF characteristics, while the new technique of the submicron process 
shows a 58 % increase in fT, and 33 % increase in fmax.  

The SoG material shows suitability for use in a soft-reflow process, but due 
to some constraints, its development is left as future work; however, at present it 
could be used for passivation and production of capacitor dielectrics.  

The success of the modification and optimisation of the InGaAs/InAlAs 
material system, coupled with the gate length reduction into sub-ɛm regime enable 
high breakdown and ultra-high speed low noise devices to be fabricated, especially 
for low-noise amplifiers (LNAs) and low-noise receivers operating in the 
microwave and millimetre wave regime. 
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CHAPTER 1  

INTRODUCTION  

1.1 OVERVIEW 

Modern consumer electronics generally use Silicon (Si) MOSFET technology. 

However, as the drive to fulfil Mooreôs law continues, new device materials and 

architectures are being proposed - the High Electron Mobility Transistor (HEMT) 

being a case in point. The device has already been mapped onto the International 

Technology Roadmap for Semiconductor (ITRS), and will cater for more advanced 

communications and ultra-high speed, ultra-low noise electronics applications. The 

HEMT - also known as the heterostructure FET (HFET) - integrates a junction 

between two materials with different band gaps (a heterojunction) as the path for 

high electrons mobilities; this is different from MOSFET, which uses a doped 

region for the movement of electrons.  

The formation of the channel in MOSFETs - particularly n-MOSFETs where the 

electrons are the charge carriers - can be explained by referring to Figure 1.1. When 

the bias at the gate has a positive potential with reference to the P-type substrate - 

i.e. a positive voltage is applied at the gate - a depletion region near to the gate 

oxide surface will be created, because the majority of the holes will be repelled by 

the positive charges at the gate terminal, while some minority electrons will be 

attracted to the surface; however, the gate potential it is still too low for the 

accumulation of electrons to cause current conduction. When the positive gate 

voltage is increased, it will form a dense inversion layer of electrons under the gate 

oxide surface; when this gate voltage reaches the threshold voltage (Vth), the 

electron-rich inversion layer will form a conduction channel; therefore this channel 
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formation will conduct current between the MOSFET source and drain terminals. 

This behaviour is different from that of a High Electron Mobility Transistor 

(HEMT), which will be explained in detail in Chapter 2. 

 

Figure 1.1 N-type Metal Oxide Semiconductor Field Effect Transistor 

(nMOSFET) [1] 

 

HEMTs behave like FETs, except that they comprise materials which keep the 

electrons and holes less firmly bound, so that these carriers of electric current have 

greater mobility. This is due to the fact that the free charge carriers are ñcapturedò in 

a potential well, and therefore these charge carriers are physically separated from 

their parent donor or acceptor atoms and thus will suffer less scattering leading to a 

higher mobility. If an undoped spacer layer is introduced, as is the case in all the 

devices studied in this work, then the physical separation of fee electrons and their 

donor atoms is even greater improving the mobility even further. 
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Due to this ñhigh electron mobilityò, HEMT are able to switch much faster than 

FETs, therefore HEMTs offer higher performance when amplifying microwave 

signals.  

Another variant, the pseudomorphic HEMT (pHEMT) is the fastest type of 

transistor, and is ideal for microwave and millimetre-wave applications. The device 

is made from compound materials which are not lattice-matched. The structure of 

the pHEMT is different from HEMT, in that one of the material layers is so thin that 

the crystal lattice stretches ñpseudomorphicallyò to occupy the spacing of the nearby 

material. This structure allows the pHEMT to have better performance with larger 

bandgap differences than would otherwise be possible. 

The pHEMT uses high-mobility materials for the channel; many new materials have 

been explored since early 2000ôs, but the most recently studied materials are III-V 

compound semiconductors [2]. For this research, the materials used are Indium 

Gallium Arsenide (InGaAs) and Indium Aluminium Arsenide (InAlAs). InGaAs is a 

semiconductor material composed of Indium, Gallium and Arsenic, while InAlAs is 

a semiconductor material composed of Indium, Aluminium and Arsenic. InxAl (1-

x)As has almost the same lattice constant as InxGa(1-x)As for x~0.52, but a larger 

bandgap. This material system has already become important for fabricating 

Monolithic Microwave Integrated Circuit (MMIC) devices including very low-noise 

amplifiers and receivers, mainly due to its outstanding combination of high 

frequency operation and low noise. 

1.2 RESEARCH BACKGROUND 

As the drive towards ever smaller and faster devices intensifies, a great deal of 

progress has been made in the research of non-silicon materials to substitute for 

silicon in the transistor channel. Among the materials studied are Ge [3], low band-
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gap III-V compound semiconductors [4-7], carbon nanotubes [8] and graphene [9]. 

However, III-V compound semiconductors are the most studied materials in this 

group, and have the potential to enable the production of future high-speed 

transistors for commercial applications, with very low noise and high breakdown 

voltages. 

Studies have also shown that pHEMTs using III-V compound semiconductors 

incorporating quantum wells show improvements in both energy efficiency and 

speed, compared with silicon channel devices; the enhanced electron channel 

mobility is the key performance boosting parameter [2, 6].  

In general, pHEMT devices have the highest transconductance (for a given gate 

size) when incorporating InGaAs-InAlAs compound semiconductors, because of the 

high electron mobility, large conduction band discontinuity, and very good carrier 

confinement in the channel [10]. This unique property allows the design of fairly 

complex circuitry, and subsequent fabrication in relatively low-volume applications 

where the cost of using either CMOS or SiGe would be prohibitive. 

The precise nanoscale-size growth of compound semiconductor materials for 

pHEMTs relies on a technique called Molecular Beam Epitaxy (MBE) [10, 11]. The 

most important aspect of MBE is the slow deposition rate (typically less than 1000 

nm per hour), which allows the films to grow epitaxially. MBE dominates the 

practical approaches and techniques required to meet the stringent doping and 

thickness specifications, to sub-monolayer accuracy for the production of pHEMTs. 

This enables the production of a variety of advanced low-noise and ultra-fast 

electronic devices, such as next-generation high speed instrumentation, Ultra Wide 

Band communications (UWB) and electronic warfare. 
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1.3 PROBLEM STATEMENT 

pHEMT devices using the InGaAs-InAlAs materials system, lattice-matched to InP, 

have a bright future not only for ultra-high speed and ultra-low noise devices such 

as Monolithic Microwave Integrated Circuit (MMIC) Low Noise Amplifiers 

(LNAs), but also for Power Amplifier (PAs). 

Conversely, such devices that incorporate conventional InGaAs-InAlAs pHEMTs 

suffer from low breakdown voltage (VBR) and poor linearity, regardless of the gate 

length used [12]. Over the years, researchers have made efforts to increase the off-

state breakdown voltage [13-18], but as yet the VBR issue has not been fully solved. 

In addition, the conventional material system also experiences a large DC gate 

current leakage, related to the low barrier height at the Schottky interface and to the 

forward conduction inherent in the Schottky gate. 

1.4 RESEARCH OBJECTIVES 

The focus of this research deals with optimization and improvement of a 

conventional 1 ɛm gate length, highly-strained channel, based on an 

InGaAs/InAlAs/InP pHEMT developed at The University of Manchester. The 

optimization and improvement is achieved either through bandgap engineering or 

lateral scaling, or both. The device fabrication is performed using I-line optical 

lithography, not only to produce low-noise devices that can be implemented in 

MMIC LNAs in S-band and X-band regimes, but also to maintain its cost 

effectiveness when producing sub-micron devices  without the need to use e-Beam 

lithography, which is usually used in  GaAs or InP technologies. The low noise 

devices investigated in this work are required to work in the region of 2 GHz to 8 

GHz, operating at room temperature with a Minimum Noise Figure (NFmin) less than 

1.5 dB [19, 20]. It is known from other researchers [21-23] that the gate leakage 
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current is one potential source of shot noise and thermal noise for operating 

frequencies lower than 10 GHz. Hence, by reducing the gate leakage currents, the 

reduction in noise figure is significant at the specified frequency range. 

Furthermore, improvements in device breakdown voltage are expected in this 

optimized material system, without compromising its low noise properties. 

1.5 THESIS ORGANIZAT ION 

i. Chapter 2 starts with the theory and detailed description of the Hetero Junction 

Field Effect Transistor, and also of metal-semiconductor contacts which are 

important in HEMT fabrication. Near to the end of the chapter, and explanation is 

given of the basic HEMT structure, its operation and finally the advantages of the 

pHEMT which are used throughout this study. 

ii. Chapter 3 addresses the major issue with the current 1 ɛm pHEMT gate process, 

which is defined by optical I-line lithography; the gate length after metallization 

enlarges from its initial lithographic definition. The target is to solve the issue and 

optimize the gate length process. The performance of the optimized gate length 

process is then compared with the current process by device fabrication, where the 

DC and RF performances are compared.  

iii. Chapter 4 presents the fabrication and characterization of a very low leakage 

and high breakdown advanced InGaAs/InAlAs/InP pHEMT, through bandgap 

engineering for low-noise applications. A detailed DC and RF comparison is 

performed with the conventional InGaAs/InAlAs/InP pHEMT.  

iv. Chapter 5 presents a new technique, identified and investigated to further scale- 

down the bottom gate opening to less than 0.25 ɛm for the T-gate submicron 

InGaAs/InAlAs/InP pHEMT, although this finding is still under development. 

Similar to Chapter 4, fabrication and characterization of low-noise devices is 
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undertaken, and their performance compared with the conventional pHEMT. The 

fabrication of the improved pHEMT is performed with the new and improved soft-

reflow process for lateral scaling, coupled with a new epilayer modification, 

resulting in excellent DC and RF performances. 

v. Chapter 6 demonstrates the possible routes to improve the T-gate structure for 

submicron pHEMT development. The idea is to develop and explore a new material 

- Spin-on-Glass (SoG) - as a substitute for Silicon Nitride (Si3N4) hard mask 

deposition. The extensive study as well as the key challenges and issues are 

discussed in this chapter. 

 vi. Chapter 7 summarizes the work performed in this study and possible directions 

for future research are suggested. 
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CHAPTER 2  

LITERATURE REVIEW  

2.1 HETERO JUNCTION FIEL D EFFECT TRANSISTOR 

2.1.1 Introduction 

Generally, the transistors in modern consumer electronics are made from Silicon 

(Si) MOSFETs. However, as the drive to fulfil Mooreôs law remains, new device 

materials and architectures are being proposed - the High Electron Mobility 

Transistor (HEMT) being a case in point. It has already been mapped onto the 

International Technology Roadmap for Semiconductor (ITRS) and will cater for 

more advance communication and ultra-high speed, ultra-low power electronics 

applications. The HEMT, also known as the heterostructure FET (HFET), integrates 

a junction between two materials with different band gaps (a heterojunction) as the 

path for high electrons mobilities; this is different from MOSFET, which uses a 

doped region for the movement of electrons. 

2.1.2 Lattice Matched Materials 

Any two different semiconductor materials will have different lattice constants; if 

the two materials are brought into contact, one can observe that, at the atomic level, 

the atoms at the hetero-interface change their positions to maintain the geometry of 

the lattice. A strain will be induced at the hetero-interface, resulting from this 

atomic level change or adjustment. To form heterojunction interfaces, there is a 

need to ensure that the strain does not exceed a specific critical value which will 
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later cause crystal dislocation.  The severity of such dislocation is such that the 

carriers will be concentrated in the defect area, and hence degrade the carrier 

mobility, which in turn will result in poor device function. 

There are a number of materials that are available to form heterojunction interfaces, 

as shown in Figure 2.1. 

 

 

Figure 2.1 Energy band gap of direct (solid line) and indirect (dashed line) 

materials, and lattice constant for various III-V semiconductors at room 

temperature [24]. 

 

As can be seen from the Figure 2.1, it is possible to combine the semiconductor 

materials in binary, ternary and quaternary systems, to form a variety of alloys with 

nearly lattice-matched hetero-junction interfaces. Examples of such semiconductor 
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alloys are In0.53Ga0.47As/In0.52Al0.48As/InP and GaAs/AlxGa1-xAs; these material 

systems hetero-junction interfaces have close lattice constant values but abrupt 

variations in their band gaps. 

2.1.3 Pseudomorphic Materials 

Modern epitaxial growth techniques, for example the Molecular Beam Epitaxial 

(MBE) technique, have the ability to grow mismatched semiconductor epitaxial 

layers; the epitaxial layer grown will assume the lattice parameters of the layer it is 

deposited on. However, the mismatched layers must be kept within certain limits, 

and the deposited layer must be very thin to avoid formation of defects or 

dislocations. This new layer then is called ñpseudomorphicò, as its original crystal 

structure and physical properties are altered - an example of this is InxGa(1-x)As-

InyAl (1-y)As when x Í y.  As shown in Figure 2.2, the pseudomorphic material can 

be in compressive strain if the deposited layer has a larger lattice constant, or tensile 

strain if the deposited layer lattice constant is smaller. 

 

Figure 2.2 Formation of pseudomorphic layers with (a) compressive and (b) 

tensile strain [25]. 
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Note that a pseudomorphic layer can be grown to a certain critical thickness hc. 

Taking Figure 2.2 as example, the strain between the substrate and the deposited 

epilayer is given by Equation 2.1. 

 

                                         Equation 2-1 

Where ắ = strain between the two layers, aL = lattice constant of the deposited layer, 

aS = lattice constant of the substrate layer, while the critical thickness hc is given by 

Equation 2.2 below: 

 

                                                  Equation 2-2 

Furthermore, it is necessary to appreciate that, even though the crystalôs structures 

and their physical properties are changed, the total energy within the unit cell is 

maintained. This is possible because of the distortion of the deposited layer in the 

direction perpendicular to the growth direction, leading to lattice matching in the 

lateral plane. 

2.1.4 Band Discontinuities 

The most interesting and important part of the heterojunction is the band gap energy 

associated with each material in the structure. When two materials with different 

band gap energies are brought together, i.e. a high band gap material combined with 

a low band gap material, it will lead to energy band discontinuities as shown in 

Figure 2.3. This so called band-gap engineering is the main feature of heterojunction 

devices, especially HEMT-based devices. 
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Figure 2.3 Energy band diagrams before (left) and after (after) combination. 

 

By referring to Figure 2.3, óAô in blue is the high band gap material and óBô in red is 

the low band gap material, while EV, EC and EF are the valence band, conduction 

band and Fermi levels respectively. The two materialôs band discontinuities are 

determined by ȹEC for the conduction band, and ȹEV for the valence band. Finally, 

ɢ and Eg denote the electron affinity and band gap, respectively. 

Once thermal equilibrium (i.e. Fermi levels aligned) is achieved between the two 

semiconductor materials, i.e. A and B, the band gap discontinuity ȹEg of these two 

materials is given by Equation 2.3: 

                                                Equation 2-3 

This band gap discontinuity can be further manipulated by using different types of 

materials in combination. For example, for the GaAs/Al0.52Ga0.48As and 

In0.53Ga0.47As/In0.52Al 0.48As [26-28] HEMTs, the ȹEg are 0.65 eV and 0.77 eV 

respectively. Hence, InGaAs-InAlAs pHEMTs have a larger energy band gap 

discontinuity with better control of the carriers at the heterostructure, compared to 

GaAs-AlGaAs devices. 
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2.1.5 Quantum Well and 2DEG 

A basic Quantum Well (QW) can be formed if a thin layer (å 100 ¡ thickness) [29] 

of low band gap semiconductor material (e.g. GaAs) is sandwiched between two 

similar high band gap semiconductors (e.g. AlGaAs). As illustrated in Figure 2.4, 

such a heterojunction boundary will experience discontinuities at the edges of the 

conduction band and valence band, with a QW generated for the carriers (electrons 

and holes). 

 

Figure 2.4 (a) Heterojunction structure, (b) Energy band diagram of an ideal 

un-doped square shape quantum well and (c) Conduction band diagram if 

AlGaAs is n-doped [29]. 
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Note that the dopants in high band gap layers can supply the carriers to the quantum 

well; when the bottom of the quantum well is below the Fermi level, the high energy 

donors will fall  down to the low lying energy levels in the well, hence creating a 

Two Dimensional Electron Gas (2DEG) - this is shown in Figure 2.4(c). An 

interesting fact about the 2DEG is that the electrons are only able to move in the 

direction along the heterojunctions interface, not in the direction perpendicular to 

the interface i.e. the crystal growth direction [29]. 

2.1.6 Delta (ŭ)ïDoped Layers 

Traditionally, the doped layers are referred to as bulk doped, where the impurities 

are homogeneously doped throughout the supply layer. However, a better type of 

doping is found to be delta doping or simply ŭ-doping, where a semiconductor layer 

is doped in a single-atomic plane. Figure 2.5 show the difference between ŭ-doped 

and bulk-doped structures in terms of the energy band diagram and quantum wells. 

 

Figure 2.5 Energy band diagram (a) ŭ-doped AlGaAs/GaAs heterostructure. 

(b) Bulk-doped AlGaAs/GaAs heterostructure [30]. 
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Referring to Figure 2.5, the 1st quantization energy level is denoted as E0
ŭ, and is 

similar to E0 in the quantum well.  Further observations from the figure also show 

that all of the carriers are in E0
ŭ of the ŭ-doped material, whereas they are widely 

spread over the supply layer of bulk-doped material. As E0
ŭ is below the Fermi 

level, this gives the advantage of being able to increase the carrier concentration in 

the 2DEG region, with a high probability of carriers being transferred from the ŭ-

doped are to the quantum well. This phenomenon gives great benefits to HEMT- 

based devices. 

2.2 METAL -SEMICONDUCTOR CONTAC TS 

2.2.1 Introduction 

There are two essential contacts in any semiconductor device, especially in 

heterostructures like HEMT-based devices. These two contacts are known as the 

Ohmic contact and the Schottky contact, the creation of which depends on the 

characteristics of the interface with the semiconductor. These contacts are mainly 

used to connect the semiconductor device to external circuits or probes. 

2.2.2 Schottky Contact 

This type of contact is basically a metal contact to the gate, in order to enter the 

channel region in the HEMT. Figure 2.6 illustrates a metal-to-semiconductor 

interface before and after forming of the Schottky contact; this is the energy band 

diagram of an n-type semiconductor and metal contact. The notation shown in the 

figures is as follows: ʌm is the metal work function, ʌs is the semiconductor work 

function, ʌB is the contact barrier height, ɢ is the semiconductor electron affinity, 
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Eg is the band gap, Ec is the bottom of the covalence band, Ev is the top of the 

valence band, EF is the Fermi level, Vn is the potential difference between minimum 

of the conduction band and the Fermi level, Eg is the energy band gap, and Vbi and 

Xdep are the built-in-voltage and depletion region, respectively. 

 

 

Figure 2.6 Schematic band diagram of a metal and semiconductor (a) in 

isolated n-type semiconductor adjacent to metal, and (b) in contact after 

thermal equilibrium [31]. 

 

As can be seen from Figure 2.6(b), there will be a flow of electrons from the 

semiconductor conduction band into the metal, when both the metal and 

semiconductor make contact due to the Fermi levels of both materials reaching 

equilibrium. The flow of free electrons will then leave a positive charge of ionised 

donors in the semiconductor, which creates a depletion region of thickness Xdep, and 

consequent band bending at the interface. 



45 

 

Note that there is also a small region of electron build-up at the boundary of the 

metal and semiconductor. These equal and opposite charges at the contact boundary 

will then create an electric field from the semiconductor to the metal, and 

subsequently establish a potential barrier ʌB at the interface, and Vbi - the built-in-

potential - at the semiconductor side.  The function of these ʌB and Vbi is to restrict 

the electron flow from semiconductor to metal side, subsequently forming a 

rectifying contact. Equation 2.4 below shows the relationship between Vbi with ʌB 

and Vn: 

qVbi = qʌB - qVn                                              Equation 2-4 

On the other hand, the barrier height ʌB is ideally related to the work function ʌm, 

and the semiconductor electron affinity ɢ, as shown below in Equation 2.5: 

qʌB = qʌm -qɢ                                               Equation 2-5 

The built-in-potential can also be written as Equation 2.6, to show its relationship 

with the work functions ʌm and ʌs. 

qVbi = q(ʌm - ʌs)                                               Equation 2-6 

 

Furthermore, the Schottky contact will be formed under the two key conditions 

below: 

1. Large barrier height i.e. when ʌB >> kT 

2. Low doping concentration ND << NC 
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The Schottky barrier described in Figure 2.6(b) is at zero-bias where the Fermi level 

EF between semiconductor and metal are equal (or aligned). Under this zero-bias 

condition, the net current flow between semiconductor and metal is zero, because 

the same amount of current flows from semiconductor to metal and vice-versa. 

However, under forward and reverse bias conditions, the built-in-potential changes, 

and hence changes the flow of current transport. These conditions are illustrated in 

Figure 2.7 below, in which ʌB remains constant [31] in both figures. 

 

 

Figure 2.7 Current transport by thermionic emission. (a) forward bias, and (b) 

reverse bias [31]. 

 

Figure 2.7(a) shows that, when a positive bias VF is applied to the metal, it will 

undergo a forward bias condition. Under this condition, the Fermi level of 

semiconductor (EFS) will be shifted up relative to the Fermi level of metal (EFM) and 

the built-in-potential will be reduced by the applied voltage VF. On the other hand 



47 

 

Figure 2.7(b) shows that, if a negative bias -VR is applied to the metal, a reverse-

bias condition is achieved. In this case, the Fermi level of semiconductor (EFS) will 

be shifted down relative to the Fermi level of metal (EFM), and the built-in-potential 

will increase by the applied voltage VR. The quantity of electron flow from metal to 

semiconductor under the reverse-bias mode is also known as the leakage current in 

pHEMTs. 

2.2.3 Ohmic Contact 

An Ohmic contact different from a Schottky contact, because it is essentially a non-

rectifying contact, and does not control the flow of current, which means the current 

flows equally in both directions (reverse and forward) with a linear I-V 

characteristic. An Ohmic contact should have insignificant contact resistance 

relative to the series resistance of the semiconductor, so that little or no current loss 

occurs across the device. 

The current conduction mechanism is usually either tunnelling or thermionic 

emission. In the case where thermionic emission is dominant, the contact resistance 

of the metal to semiconductor is given by Equation 2.7 below:    
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Where A* is the effective Richardson constant, and T is the temperature in K.  

Equation 2.7 also shows that a low barrier height is needed to allow the Ohmic 

contact to achieve a small RC irrespective of doping. 

In the case of high semiconductor doping (ND Ó 1019 cm-3), the barrier height and 

depletion width becomes very thin, for which the RC is then controlled by the 
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tunnelling current. Alternatively, for semiconductor doping  ND Ò 1017cm-3, 

thermionic emission will once again be dominant [31] 

2.3 HIGH ELECTRON MOBILI TY TRANSISTOR (HEMT)  

2.3.1 Introduction 

HEMT devices are an improvement on the Metal-Semiconductor Field Effect 

Transistor (MESFET) and preferred for high speed, high frequency and low noise 

applications. The high and low band gap heterojunction in the HEMT, made from 

group III-V materials, enables high electron mobility. 

Furthermore, the existence of quantum well and 2DEG in un-doped channel layer 

enhances the carriers mobility where electrons can move freely and quickly without 

collision with any impurities. 

2.3.2 HEMT Structure  

As discussed previously, a sandwich of an un-doped low band gap and a doped high 

band gap material establishes a 2DEG structure, and therefore enables high electron 

mobility. Generally, a depletion-mode HEMT structure is as shown in Figure 2.8 

below: 
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Figure 2.8 General depletion mode HEMT structure with ŭ-doping. 

 

The source and drain metal contacts are on top of the cap layer, where the cap layer 

could be either un-doped or doped.  In the above figure, an alloyed Ohmic contact is 

diffused down to the 2DEG, and provides a low resistance path between the 2DEG 

and metal contacts (Source and Drain in this case). 

Under the cap layer are the supply layer, ŭ-doping and spacer layer. The supply 

layer could be either ŭ-doped or bulk doped - the difference is illustrated in Figure 

2.9 below. 
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Figure 2.9 Conduction Band of general depletion mode HEMT structure with 

ŭ-doping [32]. 

 

In Figure 2.9 above, energy quantization occurs at the discontinuity formed between 

the high and low band gap materials. Electrons in the supply layer (bulk doping 

case) or ŭ-doping (ŭ-doping case) can then tunnel through the thin potential barrier 

and be trapped in the triangular QW. The electrons in the QW form a high electron 

mobility plane called a 2DEG [33].  

The Coulomb scattering between electrons and the fixed ionized atoms separated by 

the spacer layer leads to high mobility. This separation helps to improve the low 
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temperature (<100 K) carrier mobility [32]. However, there is always a trade-off 

between carrier density and mobility with the spacer layer thickness. 

Lastly, the purpose of the buffer layer is to isolate any unwanted defects in the 

substrate surface, and also to de-couple it from the 2DEG.  

Note that, in Figure 2.8, the gate metal contact is between the etched cap layers 

(gate recess process). The depletion region exists under the gate. When a negative 

gate electric field is applied, this region will broaden from the bottom of the gate 

towards the 2DEG, and the channel formed in the same location as the 2DEG region 

will be depleted - this is called a depletion mode device [32]. 

2.3.3 Principles of Operation 

In a depletion mode HEMT, and referring to Figure 2.8, a depletion region will 

extend to the 2DEG region when a bias voltage is applied to the gate metal. The 

developed depletion region is actually due to the induced electric field when the bias 

voltage is applied. Hence, by adjusting the gate bias voltage, VGS, the 2DEG 

concentration can be altered and therefore controls the channel current, IDS.  

Figure 2.10 below shows the relationship between two important terms in HEMT 

operation, which are the pinch-off voltage (Vp) and threshold voltage (Vth). 
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Figure 2.10 General VGS vs IDS graph (Depletion mode device) [31]. 

 

The condition when the channel current is at zero is called pinch-off voltage (Vp) as 

shown in Figure 2.10. This is because the 2DEG is completely depleted by the 

depletion region under the gate electric field. An increase in negative gate bias 

voltage (-VGS) will push out some electrons from the already-formed quantum well 

(at VGS = 0 for a depletion-mode HEMT), hence a decrease in the concentration of 

electrons in the channel, at an adequately-large negative VGS (i.e. at VP), all 

electrons are driven out of the well, causing the sheet carrier density (ns) in channel 

to become zero [34, 35]. Equation 2.8 and Equation 2.9 show the expressions for Vp 

for bulk doping and ŭ-doping supply layer, respectively. 

 

Equation 2-8 [31, 36] 
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                  Equation 2-9 [31] 

Where q is the electron charge, ND is the bulk carrier density, d1 (as shown in Figure 

2.9) is the distance between the gate metal (Schottky barrier) and the top of the 

spacer layer, Ů0 is the dielectric constant of vacuum, Ůs is the dielectric constant of 

the supply region (large-band gap region), nS
ŭ is the sheet carrier density in the ŭ-

doping region, and d* (as shown in Figure 2.9) is the distance between the gate 

metal and the ŭ-doping. Equations 2-8 and 2-9 show that, at a given fixed value of 

ND and nS
ŭ, the distances d1 and d*, measured from the gate, determine the device 

Vth and hence the mode of operation of the device, as explained below. 

The threshold voltage (Vth) is the starting point of current conduction between the 

source and drain in the channel at a predetermined particular value of current (as 

shown in Figure 2.10), or simply the point that determines whether the device is ON 

or OFF. Equation 2.10 below determines the value of Vth. 

 

                            Equation 2-10 [31, 32] 

Equation 2-10 shows that Vth is largely-influenced by the value of the barrier height 

ʌb and pinch-off voltage Vp (assuming a fixed æEc for a specific semiconductor 

heterojunction) i.e. Vth can be varied between negative and positive values, which 

later determine the operational modes of the HEMT, i.e. Depletion or Enhancement 

[31]. As previously discussed, a depletion-mode HEMT already has a channel at 

VGS = 0 V, and hence is known as a normally ñON" device, and has a negative value 

Vth (Vth < 0). Conversely, a normally ñOFFò device with a positive Vth value (Vth > 

0) is known as an enhancement-mode HEMT. 
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Furthermore, when VGS is made higher than Vth, the carrier density in the channel 

can be changed if the gate bias voltage is applied to the HEMT without changing the 

channel thickness. The sheet carrier density (ns) can be calculated using Equation 

2.11 below: 

 

                             Equation 2-11 [31, 32]  

             

Where x, is the direction of the drain-source electric field, VDS(x), is the applied 

drain-source electric field (VDS= 0 at source side VDS = applied electric field at 

drain side), and Ci is the gate channel capacitance, given by Equation 2.12: 

 

                            Equation 2-12 [31, 32] 

                                             

Where d1, is the supply layer thickness, d2, is the spacer thickness, and d3 is the 

channel thickness (as shown in figure 2.9). The most important characteristic of the 

HEMT operation is the channel current behaviour, where the two regions are 

usually the main areas of concern. Depending on the VDS magnitude, the channel 

current falls into two regions, called linear and saturation. The current behaviour in 

this channel is given by Equation 2.13 below: 

 

                            Equation 2-13 [31, 32] 

Where Lg = gate length, ɛn = Carrier mobility in 2DEG. 
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Considering the condition when VDS << (VGS-Vth), the channel current will be in 

the linear region, and Equation 2.13 can be re-written as: 

 

                            Equation 2-14 [31, 32] 

Here IDS is shown to be linear with VDS, and the corresponding channel resistance is 

given by: 

 

                            Equation 2-15 [31, 32] 

The relationship between IDS and VDS is shown in Figure 2.11: 
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Figure 2.11 Ideal I-V characteristics of a HEMT [31, 34]. 

 

As can be seen from Figure 2.11, when VDS increases to a positive value, the electric 

field at the drain side will rise rapidly, therefore the depletion region at the drain 

side increases. Hence, the average cross-sectional area for the IDS flow is reduced, 

which causes the channel resistance to increase; consequently IDS increases at a slow 

rate, and eventually saturates when VDS = VGS- Vth (pinch-off point). This is the 

point where the source and drain are completely separated by the reversed-biased 

depletion region, but the large saturation IDS could flow across this depletion region 

[37]. Furthermore, as the VDS increases beyond this pinch-off point, the depletion 


































































































































































































































































































































