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I 

ABSTRACT 
High-electron-mobility transistor (HEMT) is a promising device for power applications 

because of their high breakdown voltage, high electron mobility in two-dimensional electron 

gas (2DEG) area, fast switching capability, high-temperature operating capabilities, 

compatibility with standard electronic circuits, and low production cost.  

 

In contrast to the gate in metal–oxide–semiconductor field-effect transistor (MOSFET), 

which extends from source to drain, the gate in HEMT splits the device into two main sections: 

field-effect (section under the gate) and resistive (section outside the gate). Resistances of the 

2DEG outside the gate sections are constant and modelled by fixed resistors. However, the 

2DEG resistance under the gate section is dependent to the gate voltage, which can be modelled 

by channel resistance of a field-effect transistor (FET). Since these resistances depend on the 

mobility of electrons in the 2DEG, it is important to separate the electron mobility in the 

resistive and field-effect sections. Therefore, existence of the resistive section in the HEMT 

structure leads to requiring new methods for the HEMT mobility measurement. Also, since 

there is no model for the HEMT in SPICE, novel models are required for the SPICE simulation 

of the HEMT. In order to solve these issues: 

 

- A novel method for measurement of electron mobility in the 2DEG section of the 

HEMT is introduced, in which the 2DEG between the source and drain is separated to 

the field-effect and resistive sections. In addition, this method enables the potential 

impact of the gate voltage on the 2DEG mobility under the gate to be measured without 

the error of the resistive 2DEG sections. Utilising this method leads to measure the 

mobility under and outside the gate, separately. Applying this method to fabricated 

HEMTs, utilising modified field-effect and effective mobility measurement techniques, 

shows similar results for the 2DEG mobilities under and outside the gate. Although the 

value of 2DEG mobility under the gate measured by field-effect and effective 

techniques are close to each other, these measurement techniques show different 

behaviour with the gate voltage. Effective mobility measurement technique is 

independent from the gate voltage, however field-effect mobility measurement 

technique shows dependence to the gate voltage. Also, it should be noted that this 

method requires utilising an extra sample–Hall sample.  



 
II 

- In order to address issues with the first presented mobility measurement method, a new 

measurement method for the electron mobility of the 2DEG section just under the gate 

is introduced, which does not require any extra samples. Utilising this method leads to 

the electron mobility investigation for a wide range of temperature, from 25oC to 300oC. 

It is experimentally demonstrated that the electron mobility in the 2DEG under the gate 

of the HEMT is not dependent on the gate voltage. Furthermore, it is shown that the 

HEMT mobility decreases with increasing the temperature according to the power-law 

(T-k) and with a high value of the power-law coefficient (k = 2.45). 

 

- Mobility at high temperatures is a function of phonon scattering. Regarding to the 

HEMT mobility dependence on temperature, the power-law co-efficient, which shows 

the rate of change for the phonon-limited electron mobility with temperature, for the 

phonon scattering is 1.5. However, this value is between 2.14 and 3.42 for the GaN-

based devices such as AlGaN/GaN HEMT. The increase of the power-law coefficient 

in the GaN-based devices is explained physically that leads to the better understanding 

of electron mobility behaviour in GaN structures at high temperature. 

 
- In addition, a method for using standard MOSFET equations and parameters for SPICE 

simulation of circuits with the HEMT is presented. The proposed method is 

demonstrated and verified by measured transfer and output characteristics of fabricated 

HEMTs. In addition, parameter-extraction techniques to determine the values of 

selected parameters from measured HEMT characteristics are presented. 
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1.1. Significance of the research 

In recent years, demand for the high electron mobility transistor (HEMT) for high-power 

applications has increased significantly [1]. This device was invented by Mimura et al. [2-4], 

and was fabricated based on gallium arsenide (GaAs). The initial HEMT had several 

drawbacks, especially in regard to the cost [4] . Therefore, it was necessary to modify the 

HEMT structure and develop its performance. 

It was found that wide bandgap materials with high thermal conductivity, electric field, and 

high electron saturation velocity, such as gallium nitride (GaN) and silicon carbide (SiC), offer 

reliable technologies for high-power and high-temperature applications [1]. Comparing the 

most common wide bandgap semiconductors (GaN and SiC) reveals that GaN is more cost-

effective than SiC. Also, it is possible to grow GaN on various substrates (sapphire, Si, and 

SiC) with large dimensions.  Therefore, it is feasible to have larger wafers and larger GaN 

devices for the same processing cost, which results in achieving cheaper products.  

Khan et al. introduced the first AlGaN/GaN HEMT [5, 6]. This device has the advantages 

of heterojunction, which is formed at the interface of AlGaN and GaN. GaN-based HEMT is 

considered as the next-generation device technology for high-power and high-speed 

applications [7], whose wide range of applications for power management and power switching 

are shown in Figure 1. This device neither needs doped AlGaN and GaN layers nor requires 

any gate oxides. It has a simple fabrication process, which requires few photolithography steps, 

and it is cheaper than other common power semiconductor devices based on SiC, such as 

Schottky and the metal-oxide-semiconductor field-effect transistor (MOSFET). Also, it offers 

superior performance (higher mobility, higher breakdown voltage, larger drain current, and 

higher power density) in comparison to Si and SiC-based devices [8], and is more 

environmentally friendly than GaAs devices. Figure 2 represents a comparison between the 

power devices fabricated by the most common semiconductor devices.  

As the name HEMT indicates, the most significant parameter of this device is its high value 

of electron mobility. Therefore, understanding the concept of the electron mobility in 

AlGaN/GaN HEMT, and investigating methods to measure this parameter, are crucial for the 

performance enhancement of the HEMT. Since the HEMT is capable of operating at high 

temperatures, it needs mobility measurement methods for measurements above the room 

temperature. It is also needed 
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Figure 1. Possible applications for GaN HEMTs in power electronics [9] 

 

 

Figure 2. Comparison of the ON-resistance versus the breakdown voltage of GaN HEMT with 

Si and SiC-based devices [10] 

 

to analyse the effects of temperature on the mobility. In addition, effects of other parameters, 

such as the gate voltage and various scattering mechanisms, and the physics behind these 

effects, need to be taken into consideration and analysed. In addition, the application of this 

measured mobility in developing the HEMT needs to be investigated. One of the main 

applications of this measured mobility is in the HEMT modelling for circuit designs, analysis, 
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and simulation purposes. Straightforward models of this device can produce extensive 

industrial applications for the HEMT. 

 

1.2. Material advantages of GaN for power electronic devices 

       Power semiconductor devices require wide bandgap materials with high breakdown-field, 

high saturated electron velocity, high thermal conductivity, and high carrier mobility. In 

addition, the substrate should have high thermal conductivity. The relation between the 

material characteristics and the device performance is explained in Table 1. 

 

Table 1. Relation between material characteristics and the device performance [8],[11],[12] 

Material property Device operation Advantage 

High breakdown field High voltage High power device 

High thermal conductivity High temperature Smaller die size, smaller 

package, cheaper package 

Wide bandgap High breakdown voltage, power 

density, and high temperature 

Compact device, ease of 

matching, reduced 

cooling 

High electron velocity High power and frequency High frequency systems 

 

As can be seen in Table 2, which compares the characteristics of materials competing in 

the area of power semiconductor devices, GaN has a wide bandgap with the capability of 

operating at high temperatures. Its wide bandgap combined with its high electron velocity 

means that GaN-based devices can achieve high breakdown voltage and high currents and, 

therefore, high power density. In addition, its high thermal conductivity makes GaN-based 

devices very promising for high-power applications [8]. Although thermal conductivity of GaN 

is smaller than SiC, excellent properties of GaN at high temperatures make these devices a 

feasible alternative for high-temperature and high-power applications. An improvement in 

high-temperature applications of GaN-based power devices can be achieved if self-heating 

effects are decreased [8].  



CHAPTER 1 

 

 
5 

Table 2. Comparison of competing materials in the area of power semiconductor devices [1] 

Material 
Mobility 

(cm2/V.s) 

Relative 

permittivity 

Bandgap 

(eV) 

Maximum operating 

temperature (oC) 

Si 1300 11.4 1.1 300 

GaAs 5000 13.1 1.4 300 

SiC 260 9.7 2.9 600 

GaN 1500 9.5 3.4 700 

 

1.3. HEMT structure 

HEMT incorporates a heterojunction between two materials with different bandgaps. The 

current passes through the channel formed by a sheet of charges at this heterojunction, which 

is known as two-dimensional electron gas (2DEG). To understand how the 2DEG forms, it is 

important to know the polarisation charges between materials with different bandgaps, such as 

AlGaN and GaN. There are two kinds of polarisation charges, including the spontaneous and 

piezoelectric polarisations. Spontaneous polarisation is the inherent polarisation and it exists 

because of the characteristic of the material [13]. Also, piezoelectric polarisation occurs when 

the crystal lattice is changed through applying the strain [14]. In the HEMT structure, both of 

these polarisations exist and the total polarisation is the sum of these two polarisation charges. 

When the polarisation of induced sheet charge density is positive, free electrons tend to 

compensate the positive polarisation induced charge at the interface of AlGaN/GaN. If the 

energy level in the quantum well at the AlGaN/GaN interface drops below the Fermi level, 

these electrons accumulate at the interface of AlGaN and GaN. This is because of the high band 

offset at the AlGaN/GaN interface and the low interface roughness. These electrons originate 

from the doping of AlGaN, or they can be induced by the piezoelectric field of strained GaN-

based materials. This quantum well is called the two-dimensional electron gas (2DEG) [14]. 

The 2DEG region has very high electron mobility because of its low ionised impurities 

scattering. The typical charge density of the 2DEG region is around 1.5×1013 cm-2 with a 

mobility of approximately 2000 cm2/V.s. The high value of the charge density causes low ON-

resistance and high current density [11, 15]. In the HEMT structure, which is shown in Figure 



CHAPTER 1: INTRODUCTION 

 

 
6 

3, 2DEG flows from the source to the drain and the gate controls the charges in the channel 

through the DC voltage and RF signal [15].  

 

 

Figure 3. Cross-sectional view of the AlGaN/GaN HEMT structure 

 

1.4. Current status and practical challenges 

Electron mobility is the key parameter for the power HEMT performance. Introducing 

precise methods for measuring this parameter is crucial for analysing HEMT characteristics 

and developing its performance. Opposite to the gate in the MOSFET, which extends from 

source to drain [16, 17], the gate of the HEMT divides this device into two main sections: the 

section underneath the gate and the section outside the gate. The section under the gate is the 

field-effect section, in which MOSFET-type equations can be employed to model the current–

voltage characteristics of this section. However, the section outside the gate is the resistive 

section and includes the gate-to-drain and gate-to-source resistances. The resistance of the 

field-effect section is variable by the gate voltage, while the resistive sections have constant 

resistances; this section can be modelled by fixed resistors. In order to measure the mobility of 

electrons in the 2DEG section, it is important to separate the 2DEG to these two sections and 

analyse them separately. 

In several studies on electron mobility measurements of the HEMTs, the 2DEG 

between the source and the drain was treated as a single section [18-20]. Therefore, the 

measured mobility represents the average mobility between the source and the drain. Also, the 

common mobility measurement method, Hall measurement, cannot divide the electron 
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mobility of the 2DEG section outside and under the gate. This method can only be employed 

to measure the electron mobility of the resistive section.  

To solve this issue, Fukui presented a method to divide the source-to-drain region of 

the GaAs MESFETs into field-effect and resistive sections and measure their resistances 

separately [21]. Applying that method to the AlGaN/GaN HEMT [22] showed that the 

measured resistance for the section under the gate was sensitive to the threshold voltage. In 

order to solve this issue, Menozzi et al. modified Fukui’s method [22]. However, Menozzi’s 

method could not differentiate between the voltage between the gate and 2DEG at the source 

end of the gate and the applied gate-to-source voltage. This means that the voltage over the 

source-to-gate section of 2DEG was not removed from the gate voltage that controls the 2DEG 

section under the gate. Therefore, it is important to present a method to measure the 2DEG 

mobility of the power HEMTs under the gate without the mentioned errors.  

In addition to the conditions previously mentioned for a precise electron mobility 

measurement of the HEMT, it is important to be able to apply the measurement method to the 

HEMT sample without any requirement to use any extra samples. Different samples may have 

different characteristics and the characteristics of one sample cannot be used to measure the 

mobility of the other sample. The other important factor for mobility measurement is the effect 

of the gate voltage on mobility value. In some studies, it was shown that the HEMT mobility 

is dependent on the applied gate voltage [20, 23]. Also, it is expected that electron mobility 

would be influenced by the electric field from the applied gate voltage. However, there are no 

approved measurements results about the impact of the gate voltage on the behaviour of the 

HEMT. Therefore, investigating the effect of the gate voltage on mobility is crucial for 

developing the HEMT. 

High breakdown voltage, low ON-resistance, and high power density of the HEMT 

enable this device to be used at high temperatures. This high temperature may occur because 

of self-heating or using the HEMT for high-temperature applications [24, 25]. However, 

mobility dependence on gate voltage at high temperatures was not previously studied. It was 

well established that the mobility in HEMT at a certified gate voltage reduces when the 

temperature increases [22, 26-34]. In order to understand the operation of GaN-based HEMT 

at high temperatures, it is necessary to investigate the physics behind the high-temperature 

behaviour of the electron mobility in the 2DEG section.  
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At high temperatures, phonon scattering is the main scattering mechanism limiting 

electron mobility [35-37]. The relationship between the electron mobility (µn) confined by 

phonon scattering and temperature is explained by [16, 38]: 

 

γµ −= ATn                                                                                                                                     (1)  

 

Here, T shows the temperature, A represents the proportionality constant, and γ is the power 

coefficient. The value of γ for phonon scattering is 1.5 [16, 38]. Because no other scattering 

mechanism is identified that can alter the value of mobility at high temperatures [29, 30], the 

mobility of 2DEG in the case of AlGaN/GaN is expected to have a similar power coefficient. 

However, it was found that the electron mobility in AlGaN/GaN 2DEG decreases by 

temperature and follows the power coefficient of between 2.18 and 3.42 [32]. As this issue was 

not explained in any studies before, investigation of the physical mechanism behind the high 

value of power coefficient is essential, because it enables the proper modelling of the mobility 

at high temperatures. 

In addition to investigating the mobility measurement methods and the parameters affecting 

the mobility, such as the gate voltage, temperature, and scattering mechanisms, applying the 

electron mobility in practice should be taken into consideration. Because the industry continues 

to promote the GaN-based HEMT technology, the need for its progressive device models 

becomes increasingly obvious [7]. One of the main abilities of the measured mobility is in the 

modelling of the HEMT that will be used in power electronic circuits. Designing power 

electronic circuits is commonly performed by the simulation program with integrated circuit 

emphasis (SPICE). This software has been adopted by the electronics industry as the standard 

electronic circuit simulator [39]. It should be noted that SPICE does not include a library model 

that simulates the HEMT. To simulate the HEMT for circuit design purposes, several studies 

proposed HEMT models [40-44] that could be incorporated into SPICE by defining external 

sub-circuits. However, this is a complex process for circuit designers if there are no established 

parameter-extraction methods, and this can also influence the simulation results. In order to 

address this issue, proper selection of equations and parameters that match the simulation and 

experimental DC and AC characteristics of GaN HEMTs is required. 
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1.5. Original research contributions 

The original research contributions developed in this thesis can be summarised as follows:  

• A novel method for extraction of the electron mobility in the 2DEG region under the 

gate of power HEMTs is presented. This method enables the potential impact of the 

gate metal and the gate voltage on electron mobility in the 2DEG under the gate to be 

measured without the error caused by the resistive regions outside the gate, which are 

the gate-to-source and gate-to-drain regions. 

• In the presented method, it is determined that the 2DEG mobility between the source 

and the drain is separated into sections under and outside the gate using the MOSFET-

like equations for the section under the gate and the 2DEG constant resistances outside 

the gate.  

• The HEMT mobility is measured in a wide range of temperatures—25oC to 300oC—

through the other newly presented method that can be used at high temperatures. This 

method does not consider any assumptions about the mobility dependence on the gate 

voltage. Comparison of the mobility measurement results by the new method with those 

measured by existing measurement methods shows a proper matching. 

• An experimental demonstration, presented in this thesis, shows that the HEMT mobility 

is independent of the gate voltage in a wide range of temperatures. 

• The mobility at high temperatures is a function of phonon scattering. According to the 

HEMT mobility dependence on the temperature, the power coefficient, which shows 

the rate of change for the phonon-limited electron mobility with temperature, for the 

phonon scattering is 1.5. However, this value is between 2.14 and 3.42 for the GaN-

based devices such as AlGaN/GaN HEMT. In this thesis, the increase of the power-law 

coefficient in the GaN-based devices is investigated physically, which leads to the 

better understanding of the electron mobility behaviour in GaN structures at high 

temperatures. 

• The application of the measured mobility of the HEMT in the development of the 

performance of this device is investigated. The measured mobility can be used for 

modelling the HEMT for circuit designs and simulations. In order to apply the HEMT 

in electronic circuits, the standard SPICE MOSFET model and the parameters for 

simulation of power circuits with GaN HEMTs is presented. In order to simulate power 

GaN HEMTs in circuit designs, carefully selected equations and parameters are 
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essential.  One of these parameters is the mobility, which is extracted by the new 

presented methods. Applying these parameters to the standard MOSFET LEVEL 3 

model in SPICE leads to matching the DC and AC characteristics of GaN HEMTs. 

 

1.6. Thesis outline 

In light of the concerns highlighted in the previous section, this thesis is devoted to 

investigating the electron mobility of GaN-based power HEMTs. To analyse this parameter, 

measurement methods for the mobility of the HEMT are studied and novel measurement 

methods are introduced. These methods are used to identify the dominant parameters affecting 

the HEMT mobility and to analyse the factors that degrade its value. Also, the application of 

the measured electron mobility of the HEMT in developing the performance of this device in 

the electronic circuits is investigated. The key research areas and general outline of this thesis 

are described in greater detail in the following paragraphs.  

Given that the electron mobility is the most important parameter of the HEMT that affects 

its DC and AC characteristics, a review of various measurement methods of the electron 

mobility of the HEMT, different definitions of electron mobility, possible sources of errors 

during its measurements, and parameters degrading its value is presented in Chapter 2.  

Because the HEMT is a promising candidate for high-power and high-temperature 

applications, the effect of temperature on degrading the mobility and the physical reason behind 

its reduction is studied and analysed. At the end of the chapter, applying the electron mobility 

of the HEMT to develop the performance of the HEMT in circuit designs is investigated. 

Chapter 3 begins with explaining the importance of separating the electron mobility of the 

power HEMT in the 2DEG regions underneath and outside the gate. A new method for 

measuring the electron mobility of the HEMT under the gate, which considers the possible 

impact of the gate voltage on the electron mobility of the HEMT under the gate and without 

the error caused by the resistive 2DEG regions, is presented. This method is applied to a 

fabricated AlGaN/GaN HEMT. The results of the mobility measured under the gate by the new 

method are compared to the mobility value outside the gate. It is shown that the electron 

mobility measured underneath and outside the gate is similar. 

Although the method presented in Chapter 3 measures the mobility under the gate without 

the error of the resistive regions, the method not only requires the HEMT but also needs an 

extra sample, which is the Hall sample. To solve this issue, another method is presented in 
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Chapter 4, where measurement only requires the HEMT. This method does not consider any 

assumptions about the dependence of mobility on the gate voltage, and it can be used for 

mobility measurement at high temperatures. Applying this method to the HEMT for a wide 

range of temperature, 25oC to 300oC, demonstrates that the electron mobility of the HEMT is 

independent of the gate voltage. Furthermore, it is found that reducing the electron mobility by 

increasing the temperature has a high value of the power-law coefficient, which is analysed 

physically in the next chapter. 

Reducing the electron mobility of the HEMT by increasing the temperature is investigated 

in Chapter 5. The mobility of the HEMT measured at high temperatures, which is presented 

in several works, is compared. The main scattering mechanism involved in mobility 

measurement at high temperatures is the phonon scattering. In the case of phonon scattering, 

the electron mobility reduction caused by increasing the temperature follows the power-law 

factor of 1.5. However, the electron mobility of the GaN-based HEMT reduces by an 

unexpected power-law factor larger than 1.5. It is shown that the effective electron mass, which 

is a function of temperature, is responsible for this phenomenon. 

Application of the measured and analysed mobility in the development of the HEMT for 

circuit designs purposes is investigated in Chapter 6. The measured mobility can be employed 

for SPICE modelling of the HEMT. It should be noted that there is no available model in SPICE 

for simulation of circuits including the HEMT. This chapter begins with a critical review of the 

SPICE modelling of the HEMT and explains why a new model is required. Then, a new model 

for SPICE simulation of the HEMT is presented, one which is straightforward for circuit 

designers and that does not require any sub-circuits. The new model is applied to a fabricated 

HEMT and it is shown that the simulated DC and AC results of the HEMT perfectly match the 

experimental data. 

Finally, the key conclusions and developments made throughout the study, along with 

recommendations for future work, are summarised in Chapter 7. 
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2.1. Introduction 

A high electron mobility transistor (HEMT) is a well-established semiconductor device that 

uses the formation of two-dimensional electron gas (2DEG) at the intersection of two 

semiconductor layers. When the HEMT is implemented with AlGaN/GaN heterostructure, it is 

a promising candidate for high power switching applications [1].  

As the name of this transistor infers, the most significant characteristic of this device is its 

high electron mobility. Electron mobility represents how fast an electron moves through a 

semiconductor or a metal when an electric field is applied. Investigating the mobility of the 

HEMT plays an important role in developing its performance and characteristics. In the case 

of the HEMT, electrons flow throughout the 2DEG region; therefore, this mobility is called 

2DEG mobility.  

2DEG mobility impacts the HEMT performance through the time and frequency responses 

of this device in two ways. Initially, the devices with higher mobility have higher currents, 

which charge capacitances faster and cause a higher frequency response. Second, at low electric 

fields, carrier velocity is proportional to the mobility. Therefore, higher mobility materials lead 

to higher frequency responses because carriers need less time to move throughout the device 

[2]. In order to study the mobility of the HEMT, first of all, it is important to explain the 

methods available for the mobility measurement. Then, the parameters that affect its mobility 

need to be analysed. 

Different methods are used for measuring 2DEG mobility, including the Hall-effect, field-

effect, and effective mobility measurement methods, which are commonly used for the 

MOSFET [2]. Each of these methods requires a different configuration for measurement, and 

include different equations. In contrast to the MOSFET, where the gate extends from the drain-

to-source, the gate of the HEMT separates the channel to three different regions: source-to-

gate, under the gate, and gate-to-drain. The area under the gate is the field-effect section, which 

can be modelled by the MOSFET, and the area outside the gate is the resistive section. The 

resistance of the 2DEG under and outside the gate is different. Therefore, the mobility of these 

regions need to be measured separately. So, it is important to modify these available 

measurement methods, so they can be applied to the HEMT [3]. 

Mobility depends on several factors including the material impurity concentrations 

(acceptor and donor concentrations), defects of the material, carrier (electron and hole) density, 

and temperature. Temperature plays an important role in the mobility of the HEMT because in 
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high power semiconductor devices, as the power density increases, the device starts to become 

heated. Therefore, the device temperature increases, which affects the other characteristics of 

the device. Analysing the effect of the temperature on the HEMT mobility and rate of the 

mobility change by temperature requires considering various scattering mechanisms that affect 

the device at high temperature [2]. 

After describing the electron mobility measurement methods for the HEMT and analysing 

the parameters that affect mobility, it is important to investigate applications of the measured 

HEMT mobility. One of the main performances of the measured HEMT mobility is in the 

modeling of this device. Because HEMT technology is quickly growing, this device is popular 

in electronic systems and circuits. Using the HEMT in electronic circuits requires building 

compact models of this device. The Simulation Program with Integrated Circuit Emphasis 

(SPICE) is the most common software among circuit designers. Therefore, introducing the 

HEMT models, which can be applied to the SPICE, and investigating how to apply them to the 

SPICE, are crucial for simulating circuits that include the HEMT [4].  

In this chapter, different methods for mobility measurement of the HEMT are explained in 

detail and effects of various parameters on its mobility are investigated. Among these 

parameters, temperature effect is considered as the major effect on HEMT mobility. Analysing 

the temperature effects on mobility requires investigating different scattering mechanisms. 

Therefore, in this chapter, effects of temperature and various scattering mechanisms on the 

HEMT mobility are analysed in detail. Finally, the application of the measured mobility in 

SPICE modeling of the HEMT is studied. 

 

2.2. Electron mobility measurement methods for HEMT 

Three main methods to measure the HEMT mobility include Hall-effect, field-effect, and 

effective mobility. Mobility measurement by Hall-effect method requires a special test pattern 

(Hall sample); however, field-effect and effective mobility methods use the HEMT transfer 

and output characteristics, respectively, for mobility measurement. In the next section, these 

methods are explained in detail. 
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2.2.1. Hall mobility  

Hall-effect is the most common method for 2DEG mobility measurement. The mobility 

measured by this method is called Hall mobility. This method is used to measure the 2DEG 

density and mobility using Van der Pauw technique. 

  

2.2.1.1. Definition 

In 1879, Hall investigated the nature of the force acting on a semiconductor carrying a 

current in a magnetic field [5]. He found that the electric current is deflected by the magnet: in 

this case a source of stress appears in the conductor toward one side of the sample [2]. He also 

found that the magnetic field applied to a conductor, which is placed perpendicular to the 

current direction, causes an electric field perpendicular to the current flow direction and 

magnetic field [2]. This investigation led to discovering the Hall-effect. Hall-effect refers to 

the potential difference between opposite sides of a thin sheet of semi-conducting or conducting 

materials (Hall voltage) through which an electric current is flowing. This phenomenon 

happens due to the magnetic field applied perpendicular to the Hall sample [2].  

The union of the current flowing through the length of the Hall sample and a magnetic 

field through the sample causes a current. This current is perpendicular to both the current 

flowing throughout the semiconductor and the magnetic field. It causes a transverse voltage 

(Hall voltage), which is also perpendicular to both the current and magnetic field. Hall-effect 

is detected due to the existence of this current. The essential principle of the Hall-effect is the 

force on a point charge due to electromagnetic fields, which is called Lorentz force. Direction 

of this force is determined by the right hand rule, based on direction of both carrier movement 

and applied magnetic field [6]. The Hall-effect can be explained by considering the influence 

of forces applied to electrons in a magnetic field. When an electron is located in a magnetic 

field, it experiences the Lorentz force proportional to the field strength. This force is the 

strongest when the field is perpendicular to the direction of electron movement. When the 

current is flowing, a steady number of electrons flow through the semiconductor. Applying an 

external magnetic field leads to an accumulation of electrons at one corner of the Hall sample, 

which creates a current and a potential difference across the semiconductor, which is the Hall 

voltage. 

The importance of this method for analysing semiconductor material and devices is due to 

its wide range of applications in various phases of semiconductor materials and devices 
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technology, from the basic characterization of materials and development of devices to the 

manufacturing of devices [2], [6]. It can be employed to characterize both high resistance 

semiconductor materials, such as semi-insulating gallium nitride (GaN), and materials with 

low resistance including metals, highly doped semiconductor materials, and transparent oxides 

[6]. The most important parameter determined by Hall-effect measurement is the Hall voltage 

(VH), which leads to driving several other important parameters as follows [6]: 

• Carrier mobility 

• Carrier concentration (n) for a sample with a given thickness 

• Doping type (P-type or N-type) of material 

• Sheet resistance, from which the resistivity of a sample with a given thickness is 

determined 

• Sheet carrier density of the majority carriers (the number of majority carriers per unit 

area) 

In the next section, performing the Hall measurement in order to drive these parameters is 

explained. 

 

2.2.1.2. Measurement method 

2.2.1.2.1. Sample configuration 

In order to perform the Hall measurement, a sample with four Ohmic contacts with the 

following conditions is required [2]: 

• Contacts should be on or as close as possible to sample corners. 

• Dimensions of the contacts should be as small as possible. 

• All four contacts are required to be from the same material. 

• Average diameter of contacts (D) and the distance between contacts (L) result in error 

in the measurement, which is proportional to D/L. 

• Contacts can be connected to wires to ease the measurement. In this case, in order to 

minimize thermoelectric effects, the materials used for contacts need to be of the same 

group of materials used for wires. 

• Hall samples are usually fabricated in lamella type with arbitrary shape; however, the 

symmetrical structure is preferred. Lamella-type samples require small contacts, which 

are placed as close as possible to the periphery. As mentioned above, the location and 
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size of the contacts are also important. Although Van der Pauw samples need contacts 

located symmetrically on the periphery, this is not achievable in reality and it involves 

some error. In order to eliminate the error, Van der Pauw took into account the circular 

samples with 90◦ intervals between contacts [7]. 

 

2.2.1.2.1. Measurement set-up 

In order to perform the Hall measurement, a basic Hall-effect measurement configuration 

including the following components is required: 

- Current source: In order to measure the sheet resistance, carrier density in 2DEG 

(N2DEG) and mobility, a current source is needed to supply the current to one of the 

contacts of the Hall sample. For samples fabricated based on the materials with low 

resistivity, the current source should be able to produce an output from milliamps to 

amps. For samples based on semi-insulators, the source should be able to provide 

current as low as 1 nA. In case of Hall samples materials with high resistivity (such as 

intrinsic semiconductors), a source capable of producing 10 µA to 100 mA current is 

sufficient. 

- Voltmeter with high input impedance: The voltmeter should be able to perform accurate 

measurements from 1 mV to 100 V. For Hall samples with high resistivity materials, 

the effect of the high input impedance of the voltmeter plays an important role in 

achieving accurate measurement results. 

- Permanent magnetic field: For Hall measurement, a magnetic field with the typical 

value of 0.5 to 1 T should be applied to the sample. 

- Sample holder: The sample holder can be the Hall measurement tool, which keeps the 

Hall sample while applying a constant magnetic field. 

The Hall mobility (µH) is calculated by the following equation. As can be seen, 

measurement of Hall mobility requires measuring the sheet resistance and N2DEG, which are 

explained in the following sections. 

DEGS

H NqR 2

1=µ                                                                                                                   (1)  
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2.2.1.2.2. Two-dimensional electron gas carrier density measurement 

The measurement configuration for N2DEG is illustrated in Figure 1. The first step to 

determine the value of N2DEG is to measure the Hall voltage by forcing both current and 

magnetic field to the sample. The combination of the magnetic field and the current results in 

a transverse current [6]. The current is forced between two diagonal contacts and VH is 

measured between two other contacts [6]. For instance, according to Figure 1, the current is 

forced to contact 1 and flows to contact 3 (I13); the voltage is measured between contact 4 and 

contact 2 (V42). From this I-V measurement, the Hall voltage versus the Hall current is drawn.  

 

 

Figure 1. Schematic of N2DEG measurement circuit 

 

It should be noted that the contact resistance does not impact the measured Hall voltage 

because the voltmeter has very high resistance, so it does not draw any current from the circuit 

under test and there is no voltage across contact resistances. In order to achieve results with 

high reliability, the recommended method requires a combination of reversing current source 

polarity (positive and negative directions of magnetic fields), sourcing on the other three 

terminals, and reversing the magnetic field direction. Therefore, eight Hall measurements are 

performed [6]. Equation 2 explains the Hall voltage measured between contacts 2 and 4 at 

positive and negative magnetic field polarities: 

2
4242

42
NP

H

VV
V

−=                                                                                                              (2)  
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In this equation, V42P is the voltage difference between contacts 2 and 4 (V4–V2) with positive 

magnetic field perpendicular and out of the page, and V42N is the voltage difference between 

contacts 2 and 4 (V4–V2) with negative magnetic field perpendicular and into the page. After 

performing similar measurement on other contacts, the average Hall voltage can be calculated 

by: 

4
42312413 HHHH

H

VVVV
V

+++=                                                                                       (3)  

Because the Hall voltage is usually small (mV or less), accurate measurement followed by this 

averaging technique are critical for obtaining precise mobility results [6]. Considering the 

achieved Hall voltage, we will have: 

H

H
DEG qV

BI
N =2

                                                                                                                      (4)  

Here, B is the magnetic field, and in the figure its direction is perpendicular and facing the 

outside of the sample, IH shows the Hall current between two diagonal contacts, and q is the 

charge of an electron 1.6×10-19 C. In order to have an accurate result, the proportion of Hall 

current over the Hall voltage is extracted from the slope of the measured Hall voltage graph. It 

is important to mention that the polarity of the Hall voltage shows the type of material; positive 

polarity indicates the P-type material, while the negative polarity shows the N-type. 

 

2.2.1.2.3. Sheet resistance measurement 

After measuring N2DEG, it is essential to measure the sheet resistance (RS) to calculate 

the mobility. The sheet resistance is determined using Van der Pauw measurement technique. 

This technique, which is explained in this section, is used to measure the resistance between 

contacts with and without a magnetic field. For measuring the sheet resistance through this 

technique, current is applied between two adjacent contacts and the voltage is measured 

between the other nodes [6]. As an example, according to Figure 2, which illustrates the 

measurement configuration of Van der Pauw sheet resistance measurement, current flows 

through contact 1 to 2 (I12) and the voltage is measured between contact 4 and 3 (V43). 

Performing this measurement results in the resistance between these contacts (R12,43) [2]. The 

measured resistance can be seen in Equation 5. In this measurement, no magnetic field is 

applied to the sample. 
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−==                                                                                                          (5)  

It is important to mention that similar to the N2DEG measurement, contact resistance 

does not impact the measured Hall voltage because the voltmeter has very high resistance, so 

it draws no current from the circuit under test and there is no voltage across contact resistances. 

 

Figure 2. Schematic of resistance and mobility measurement circuit 

 

In order to achieve an accurate result, it is important to perform the same measurement on the 

other contacts of the Hall sample, which leads to achieving average resistance (RAverage): 

4
32,4121,3414,2343,12 RRRR

RAverage

+++
=                                                                         (6)  

The sheet resistance is calculated by: 

AverageS RR ×= 5.4                                                                                                                (7)  

Employing the N2DEG and RS in Equation 1 results in the Hall mobility.  

 

2.2.2. Effective mobility 

Measurement of the HEMT mobility through the Hall method requires fabrication of a 

special sample with a specific configuration. This sample originates from the same substrate 

and wafer as the HEMT to extend its measurement result to the HEMT 2DEG mobility. 

Although the Hall measurement method for mobility is straightforward, the value of the 
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mobility measured by this method can be different from the real mobility of the HEMT sample. 

This issue is due to sample-to-sample variation of the results and also because of the different 

fabrication process for the HEMT and the Hall sample. Therefore, it is important to investigate 

methods by which the mobility can be measured directly by the HEMT structure and 

characteristics. In order to achieve this goal, two other definitions for mobility measurement 

have been presented that use the HEMT transfer and output characteristics for the mobility 

measurement [3]. 

These two kinds of definitions for the mobility originate from two popular methods for 

the MOSFET mobility measurement: field-effect (µFE) and effective (µeff) mobility [2]. For the 

effective mobility, output conductance (gO) is used for mobility measurements; however, the 

field-effect method employs the transconductance (gm). In the HEMT structure, the gate divides 

the device into three separate sections: gate-to-source region, gate-to-drain region and the 

region underneath the gate. The region under the gate is the field-effect region that can be 

modelled by the MOSFET, while the regions outside the gate are resistive regions. Therefore, 

MOSFET equations and parameters for mobility, including the effective and field-effect 

definitions, can be developed for mobility measurement of the HEMT. In both methods, it is 

important to perform the measurements at low drain voltages (VDS < 100 mV) because of the 

uniformity of the channel charge between the drain and source for these voltages. Both of these 

methods, which have been originally defined for MOSFET mobility measurement, are capable 

of being applied in the case of HEMTs [3]. These methods are explained in the following 

sections.   

The effective mobility definition refers to the mobility of MOSFET [2]. Measurement 

of this mobility is based on the drain current (ID) of the device. The drain current in an N-

channel MOSFET with gate length and width of L and W, respectively, considering its drift 

and diffusion currents, is given by [2]: 

x

Q

q

KT
W

L

VQW
I n

eff
DSneff

D ∂
∂−= µ

µ                                                                                (8)  

Here, Qn is the density of mobile channel charge (C/cm2) and VDS is the drain-source voltage. 

When the value of this voltage is low (<100mV), the channel charge from source-to-drain is 

uniform and the diffusive second term in the above equation can be neglected. Then, we will 

have [2]: 



CHAPTER 2:  LITERATURE REVIEW- ELECTRON MOBILITY OF GAN POWER HEMTS 

 

 
30 

n

O
eff WQ

Lg=µ                                                                                                                            (9)  

In this equation, the output conductance (gO) is [2]: 

DS

D
O V

I
g

∂
∂=                                                                                                                           (10)  

This parameter can be extracted from the output characteristic of the HEMT. The other 

important parameter in Equation 9 is Qn, which can be determined through two different 

approaches. The first approach uses the capacitance of the oxide (COX), which is the capacitance 

of AlGaN in case of HEMT. The channel charge density by this method is approximated by 

[2]: 

)( TGSOXn VVCQ −=                                                                                                         (11)  

Here, VGS is the gate-to-source voltage and VT is the threshold voltage. Because of the 

sensitivity of this method to the threshold voltage, determination of the channel charge density 

by this method is not accurate, which results in an imprecise value for the effective mobility. 

The second approach determines the Qn directly from the capacitance measurement by [2]: 

∫
∞−

∂=
GSV

GSGSn VCQ                                                                                                                (12)  

where CGS represents the gate-to-channel capacitance per unit area. Although this method is 

more accurate than the first-mentioned method for calculation of the charge density, the 

effective mobility measured even by this method is still influenced by several other sources of 

error. One error may occur because of the capacitance measurement. CGC (gate-to-channel 

capacitance) is the summation of CGS and CGD. Neglecting the overlap capacitance in the 

analysis leads to another error in Qn measurement, which then results in an error in mobility 

measurement. CGS measurement should be performed at high frequencies (100 kHz to 1 MHz) 

because in these frequencies interface traps are not able to follow the AC signal. When the 

frequency is low, interface traps cause a capacitive component [2]. Also, as mentioned before, 

effective mobility is calculated from the drain current when VDS < 100 mV; however, the gO 

determination will be noisy if VDS is too low, and that affects the mobility result. For VDS > 0 

there will be an error near VGS = VT due to the reduction in the value of Qn. A further error 

occurs if the drain current is assumed to be only the drift current. Although this can be a good 

approximation for the device performance over the threshold voltage, when VGS is close to VT 
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the diffusion current will be significant. It should be remembered that when VGS < VT, the 

device will operate in the sub-threshold region and the drain current occur principally due to 

diffusion.  

The drain current in the linear region can also be explained without any requirement for 

charge calculation. It is approximated by: 

)
2

)((
2

DS
DSTGSOXnD

V
VVV

L

W
CI −−= µ                                                                          (13)  

where COX is the gate insulator capacitance per unit area and W and L represent the width and 

length of the channel, respectively. When the VDS is small, the second term can be neglected: 

DSTGSOXnD VVV
L

W
CI )( −= µ                                                                                         (14)  

Using Equation 10 for output conductance calculation leads to: 

)( TGSOX

O
eff VVWC

Lg

−
=µ                                                                                                  (15) 

The effective mobility can be also affected by various scattering mechanisms such as 

the ionized impurity scattering, surface scattering, and lattice scattering, which will be 

explained in detail in this chapter. Surface and ionized impurity scatterings depend on substrate 

doping concentration and the gate voltage. The influence of the gate voltage on the effective 

mobility can be expressed as the impact of the vertical surface electric field (Eeff) on the µeff, 

according to [2]: 

γα
µµ

)(1
0

eff

eff E+
=                                                                                                             (16)  

Here, α and γ have constant values. The effective mobility reduces if these scattering 

mechanisms affect the device operation. The reason for decreasing the effective mobility by 

increasing the gate voltage or electric field is related to the surface roughness scattering 

increase with increasing the gate voltage, and to its quantisation effects. The effective mobility 

relation with the gate voltage is explained by [2]: 

)(1
0

TGS

eff VV −+
=

θ
µµ                                                                                                      (17)  
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where θ is the mobility degradation factor, which changes by varying the doping density and 

thickness of AlGaN [8]. Depending on the value of θ, the effective mobility change rate by the 

gate voltage varies. This parameter is calculated from the slope of the µ0/µeff versus VGS – VT, 

which can be seen in the following figure. In addition, µ0 represents the low-field electron 

mobility, which is the intercept of the µeff versus VGS - VT, presented in the following figure [2]. 

 

 

(a) 

 

(b) 

Figure 3. (a) Effective mobility and (b) Normalized effective mobility according to VGS-VT [2] 

 

2.2.3. Field-effect mobility 

Another definition for the mobility measurement is field-effect mobility, which is 

inferred from the field-effect measurement. In contrast to the effective mobility, which uses the 

conductance for the mobility measurement, this method employs transconductance.  
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The field-effect mobility measurement method is based on the drain current of the 

device in the saturation and linear regions [9]. In the saturation region, the drain current is 

approximated by [9]: 

2)(
2 TGS

OXn
D VV

L

WC
I −= µ                                                                                               (18)  

In this approach, drain-induced barrier lowering (DIBL) has been ignored, which results in an 

underestimation of the true value of the mobility in practice [9]. By applying the slope of the 

square root of the saturated current against the gate voltage (msat), we will have [9]: 

OX

satFE CW

L
m

122=µ                                                                                                           (19)  

In order to address the error of the µFE measurement using ID in saturation region, the linear 

region of the ID (where VDS < 100 mV and transistor is in Ohmic mode) is considered for 

mobility measurement [9]. In the linear region, the drain current is approximated by Equation 

14, which leads to having: 

OXDS

linFE CVW

L
m

11=µ                                                                                                    (20)  

where mlin is the slope of the drain current versus the gate voltage in the linear region when VDS 

is constant. This slope can be determined by the derivative of the drain current versus the gate-

source voltage for a constant VDS, as follows: 

GS

D
m V

I
g

∂
∂==Slope    when VDS is constant                                                                     (21)  

Here, gm shows the transconductance. Considering Equation 14, transconductance will be: 

DSOXnm V
L

W
Cg µ=                                                                                                             (22)  

Therefore, the field-effect mobility will be: 

OXDS

mFE CVW

L
g

11=µ                                                                                                       (23)  

As field-effect and effective mobility are both measured based on Equation 14 and 

under identical measurement condition; therefore, the mobility achieved by both methods 

should have the same value. However, the value of the field-effect mobility measured by the 
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above equation is usually lower than the effective mobility, which can be seen in Figure 6. This 

disagreement between µFE and µeff happens because of ignoring the dependence of the electric 

field on mobility during derivation of Equation 22 [10, 11]. By considering the effect of the 

gate voltage on the µeff, we will have: 
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µ                                                                          (24)  

that results in: 
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Since 0<
∂
∂

GS

eff

V

µ
, it is clear that the result of µFE calculated by Equation 25 is higher than that 

measured by Equation 23. 

 

 

Figure 4. Comparison of the field-effect and effective mobility [2] 

 

In contrast to effective mobility that is sensitive to threshold voltage, field-effect 

mobility is independent from this parameter. It makes the mobility measured by this method 

more accurate when the results do not change by threshold voltage. 
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2.3. Works performed on electron mobility measurements of the HEMT 

In recent years, several studies have been performed on investigating the mobility of the 

HEMT and analysing the parameters that affect its mobility. Some of these works use the basic 

methods and definitions for measuring the mobility; however, some others modify and develop 

these basic methods or present new methods to measure the mobility.  

As previously mentioned, Hall measurement is one of the main methods for mobility 

measurement. This measurement is commonly performed at a constant magnetic field with 

several assumptions. The main assumption is the presence of a single carrier, which has discrete 

mobility and can only provide the average carrier density and electron mobility for the case of 

multiple channel transport. In AlGaN/GaN heterostructures, the basic Hall-effect measurement 

is not able to separate the conductivity of the 2DEG channel from the bulk GaN parasitic 

conduction [12, 13]. To solve this problem, multi-carrier fitting procedures were employed by 

Gold and Nelson [14]; however, such an approach includes arbitrary elements, which are not 

sufficient for modern semiconductor structures. A more beneficial method is employing 

quantitative mobility spectrum analysis (QMSA) for the Hall-effect measurement and 

resistivity data in order to separate the conductivity of 2DEG from the rest of the carriers in the 

sample and measure pure 2DEG mobility [15].  

Umana-Membreno et al. measured the 2DEG mobility without any parasitic carrier 

conduction through the bulk GaN [16]. They studied the 2DEG flow in the AlGaN/AlN/GaN 

heterostructure by employing Hall-effect and resistivity measurements to extract its mobility 

[16]. They analysed the 2DEG mobility using a developed analysis technique with a high-

resolution mobility spectrum. In addition, they presented the first report on the observation of 

2DEG mobility spectra thermal broadening effects [16]. This developed method showed 

mobility of 1880 cm2/V.s at room temperature and N2DEG of 9.3×1012 cm-2. The results of this 

work exhibited a Gaussian 2DEG mobility spectra and thermal broadening by increasing the 

temperature. The reason that they investigated the shape of the mobility spectrum was its 

importance in analysing the device characteristics. Beck and Anderson reported that the shape 

of the carriers’ distribution line and its thermal broadening helps to understand the carrier 

spatial fluctuations and their relaxation-time distributions, and helps to analyse the Hall-

scattering factor [15]. During the last two decades, several studies investigated on improving 

the mobility spectrum analysis technique; so it could be used as a powerful practical tool [17-
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22]. This tool was employed for characterization and investigation of the 2DEG transport in 

AlGaN/AlN/GaN heterostructures by Umana-Membreno et al. [23].  

In the case of effective mobility, several parameters need to be taken into consideration. 

Some studies tried to match the experimental results of effective mobility with the results 

achieved from Equation 17, and these studies led to a number of changes in this equation. Risch 

[24] considered the effect of the resistive region and applied its effect to the formula. Some 

other works considered the mobility drop due to the lateral electric fields, which is significant 

for short-channel semiconductor devices because, in that case, mobility is affected by lateral 

electric field or drain voltage [25, 26]. In short-channel HEMTs, the value of effective mobility 

is smaller than the electron mobility in long channel HEMTs [27] because of the ballistic effect, 

which was first predicted in 1979 [28, 29]. This effect makes the electrons flow from the source 

to the drain without any collisions with phonons or impurities. Electrons propagate in the 

channel of the device with a randomly oriented thermal velocity. Therefore, it will have limited 

time to accelerate in the electric field and acquire drift velocity [27]. As the effective and field-

effect mobility originate from the same equation (Equation 14), the effects considered for the 

effective mobility can also be accounted for by the field-effect mobility. 

In addition to the modification of these mobility equations to achieve more accurate 

results, several studies have shown how to change the device structure to increase the value of 

this mobility. One of the processes used to increase the mobility of the HEMT is using an 

insulator under the gate, which was presented by Ye et al. [30]. The new developed device is 

the metal-oxide-semiconductor high-electron-mobility-transistor (MOS-HEMT). In 

comparison to the HEMT with the same design, MOS-HEMT presents less gate leakage, higher 

breakdown voltage, and drain current. Several common insulators are used in MOS-HEMT 

structure, such as SiO2, Si3N4, and Al2O3. Among these materials, atomic-layer-deposited 

(ALD) Al 2O3 is proven to be a significant gate dielectric for the MOS-HEMT [30]. It has the 

benefit of a high dielectric constant, large bandgap, high thermal stability, high breakdown 

electric field, and chemical stability against AlGaN [30]. In addition, ALD equipment for Al2O3 

leads to a low level of defect density and high uniformity. The measurement results show that 

the effective mobility of the AlGaN/GaN HEMT is much higher than the Si- and GaN-based 

MOSFET [30]. Also, Al fraction in AlxGa1-xN affects the value of N2DEG and mobility, which 

can be seen in Figure 5. 
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Figure 5. Dependence of electron mobility and sheet carrier density on the Al mole fraction 

[31, 32] 

 

In addition to these main methods based on Hall, transfer, and output characteristics 

measurements, several other methods were published for mobility measurement of the HEMT. 

Sun et al. [33] offered a new method that uses the cut-off frequency to measure the mobility of 

short channel FETs, which can be applied to the HEMT. This method is based on the effective 

electron velocity (Veff) equation: 

γπ Teff LfV 2=                                                                                                                     (26) 

In this equation, L shows the gate length, fT is the cut-off frequency measured by current-gain, 

and � is: 

DS

DSDS

R

RRR )( ++=γ                                                                                                        (27) 

where RS and RD are source-to-gate and drain-to-gate resistances, and RDS represents the total 

resistance between drain and source. It should be mentioned that only a fraction of the applied 

voltage between drain and source drops across the channel region under the gate. If the applied 

voltage between the drain and source that is shown by VDS and Vds represents the voltage across 

the channel under the gate, then Vds can be illustrated by: 
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The average value of the electric field across the channel is given by: 
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Considering the average electric field across the channel and the effective velocity of the 

electrons, the cut-off mobility can be written by: 
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The main shortcoming of this method is that it cannot be applied to FETs and HEMTs with 

long gate lengths.  

Moon et al. [34] presented a new method that employed the electron density in the 

2DEG channel to measure the average mobility at low electric fields. In this method, which 

was applied to the MESFET, capacitor-voltage measurement was performed to determine the 

electron density. In order to restrict the error due to parasitic resistances in mobility 

measurement, MESFETs with long gate lengths were employed in this work. The gate-to-

channel capacitance (Cgc) is shown by: 

∫
∞−
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gcgS dVVCVqn )()(                                                                                                   (31)  

In Equation 31, q is the electron charge and nS shows the electron density per unit area. 

Assuming that the all of the electrons available for conduction have similar mobility, the 

average mobility can be calculated by: 
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Here, µ(x) shows the mobility of the channel and n(x) represents the channel electron 

concentration. The average mobility, considering the electron density at the specific gate 

voltage, is: 
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where Ids is the drain current, Leff shows the channel effective length, Vds represents the drain 

voltage, and W is the width of the channel. Parasitic resistances in MESFETs with short gate 

lengths influence the preciseness of the mobility measurement result, which means that this 

method cannot be applied to short gate devices.  

Another method for the HEMT mobility measurement was presented based on high 

order derivatives of the current-voltage characteristics [35]. This approach measures the 

mobility by the following equation: 
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µ                                                                                                              (34)  

Here, ID shows the drain-to-source current, L represents the length of the gate, and CG is the 

gate capacitance. The results of measuring mobility by this method have been compared with 

the mobility values measured by the cut-off frequency and capacitance-voltage methods. 

Comparison of the results show that the mobility measured by this new method yields more 

accurate results than the other methods; however, this method requires complex calculations 

[35].  

The methods mentioned before can measure the average mobility between source and 

drain of the HEMT because these methods do not separate the mobility under the gate from the 

mobility outside the gate. In order to solve this issue, it is important to split the characteristics 

and dc parameters underneath the gate from those outside the gate. These characteristics can 

be used to measure the HEMT mobility only below the gate. In order to perform the separation, 

H. Fukui developed a precise method to determine the DC parameters of a MESFET under and 

outside the gate, separately [36]. In this method, it was assumed that the device can be divided 

into two regions: 1) an intrinsic resistive region that is influenced by the applied gate voltage 

(VG) and follows the gradual channel approximation (GCA), and 2) an extrinsic parasitic 

resistance region that is not impacted by the gate voltage. The intrinsic resistance is considered 

as channel resistance (RCH). The extrinsic parasitic resistance includes the drain-to-gate 

resistance (RD) and source-to-gate resistance (RS). Total resistance (RT) is the summation of 

intrinsic and extrinsic resistances, which can be explained by: 
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Therefore, we have: 
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TDSCH RRRR −+= )(                                                                                                      (36)  

RCH can be represented as a reciprocal of intrinsic conductance, which in turn can be shown as 

a function of the subtraction of threshold voltage from the gate-source voltage (VGS-VT). 

Therefore, Equation 35 can be written by: 
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Plotting RT as a function of VGS-VT and employing VT as the fitting parameter to obtain a linear 

graph, RD+RS value can be determined as the intercept value at the RT axis. Although this 

method can be used to determine the value of extrinsic resistances, it results in unstable values 

for RD and RS. In order to solve this problem and also to employ it for mobility measurement, 

Menozzi et al. modified Fukui’s method and developed it; so it could be used for the HEMT. 

The new method, which is much simpler and more stable than Fukui’s method, can be used to 

determine the source and drain resistances [37]. This work considers the existence of intrinsic 

resistance in the channel region of the device, which can be declared as a reverse function of 

intrinsic conductance and shown as a function of VGS-VT. Menozzi’s method also verifies this 

condition for AlGaN/GaN HEMTs by measuring the electron mobility and that of 2DEG carrier 

density (nS). It should be noted that channel conductance is proportional to the product of 

mobility and 2DEG carrier density. Therefore, 

)).(()( SnTGS nVVf µ=−                                                                                                 (38)  

Self-shielding of 2DEG from Coulomb scattering makes the HEMT mobility a nonlinear 

function of VG. In order to satisfy the linear dependence implied by Equation 26, the value of 

the product of mobility and 2DEG carrier density should be adjusted to make the graph linear, 

as can be seen in Figure 6. 
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Figure 6. Channel conductance versus gate-source voltage [37] 

 

So, Equation 38 becomes: 

)()).(.( TGSSn VVmnq −=µ                                                                                             (39)  

In this equation, m is slope of the linear graph, which is equal to 5.611×10-4 S/V in Figure 6. 

In addition, VT can be determined through the intersection of the q.(µn).(nS) versus the VGS 

graph at the VGS axis (VT = -3.695 V for Figure 6). Considering these parameters, resistance of 

the intrinsic region can be expressed as: 
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                                                     (40)  

Now, by plotting RT according to 1/(VGS-VT), the value of RS+RD can be found; however, the 

determined value is not precise enough due to its dependency on the uncertain value of the VT. 

In order to solve this problem, Menozzi et al. proposed that instead of plotting RT versus 1/(VGS-

VT), the intrinsic resistance can be drawn for the following equation: 

)(
11

DSTCH RRRR +−
=                                                                                                    (41)  

Here, instead of using VT as a fitting parameter, ��+�� is used to achieve a linear graph, which 

has been shown in Figure 7.  As can be seen in the figure, the value of RS+RD is 18.5 Ω, which 

is the value that makes the graph linear.  
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Figure 7. Intrinsic channel conductance versus gate-source voltage [37] 

 

The most fitted graph to the linear graph has the slope of: 

C
L

W
k n

G

G µ=                                                                                                                        (42)  

where WG shows the gate width, C represents capacitance per unit area, and LG is the gate 

length. The accuracy of this modified method can be confirmed by determining the VT value as 

the intercept of the graph with the VGS axis. Rearranging Equation 42 leads to: 

CW

kL

G

G
n =µ                                                                                                                           (43)  

Applying the specific parameters for AlGaN/GaN HEMT, the mobility is shown by: 

AlGaNG

AlGaNG
n W

tkL

ε
µ =                                                                                                                   (44)  

where tAlGaN and εAlGaN show the thickness and relative permittivity of the AlGaN layer, 

respectively. The main shortcoming of the Menozzi’s approach is the assumption of 

independency of the device mobility from the gate voltage. We have developed Menozzi’s 

method to solve this problem, which is presented in Chapter 3.  
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2.4. Possible sources of error of electron mobility measurements 

Analysing the works performed on the mobility measurement shows that there are several 

sources of error, such as the sample configuration, materials defects, and measurement tools 

error that affect this measurement.  

Gate contact of the HEMT can be leaky, which results in a smaller potential in comparison 

to the sample with perfect isolation. Although the impact of the gate leakage current can be 

modified [38], the correction error is large and the accuracy could be questionable. In order to 

reduce the error due to gate leakage, sample cooling can be used to lower the junction leakage 

current [39]. 

In addition to leakage current error in mobility measurement, there are other sources of 

error that happen due to the measurement process, such as measurement error due to 

temperature of measurement. The temperature dependence of interface space charge regions 

and surface should be taken into consideration during carrier density and mobility 

measurements [40]. The mobility is usually measured at room temperature; however, it should 

be noted that the mobility measurement is highly dependent on the temperature of the sample. 

Therefore, it is worthwhile to monitor this temperature, especially if the measurement needs to 

be repeated several times due to its expected application, and to ensure that the temperature of 

the sample is adjusted. During the high temperature studies, using a temperature controller and 

a prober chuck, which is able to cool or heat the sample, is necessary for on-wafer 

measurements. Also, for low temperature studies, a cryostat can be used to hold the sample 

inside the liquid nitrogen bath [6].  

 

2.5. Temperature dependence of electron mobility of the HEMT 

AlGaN/GaN HEMTs are potential candidates for high-power switching [41], [42] and for 

high-temperature applications [43-47]. Therefore, studying the reliability of the HEMT at high 

temperatures and investigating the effects of temperature on the operation of the device is 

crucial. As mentioned before, the most significant parameter of the HEMT is the 2DEG 

mobility. This parameter is a function of temperature and it affects the reliability of the device. 

Because of the large current in the HEMT structure, Joule heating is the main reason of 

changing the mobility in this device [5]. Temperature dependence of mobility is generally 

explained by the following equation that relates the mobility to the lattice temperature [48, 49]: 
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where µ0 is the room temperature mobility and T0 is 298 K. It can be easily seen that increasing 

temperature decreases mobility. 

Several works study the mobility of the HEMT at high temperatures. Tan et al. 

investigated the DC characteristic of the AlGaN/GaN HEMT fabricated on a silicon (Si) 

substrate as a function of temperature [50]. This analysis displayed that mobility and the 

maximum drain current dropped drastically at high temperatures. Figure 8 below shows the 

mobility as a function of temperature for a 120 nm gated HEMT [50]. Tan et al. mentioned that 

HEMTs with short gate length are less temperature dependent than the long gate HEMTs [50].  

  

 

Figure 8. Mobility versus temperature for the HEMT with 120nm gate length [50] 

 

Menozzi et al. studied the effect of temperature on both short gate and long gate 

HEMTs. The main goal of this work was to analyse the effect of temperature on mobility in 

the area under and outside the gate (source-to-gate and the drain-to-gate) separately. To achieve 

this goal, the first step is to divide the channel into these two areas, analyse the characteristics 

of each area separately, and measure the mobility under and outside the gate individually. Fukui 

introduced a method to divide the channel and to investigate the characteristics of these areas 

[36]. They introduced different resistances for the area under and outside of the gate. Two main 

issues in this work; first, they found that the resistance under the gate was sensitive to the 

threshold voltage [36]. Second, this work was performed on metal-semiconductor field-effect 
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transistor (MESFET), not HEMT. In order to address these issues, Menozzi et al. developed 

Fukui’s method to, first, enable it to be applied for the HEMT and, second, solve the sensitivity 

of resistance to the threshold voltage. In this study, impact of temperature on source-to-gate 

and the drain-to-gate resistances (RS + RD) was investigated, and this was used to exclude the 

intrinsic channel resistance (RCH) and the mobility in the channel under the gate. It was 

observed that the parasitic resistance increased by increasing the temperature, while the 

mobility decreased, which is shown in Figures 9 and 10. They also found that the resistance 

values become almost double as temperature rises from 75K to 400K. 

  

 

Figure 9. Parasitic resistances according to the temperature [37] 

  

 

 

Figure 10. Effective mobility of the short gate and ungated HEMTs by temperature [37] 
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Investigation of transfer and the output characteristics of un-passivated and passivated 

AlGaN/GaN HEMTs at high temperatures (up to 425oC) was presented by Donoval et al. [51]. 

They found that for both passivated and un-passivated HEMTs, the saturated drain current 

decreases at high temperatures, and also that transconductance and conductance follow a 

downward trend. The mobility decreases with increasing temperature following the function of 

T-1.5, which indicates that only phonon scattering is responsible for the mobility drop in these 

devices. In order to address this issue, an investigation of the effects of different scattering 

mechanisms on the mobility is very important. 

Pandey et al. investigated different scattering mechanisms that affected the mobility of 

compound semiconductors such as gallium nitride (GaN) and gallium arsenic (GaAs) [52]. 

They analysed the impact of different carrier scattering mechanisms, such as ionized impurity 

scattering, piezoelectric scattering, acoustic deformation impurity scattering, and neutral 

impurity scattering on mobility of GaN and GaAs, which are shown in Figures 11 and 12, 

respectively. These figures display the mobility of GaN and GaAs for a different scattering 

mechanism according to the temperature. It can be seen that the mobility increases by 

temperature for neutral-impurity and ionized-impurity scatterings. However, acoustic 

deformation impurity and piezoelectric scatterings, which are known as phonon or lattice 

scatterings, decrease the mobility by increasing the temperature. Even though these scattering 

mechanisms lead to an increase in the mobility at high temperatures, it can be seen that the 

total mobility reduces when the temperature is increased. It was also found that the mobility of 

AlGaAs/GaAs HEMTs behaves similar to the mobility of GaAs bulk material. In addition, it 

was also noted that increasing the dopant concentration in the semiconductors causes dominant 

impurity scattering, which further decreases the mobility. In spite of GaN and GaAs mobility 

dropping by different factors, these materials are still the most preferred for HEMT 

development [52].   

In order improve the mobility of the HEMT, Takhar et al. introduced a new structure 

for the HEMT [53]. In this structure, a thin layer of indium aluminium nitride (InAlN) and 

aluminium nitride (AlN) was grown between the gate and the GaN layer, as shown in Figure 

13. The dependence of the mobility of the InAlN/AlN/GaN HEMT at high temperature was 

analysed by developing a simulation model for this device. It was explained that the electron 

mobility reduction at high temperatures occurs because of lack a proper heat sink at the 

heterojunction. This leads to an inefficient thermal management and results in increased lattice 

heating. This lattice heating causes an increase in phonon scattering and gives the mobility a 
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Figure 11. Mobility in bulk GaN for several scattering mechanisms [52]  

 

 

Figure 12. Mobility in bulk GaAs for different scattering mechanisms [52] 

 

downward trend by increasing the temperature. Using a thin layer of AlN between the 

heterojunction helps to create a better heat sink at the junction, reduce the phonon scattering, 

and improve the mobility. In another study, it was shown that as the thickness of the spacer 

layer (which is usually AlN located between AlGaN and GaN) decreases, mobility also 

decreases [31]. It was also found that the other parameter that degrades the mobility is the 

defect [54]. Several further works were performed to analyse the effect of charged defect 

density on degradation of the Mobility [48, 55-58].  
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Also, it was shown that as the cap layer thickness increases, electron mobility increases 

as well, while increasing the Al content in AlGaN leads to a reduction in mobility [31, 59, 60]. 

 

 

Figure 13. Cross section of the InAlN/AlN/GaN HEMT [53] 

 

It has been frequently reported that increasing the temperature [45, 48, 60-71] or N2DEG 

[61, 66, 68, 72, 73] decreases the mobility of 2DEG. The degree at which the mobility degrades 

with temperature is estimated by: 

γµ −= AT                                                                                                                            (46)  

in which A is the proportionality constant, T is the absolute temperature, and γ is the power 

coefficient. γ is the exponential factor at which the mobility decreases by temperature. The 

usual value of γ is 1.5 [45, 74, 75], which follows the mobility trend of phonon scattering at 

high temperatures. This equation can be written by: 

)log()log()log( ATm ++++====µ                                                                                               (47)  

In this equation, m represents the slope of mobility according to the temperature in log-log 

scale. This equation matches to the linear equation with the slope of m: 

cmxy ++++====                                                                                                                           (48)  

By plotting the logarithm of mobility over the logarithm of temperature in Kelvin, the value of 

m can be determined. This phenomenon occurs because of the increased phonon (or lattice) 

scattering. Therefore, it can be noted that m is the mobility degradation rate, representing the 
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degree of the scattering that affects the mobility. This slope (m) is always negative, which 

shows increasing temperature leads to the reduction in mobility [62]. The value of the slope, 

when only phonon scattering is involved, is 1.5; however, several other scattering mechanisms 

and factors affect the mobility and cause a change in this value. 

When the temperature increases above absolute zero, vibrating atoms of the materials 

produce pressure (acoustic) waves inside the crystal; these are phonons. Phonons, similar to 

electrons, are considered particles. Therefore, phonons may collide with electrons and holes 

and scatter them. By increasing the temperature, phonon concentration increases. Therefore, 

phonon scattering increases and mobility reduces. Theoretical calculations on mobility of non-

polar semiconductors, such as germanium (Ge) and Si, reveal that their mobility is affected 

mostly by acoustic phonon interaction. The mobility of these semiconductors is expected to be 

proportional to T −1.5; however, the mobility changes caused by the optical phonon scattering 

is expected to be proportional to T −0.5. The experimental values of the mobility temperature 

dependence for Si, Ge, and GaAs are shown in Table 1 [76]. 

 

Table 1. Typical values of m (mobility degradation rate by increasing temperature) [76] 

 Si Ge GaAs 

Electrons -2.4 -1.7 -1.0 

Holes -2.2 -2.3 -2.1 

 

In addition to temperature, several other reasons cause the reduction in mobility of the 

AlGaN/GaN HEMTs. Bulk defects are one of the reasons [48, 77-79]. The drain current 

degrades because of the cumulative effect of both temperature and charged defects. The region 

near the drain side of the gate edge has a higher temperature compared to other sides of the 

device, and this region is called a hot spot. This spot exists because of the high electric fields 

beside the drain-to-gate region at saturation condition. The mobility of the region with a high 

electric field is low [80], which increases the resistivity of 2DEG. This increased resistivity 

causes increased self-heating and even more mobility reduction near the hot spot. When the 

current density of the HEMT is high, degradation of mobility due to temperature is more 

significant near the hot spot, while away from the hot spot, charged defect-induced degradation 

is dominant [48].  
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To reduce the effect of these temperatures and defects on the reduction of mobility, an 

AlN interlayer can be employed between the GaN and AlGaN layers. Because of the high 

crystal quality of this heterostructure, effects of the interface roughness and alloy-disorder 

scatterings are reduced [69]. In addition to using interface layer, the thickness of the AlGaN 

cap layer should be optimized to improve the HEMT performance. As the thickness of the 

AlGaN layer is greater, the scattering time is longer and carrier concentration is larger. 

However, analysis showed that the DC characteristics of the HEMT with a thin AlGaN layer 

are better than the thick layer. These DC parameters include higher transconductance (up to 

270 mS/mm), lower output conductance, lower threshold voltage, and maximum saturation 

currents of 1.5 A/mm [63], [81]. 

Reduction of the mobility of the HEMT results in a drop in the current [71]. In order to 

investigate whether the reduction of the current during the temperature increase is due to the 

mobility reduction or to the change in carrier density, the effect of temperature on the 2DEG 

density has been analysed [82]. It was found that the 2DEG density remains relatively constant 

from 25 to 500oC [82] and the drain current falls by increasing the temperatures was attributed 

to the reduction in mobility [46]. It should be noted that in short channel HEMTs operating in 

the saturation region, the temperature dependence of mobility is weaker than that seen for low-

field electron mobility because the carriers flow at the saturation velocity under the gate. This 

issue has been found previously by Mizutani et al. on AlGaAs/ InGaAs HEMTs [83]. It was 

also found that another reason for degradation of mobility is quantisation of carriers in the 

inversion layers [84-86]. 

 

2.6. Scattering mechanisms effects on mobility of the HEMT 

As mentioned previously, electron mobility is affected by several scattering mechanisms. 

Each of these scattering mechanisms causes a different mobility that can be measured 

separately, which was shown previously in Figure 11. The 2DEG measured mobility is a 

summation of the mobility through each of these scattering mechanisms. According to 

Mathiessen’s rule, the total measured mobility (µT) is dependent on various mobilities resulted 

from each of these scattering mechanisms [87]: 

...
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                                                                                                  (49)  
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According to this equation, it is found that the total mobility is dominated by the lowest 

mobility. Also these scattering mechanisms reduce the total mobility. The major sources of 

scattering in the HEMT include ionized impurity, acoustic phonon (also called lattice 

scattering), piezoelectric, surface roughness, alloy disorder, inelastic, and electron-electron 

scatterings, as discussed below. In some cases, some other scattering sources, such as optical 

phonon, neutral impurity, and defect scatterings can be important [88]. 

Ionized impurity scattering: Deviation of carriers (electrons or holes) because of approaching 

the ionized impurity in semiconductors is called ionized impurity scattering. This scattering 

mechanism is related to the doped semiconductors with acceptors or donors, which are ionized 

and therefore charged. The deviation happens because of the effect of Coulomb forces on 

carriers approaching the ionized impurity. Two important factors that determine the amount of 

deviation are proximity of the carriers to the ion and the speed of carriers. By increasing the 

doping concentration of the semiconductor, the probability of collision of carriers with an ion 

increases. This reduces the mean time between collisions, and therefore the mobility degrades 

[89].  

While analysing the strength of these interactions, it should be remembered that the 

total interaction is not only because of Coulomb force; the free carriers and other impurities 

may also lead to some interactions. Analysis of the scattering mechanism near the interface is 

complicated because of crystal defects, disorders, and traps near the interface. Free carriers are 

scattered from traps due to defects linked to dangling bonds. By trapping a charge, the defects 

will be charged and start colliding with free carriers. For carriers of the inversion layer at the 

interface, dimensions of the carriers make the case different from the case of bulk impurity, 

where carriers flow only in two dimensions. In addition, interfacial roughness also limits the 

mobility of two-dimensional electron gas at the interface of the HEMT [89]. 

Increasing temperature causes a reduction in ionized impurity scattering because of the 

increase in the carriers’ average thermal speed. Therefore, carriers spend less time near the 

ionized impurities when passing, and so the effect of ion scattering reduces. A higher effective 

mass (m*) of electrons in GaN in comparison to AlGaN makes the impurity scattering role in 

GaN devices less effective than GaAs devices with the same doping level [89]. 

Phonon (lattice) scattering: For temperatures above absolute zero, acoustic waves, which are 

phonons, exist in the crystal due to vibration of atoms. The collision of phonons, which are 

particles, with the other carriers causes a scatter mechanism. As temperature increases, more 
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phonons collide with other carriers and reduce the mobility. Phonons are the major source of 

scattering at high temperature (>150oC) and can even dominate at low temperatures in very 

pure materials [60], [67]. 

Piezoelectric scattering: Piezoelectric scattering can be seen in compound semiconductors 

because of their polar nature. Although this scattering mechanism is not very strong, it may 

cause local electric fields to scatter and deviate carriers. These electric fields originate from the 

basic unit cell’s distortion when the strain is applied in a certain direction of the lattice. The 

effect of this scattering can be seen at low temperatures, where the other scatterings are not 

significant [89]. Also, this scattering has almost no impact on phonon limited mobility [60]. 

Surface roughness scattering: This is a type of short-range scattering, which is caused by 

interfacial disorder and limits the mobility of 2DEG at the interface. According to the high-

resolution transmission electron micrographs, it is found that the interface is not steep on the 

atomic level; however, the real position of the interfacial plane changes along the surface of 

one or two atomic layers. These changes are random and lead to inconstancy in energy levels 

at the interface, which results in scattering [89]. Interface scattering in bulk materials are 

usually negligible [89-93]. When the temperature is low (0<T<150 K), interface roughness and 

alloy disorder scattering mechanisms, which are considered as deformation potential 

scatterings, dominates [60, 67]. For this range of temperature, surface roughness scattering 

reduces the HEMT mobility below the bulk mobility [94]. 

Alloy disorder scattering: The random positioning of atoms and the crystal potential 

perturbation in compound semiconductor materials leads to a scattering that is known as alloy 

disorder scattering. This scattering happens in ternary or higher alloys because the crystal 

structure in those materials is formed by randomly replacing atoms in one of crystal structure 

sub-lattices. The effect of this scattering mechanism is mainly weak; however, it can be the 

dominant effect in some special circumstances and for certain semiconductors [89].  

Electron-electron scattering: When the density of the electrons is less than 1017 cm−3 or the 

electric field is lower than 103 V/cm, according to the Pauli’s Exclusion Principle, electrons 

are accounted as non-interacting. However, when the electron density or the electric fields are 

above those values, electron–electron scattering will be dominant. Nonlinearity and a long 

range of Coulomb potential, which governs interactions between the electrons, make these 

interactions complicated to deal with [89-91].  
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Inelastic scattering: The mentioned scattering mechanism (acoustic phonon, impurity, and 

piezoelectric scattering) are considered as elastic scatterings. This means that the energy is 

nearly conserved during the scattering process. For example, because of acoustic phonon 

scattering, electrons travel from one energy level to the other energy level while they absorb or 

emit a wave vector phonon. Modelling of this phenomenon is performed by assuming that there 

is a small shift in energy bands due to the lattice vibrations. Deviations of energy bands, which 

occur because of these small transitions from the frozen lattice positions, generate a further 

potential that causes the scattering process [89].  

If the energy released from the scattering mechanism is not conserved, this is 

considered as inelastic scattering. In inelastic scattering processes, significant energy exchange 

occurs. Similar to the elastic phonon scattering, in the case of inelastic, deformations of energy-

bands by atomic vibrations lead to arising the potential. Energy of optical phonons leading to 

inelastic scattering is between 30 to 50 meV, which is much less than the energy of acoustic 

phonons (<1 meV). There is a considerable variation in the energy level of carriers while the 

scattering process is occurring [89]. 

As mentioned, different scattering mechanisms affect the electron mobility. The 

average time between two scattering events is named scattering time. The relation between 

mobility and scattering time (τ) can be simply explained by [95]: 

τµ
*m

q=                                                                                                                              (50)  

In this equation, it is assumed that carriers’ motions after each scattering event is randomized; 

therefore, their average velocity is zero. Then, the carriers are accelerated in the electric field 

uniformly until they scatter again. Also, in the case that m* is anisotropic, the effective mass 

with the same direction of electric field can be used in the equation.  

The effective mass is commonly measured using magnetotransport (Shubnikov-de 

Haas oscillations, SdH) or cyclotron resonance (CR) measurement methods [96]-[99]. These 

methods require very high values of mobility, therefore they are carried out at low temperatures 

[97], [99]. Effective mass of electrons in bulk semiconductors and the epitaxial wurtzite GaN 

is usually temperature independent. However, this effective mass is strongly temperature 

dependent for 2DEG in AlGaN/GaN structures [97]. Therefore, the value of the 2DEG effective 

mass measured at low temperatures are not applicable for high temperatures. The variation of 

the 2DEG effective mass with temperature is caused by variation in its band structure, alloy 
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disorder, or intrinsic effects of spontaneous and piezoelectric polarization at the interface [98]. 

These factors are mainly attributed to the growth conditions during the depositing process of 

AlGaN/GaN heterostructures [97]. Also Fermi level of the 2DEG is high enough in the 

conduction band for nonparabolicity of electron scattering law to be effective [99]. In addition, 

strain and polarization charges are dependent on temperature. These reasons cause much larger 

2DEG effective mass variation with the temperature than what is typically observed for bulk 

semiconductors [97]. 

Comparison of the mobility in the HEMT and MOSFET as two significant power 

semiconductor devices shows that the mobility of MOSFET is much lower than that of HEMT. 

This issue is because in MOSFET, conduction electrons occupy a similar space as ionized 

impurities. Therefore, the channel mobility of the MOSFET is limited at least by the mobility 

of bulk carriers (µB). In practice, the MOSFET mobility is only a fraction of the bulk mobility 

because of the scattering effects at the interface of the device. This scattering is mainly 

Coulomb scattering at the interface traps. In the case of GaN-based HEMT with the same 

transverse electric field as MOSFET, phonon limited mobility is higher than the value of bulk 

mobility [68]. 

 

2.7. Application of the measured electron mobility of the HEMT  

Measuring the mobility of the HEMT as its key parameter leads to employing it in the 

analysis and development of applications for this device. One of the most significant 

applications of the measured HEMT electron mobility is in the modelling of this device. 

Measuring the electron mobility precisely and employing it in the modelling of the device 

makes circuit designers confident about using the HEMT in electronic circuit design. Accurate 

values of mobility used in device modelling give the simulation results a proper agreement 

with the experimental data.  

 

2.7.1. SPICE Simulation of circuits with HEMT  

2.7.1.1. Importance of SPICE modelling of the HEMT 

HEMT technology is growing quickly, and the design of large scale circuits and 

systems with HEMTs require precise, fast, and physical compact models of this device [100]. 

Therefore, due to the growing applications of HEMT, development of models for simulating 
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circuits is essential. SPICE is the most common software among circuit designers for 

simulation of circuits.  

Standardizing and promoting SPICE models of semiconductor devices is organized by 

the Compact Model Coalition (CMC) Organization [101]. CMC standards are supported by 

circuit simulators and used by integrated device manufacturers. Previously, the main focus of 

CMC modelling standardization was on Si-based active and passive devices. However, since 

2011, this organization began developing GaN-based HEMTs because of its outstanding 

applications in power management and green technologies, and they formed a task force to 

define standard characteristics for modeling GaN HEMTs [42].  

 

2.7.1.2. Models presented for SPICE simulation of the HEMT 

In the SPICE simulation software, there is no practical model available for simulation 

of the HEMT [102, 103]. In order to simulate the circuits including the HEMT, in some studies, 

MOSFET equations and parameters available in SPICE are modified to be used for simulation 

of the HEMT [100]. HEMT can be divided into separate regions; under the gate and outside 

the gate. The region under the gate is the field-effect section and can be modelled by the 

MOSFET, while the region outside the gate is resistive. Employing MOSFET equations and 

parameters followed by involving the effect of the resistive section leads to a model for 

simulation of the HEMT. Many sets of equations for MOSFET in SPICE, called LEVELs, have 

different parameters that can be used to simulate MOSFETs for various applications, from 

power to CMOS microprocessors applications [104].  

In the early versions of the SPICE, MOSFET LEVEL 1 model, which is the original 

model of the MOSFET, was introduced. This model contains the analytical model of the FET. 

In this model, it is assumed that the channel mobility is constant and device dimensions are 

large. So this model can be applied to only wide and long FETs with large gate oxides, and not 

short channel FETs. Analysing and developing a MOSFET LEVEL 1 model, whose parameters 

can be seen in Table 2, provides the fundamental understanding about more complex models. 

The simplicity of this model makes the extraction of the parameters of this model easy, and 

this can be seen in Table 2 [4].  
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Table 2. Parameters for SPICE simulation of MOSFET LEVEL 1 [4] 

Parameter Unit Explanation 

TPG m Type of gate material 

TOX m Gate oxide thickness 

NSUB cm-3 Substrate doping concentration 

XJ m Drain/source junction depth 

UO cm2/V.s Zero bias low-field mobility 

VTO V Threshold voltage 

LAMBDA V-1 Channel length modulation parameter 

CGSO F/m Zero bias gate-source capacitance 

CGDO F/m Zero bias gate-drain capacitance 

CGBO F/m Zero bias gate-bulk capacitance 

 

By decreasing the device geometries and oxide thickness, it is apparent that the LEVEL 

1 model is no longer applicable for simulation of the device. In order to address the 

shortcomings of MOSFET LEVEL 1, this model was developed and the LEVEL 2 model was 

introduced. This model is developed based on the LEVEL 1 model, and parameters of small 

geometry effects have been added, which can be seen in Table 3 [4]. Although this model can 

be applied to small dimension devices, it is mathematically complicated. Therefore, this model 

is inefficient, and it mostly encounters convergence problems. This model also suffers from 

the discontinuity of the first derivative at linear to saturation transition point. In addition, this 

model neglects the possible overlap of depletion regions of the drain and source for very short 

channel devices, DIBL, and lateral field-effects on the mobility. Furthermore, short channel 

effects are considered only partially. These reasons limit the extensive use of this model and 

lead to another more efficient model, the LEVEL 3 model.  The LEVEL 3 model was developed 

to address the shortcomings of the LEVEL 2 model.  
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Table 3. Parameters for SPICE simulation of MOSFET LEVEL 2 [4] 

 

Parameter Unit Explanation 

TPG m Type of gate material 

TOX m Gate-oxide thickness 

LD m Channel length reduction from drawn value 

WD m Channel width reduction from drawn value 

VTO V Threshold voltage 

UO cm2/V.s Zero bias low-field mobility 

UCRIT V/cm Critical vertical field for mobility reduction 

UEXP  Exponent in the mobility model 

RS Ohm Source series resistance 

RD Ohm Drain series resistance 

DELTA  Narrow channel effect on the threshold voltage 

NSUB cm-3 Sub-threshold sensitivity parameter 

XJ m Short channel correction to the substrate sensitivity 

VMAX  Maximum carrier velocity 

NEFF  Fractional depletion charge reduction due to channel 

length modulation 

NFS cm-2 Sub-threshold region fitting parameter 

CGSO F/m Zero bias gate-source capacitance 

CGDO F/m Zero bias gate-drain capacitance 

CGBO F/m Zero bias gate-bulk capacitance 

XQC  Charge partitioning parameter 

UTRA V-1 Drain bias effect on the vertical field for mobility reduction 
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Most of the equations and parameters of LEVEL 3 model are similar to LEVEL 2. 

However, this model involves the effect of channel length modulation, which is different from 

LEVELs 1 and 2, and which can be seen in the following equations [74]: 

]
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))( PhiVPhiVtoV SBT −++= γ                                                                              (56)  

 

In these equations, VDS and VGS are drain-to-source and gate-to-source voltages, respectively, 

Vto shows the threshold voltage, KP represents the transconductance parameter, Gamma is the 

body factor, and Phi is the surface potential in strong inversion [74].  As can be seen in Equation 

55, mobility is a key parameter for accurate modelling of the device that leads to simulation 

results that are close to the experimental results. Also, in addition to the DC parameters, AC 

parameters including the gate voltage should be taken into consideration, which is shown by: 

)()( WCgsoWCgdoC g ×+×=                                                                                   (57) 

In this equation, Cgso and Cgdo are gate-source and gate-drain overlap capacitance per channel 

width. 
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In contrast to LEVEL 2, the LEVEL 3 model employs a semi-empirical approach, in 

which a parameter reflects the change of the mobility. This model is semi-empirical, simple, 

straightforward to extract its parameters, possible to be applied to channel lengths even much 

smaller than 1 µm, able to run faster than the other models, and it rarely encounters 

convergence issues. Therefore, this model is significantly taken into consideration for SPICE 

simulation of the MOSFET [4]. The parameters of this model can be seen in the following 

table. Among these parameters, RS and RD are used to include the effect of resistive sections of 

the HEMT. 

 

Table 4. Parameters for SPICE simulation of MOSFET LEVEL 3 [4] 

Parameter Unit Explanation 

TPG m Type of gate material 

TOX m Gate-oxide thickness 

LD m Channel length reduction from drawn value 

WD m Channel width reduction from drawn value 

VTO V Threshold voltage 

UO cm2/V.s Zero bias low-field mobility 

THETA V-1 Reduction parameter of mobility  

RS Ohm Source series resistance 

RD Ohm Drain series resistance 

DELTA  Narrow channel effect on the threshold voltage 

NSUB cm-3 Sub-threshold sensitivity parameter 

XJ m Short channel correction to the substrate sensitivity 

VMAX  Maximum carrier velocity 

ETA  DIBL coefficient 

KAPPA V-1 Channel length modulation effect on the drain current 

NFS cm-2 Sub-threshold region fitting parameter 
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Several works present new models for SPICE simulation of the HEMT by defining new 

equations [105] or sub-circuits [106], [107, 108]. Some of these sub-circuits include the key 

physical effects of GaN HEMT, in order to accurately model this device by considering the 

Schrodinger’s and Poisson’s equations [100]. Some are defined for RF applications [108], 

some for large-signal microwave performances [109], and some others are used to better 

predict the transient performance of the HEMT by providing smooth transitions between 

different operation regions of the device [110].  

The forward and reverse channel current conduction for power electronics applications 

were presented in [111].  The parameters of this model are easily extracted from C-V and static 

I-V characteristics. This model considers the effect of reverse channel conduction, which is 

very important to circuit designers [111]. 

In addition to MOSFET, implementation of the HEMT model can be performed based 

on MESFET models [112]. A modified equation for the SPICE simulation of the HEMT drain 

current using the MESFET drain current equation has been presented [102, 105]. Using the 

presented equation, a proper matching between the drain current and transconductance of the 

experimental and simulation results have been achieved [105].  

Another model of the HEMT, which is temperature dependent, was proposed and its 

simulation and measurement results were compared at various temperatures and for several 

channel lengths [113]. This model includes the temperature effects on the 2DEG mobility, 

VOFF, saturation velocity, and drain-source resistance [113]. 

Early models of the HEMT [114, 115] were based on linearized functions of N2DEG for 

all of its working regions, which is not logical for large forward gate-source potential or for 

sub-threshold mode. A physically based model of the HEMT should use a three-piece function 

to be able to describe its different working regions, and these regions are needed to be analysed 

separately [116]. By that condition, the drain current will be represented by three-piece 

CGSO F/m Zero bias gate-source capacitance 

CGDO F/m Zero bias gate-drain capacitance 

CGBO F/m Zero bias gate-bulk capacitance 

XQC  Charge partitioning parameter 

BEX V-1 Temperature effect on the low-field mobility 
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conditional functions, which show discontinuity at higher order derivatives and distort analysis 

results. In addition to the N2DEG, the HEMT model should include the extrinsic drain and source 

and resistances and intrinsic drain-source current. To solve the problem of discontinuity of the 

N2DEG, a model was presented in which the 2DEG density was a continuous function of gate 

voltage. This model combines the sub-threshold, linear, and saturation modes with a single 

description [117]. This model also features high order continuity for accurate analysis of I-V 

characteristics, gain, and distortion [117]. 

To solve the problem of linearized assumption for N2DEG by voltage, and also 

considering the effects of extrinsic drain and source resistive regions for modelling of the 

HEMT, a model has been presented that takes into account the nonlinear relation of the N2DEG 

and VGS, which leads to square law type of I-V characteristics [103]. Also, it does not extract 

the parameters values for matching the experimental and simulation results. The simulation 

results using this model show excellent agreement with experimental data over a wide range 

of voltage [103].  
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Abstract- In this paper, a novel method for extraction of electron mobility in the two-

dimensional electron gas (2DEG) under the gate of power HEMTs is presented. Using 

this method enables the potential impact of the gate metal and the gate voltage on electron 

mobility in the 2DEG under the gate to be measured without the error due to the resistive 

regions outside the gate, which are the gate-to-source and gate-to-drain regions. The 

application of the new method was demonstrated by measurements on fabricated circular 

HEMTs. 

 

Index Terms- Power high-electron-mobility transistor (HEMT), two-dimensional electron gas 

(2DEG) mobility, mobility extraction method. 
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1. INTRODUCTION 

High-electron-mobility transistors (HEMTs) are well-established semiconductor 

devices, which utilize the formation of two-dimensional electron gas (2DEG) at the 

heterojunction between two semiconductor layers. When implemented with AlxGa1-xN–GaN 

heterojunctions, HEMTs are considered as very promising devices for power applications [1]. 

HEMT is the most suitable device structure to utilize the unique material properties of GaN: 

high breakdown field, high electron mobility in the 2DEG, and high-temperature operating 

capabilities [2].  

Electron mobility in the 2DEG is the key parameter for the final HEMT performance 

in the case of power applications. Unlike the gate in metal–oxide–semiconductor field-effect 

transistors (MOSFETs), which extends from the source to the drain contacts [3, 4], the gate in 

HEMTs splits the device in three sections: source to gate, drain to gate, and the section 

underneath the gate. As illustrated in Fig. 1, the resistances of the 2DEG in these three sections 

are different. The resistances of the 2DEG sections outside the gate are constant and can be 

modeled by fixed resistors. However, the 2DEG resistance under the gate depends on the gate 

voltage, which is modeled by the channel resistance of a field-effect transistor (FET). Given 

that these resistances depend on both the mobility of electrons and the density of electrons in 

the 2DEG, it is important to separate the mobility of electrons in the field-effect and resistive 

sections.  

In several reports on mobility measurements in HEMTs [5-7], the 2DEG between the 

source and the drain was considered as a single section, analogously to the channel between 

the source and drain in a MOSFET. Therefore, the 2DEG mobilities outside and under the gate 

were not separated, which means that these results correspond to an average mobility between 

the source and the drain. A method to separate the source-to-drain channel into field-effect 

(under the gate) and resistive (outside the gate) sections was proposed by Fukui for GaAs 

 



CHAPTER 3 

 

 
77 

MESFETs [8]. This method was applied to GaN HEMTs, but it was found that the extracted 

resistance under the gate was highly sensitive to the threshold-voltage values [9]. To solve this 

problem, a modified version of Fukui’s method was presented [9]. However, this technique 

could not distinguish between the value of the applied gate-to-source voltage and the voltage 

between the gate and the 2DEG at the source end of the gate. In other words, the voltage across 

the gate-to-source section of the 2DEG was not removed from the gate voltage that controls 

the 2DEG section under the gate.  

 

  
 

(a) 
 
 
 

 
(b) 

 

 

 

Fig. 1. a) Schematic cross sectional view of a HEMT; b) equivalent circuit showing the resistive 
sections and the field-effect section under the gate. 

 

In this paper, we present a different method to extract the 2DEG mobility under the gate 

for power HEMTs. The new method also relies on a separation of the 2DEG between the source 
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and the drain into sections under and outside the gate to utilize the gradual-channel 

approximation (MOSFET-like equation) for the section under the gate. However, the new 

method combines the MOSFET-like equation for the 2DEG section under the gate with 2DEG 

resistances outside the gate in a way that enables complete separation of the outside-gate 

resistances from the extracted 2DEG mobility under the gate.  

  

2. EXTRACTION METHOD 

2.1 The New Approach  

The approach that leads to the new extraction method can be explained by a reference 

to the HEMT cross-section and equivalent circuit, shown in Figs. 1 (a) and (b), respectively. 

As can be seen, the 2DEG under the gate is modeled by a field-effect transistor, which is 

consistent with the fact that the gate voltage impacts the 2DEG and may impact the electron 

mobility. This section of the 2DEG is analogous to the channel of electrons in a MOSFET, 

which means that MOSFET-type equations can be used to define the 2DEG mobility. 

The 2DEG sections outside the gate are modeled by gate-source (GSR ) and gate-drain 

resistances (GDR ) to represent the fact that the resistances of these sections are constant and 

independent from the gate voltage. 

The final set of components in the equivalent circuit are the source and drain contact 

resistances, CSR  and CDR . The contact resistances in HEMTs are proportional to the transfer 

length ( TL ). The transfer length is smaller than the length of the corresponding metal–

semiconductor contact because of current crowding at the edge of the contact [10].  Basically, 

the transfer length is the length within which the current transfers from the metal to the 

semiconductor.  

The equations for the described components of the equivalent circuit are presented in 

the following sections. 
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2.2 Resistance Equations 

The resistance of a resistor can be expressed as 

                                                                                                   (1) 

 

where SR  is the sheet resistance (resistance per unit square), which incorporates all 

technological parameters (including mobility), and n is the effective number of squares, which 

accounts for the impact of geometric-design parameters. In the case of a basic resistor with 

length L and width W, the effective number of squares is: 

 

                                                                                                              (2) 

  

HEMTs are frequently designed in closed geometry, utilizing circular or square shapes, 

as illustrated in in Figs. 2 (a) and (b), respectively. This design approach enables a better control 

of leakage currents due to the existence of 2DEG in the areas that are not controlled by a gate. 

Therefore, it is useful to present the resistance equations for these types of HEMTs. The 

parameter that changes with the design geometry is the effective number of squares. The 

equations for the effective number of squares for the basic, circular, and square HEMTs, as 

applied to the source (Sn ), drain ( Dn ), gate ( Gn ), and contact (Cn ) regions, are listed in Table. 

I. 

The sheet resistance of the 2DEG sections outside the gate is constant and does not 

depend on gate voltage. Labeling this constant sheet resistance by OSR − , the resistances of the 

gate-to-source (GSR ) and gate-to-drain (GDR ) sections are given by:  

 

     

                                                                                                  (3) 

 

W

L
n =

nRR S=

DOSGD

SOSGS

nRR

nRR

−

−

=
=



CHAPTER 3:  A Method for Extraction of Electron Mobility in Power HEMTs 

 

 
80 

 
 

(a) 
 
 

 
 

(b) 
 

Fig. 2. Top view of a) circular HEMT and b) square HEMT. 
 
 
Similarly, the contact resistance for source and drain contacts ( CR ) is:   
 

                                                                                 
                                                                              (4) 

 

where CSR −  is the sheet resistance of the contacts. 

The sheet resistance of the 2DEG section under the gate depends on the gate voltage. This 

variable sheet resistance is labeled by USr − , which is then multiplied by the effective number of 

squares for the gate to obtain the variable resistance of the 2DEG under the gate (Gr ): 

 

CCSCDCSC nRRRR −=+=
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                                                                                                  (5) 

 
 

These resistances are used in the mobility equations that are presented in the following 

section. 

 

2.3 Extraction of 2DEG Mobility Under the Gate 

Based on the new approach, which considers several sections between the source and 

drain contacts, the applied drain-to-source voltage ( DSV ) is the sum of the voltages across these 

sections: 

GUSG nrr −=

 
TABLE I 

EFFECTIVE NUMBER OF SQUARES FOR THE BASIC, CIRCULAR, AND SQUARE HEMTS 

Symbol Quantity Basic HEMT 

 

Circular HEMT:  

 

r1- the drain contact radius  

r2- the inner radius of the gate ring  

r3- the outer radius of the gate ring 

r4- the inner radius of the source 

ring 

 

Square HEMT : 

 

a1 - the drain length 

a2-  the inner length of the gate 

a3-  the outer length of the gate 

a4-  the inner length of the source  

 

 

 

Sn  Effective number of squares 

between the gate and source W

LGS  



















3

4

2

1

r

r
Ln

π
 

( )432 aa

LSG

+
 

Dn  Effective umber of squares 

between the gate and drain W

LGD  











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







1

2

2
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r

r
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π
 

( )212 aa

LDG

+
 

Gn  Effective number of squares for 

the gate W

LG  




















2

3

2

1

r

r
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Cn  Effective number of squares for 

source and drain ohmic contacts W

LT2  








+

41

11

2 rr

LT

π
 

41 44 a

L

a
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DCGDGSGCRGDRGSRUDEGDS IRRRrVVVVV )(2 +++=+++= −−−−                                            (6)  
 
 

In Eq. 6, UDEGV −2  is the voltage across the 2DEG under the gate, GSRV −  and GDRV −  are the voltages 

across the resistive gate-to-source and gate-to-drain sections of the 2DEG, respectively, which 

have been shown in Fig. 3. 

 

Fig. 3. Potential difference demonstration on cross section of the HEMT. 
 

Moreover, CRV −  is the voltage across the contact resistances of the source and the drain, and DI  

is the drain current, which flows through the series connection of resistances. 

The variable resistance of the 2DEG under the gate ( Gr ) depends on both the electron 

density and the electron mobility, which is the mobility parameter that we wish to extract. In 

this field-effect section, MOSFET-like equations can be applied to relate the variable resistance 

to the 2DEG mobility under the gate (nµ ). The standard MOSFET equations do provide a 

model for the dependence of the drain current on the variable gate-to-channel voltage from the 

source-end toward the drain-end of the channel. More accurate modeling of this impact, such 

as in the paper by S. Khandelwal et al. [11], is possible but it leads to much more complex 

equations than the standard MOSFET equations. These equations are not necessary for mobility 
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extraction, which is based on measurements with very small drain-to-source voltages. 

According to the drain current equation for a MOSFET, we have: 

 

( ) UDEGTGdnD VVV
L

W
CI −−= 20µ                                                                    (7) 

 

where 
d

d
d t

C
ε=  is the dielectric capacitance per unit area, which is determined by the 

permittivity ( dε ) and the thickness (dt ) of the material between the 2DEG and the gate metal 

(Al xGa1-xN in the case of GaN-based HEMTs), TV  is the threshold voltage, and 0GV  is the 

voltage between the gate electrode and the 2DEG. In Eq. (7), 
W

L  is equivalent to the number 

of squares, which can be replaced by the effective number of squares (Gn ) to make Eq. (7) 

applicable to closed-geometry designs: 

 

( ) UDEGTG

G

dnD VVV
n

CI −−= 20

1
µ                                                                     (8)  

 

The voltage between the gate electrode and the 2DEG at the source end of the gate (0GV ) is 

equal to the difference between the applied gate-to-source voltage (GV ) and the voltage drop 

across the gate-to-source resistive segment of the 2DEG:   

 
       DSOSGG InRVV −−=0                                                                                          (9) 

   

Fig. 3 clarifies the meaning of these parameters. It should be noted that there is no distinction 

between the 0GV  and the variable gate-to-2DEG voltage toward the drain end of the gate (

UDEGV −2 ). 0GV  in the standard MOSFET-type equations used in this paper for gate section is 

equivalent to the constant gate-to-source voltage in MOSFET theory, which is different from 

the variable gate-to-channel voltage toward the drain. 
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Therefore, the variable 2DEG resistance under the gate, which is dependent on the gate 

voltage, can be expressed as: 

  

      
( )TDSOSGdn

G

D

UDEG
G VInRVC

n

I

V
r

−−
==

−

−

µ
2                                                       (10) 

  

With this, the equation for applied drain-to-source voltage becomes: 

 

( ) ( )TDSOSGdn

D
GDCCSDOSSOSDS VInRVC

I
nInRnRnRV

−−
+++=

−
−−− µ

          (11)                        

 

which leads to the following equation for the drain current: 

 

( ) ( )TDSOSGdn

G
CCSDOSSOS

DS
D

VInRVC

n
nRnRnR

V
I

−−
+++

=

−
−−− µ

                                                     (12) 

 

Applying the established mobility extraction techniques for MOSFETs [12] to Eq. 

(12)—the derived equation for HEMT current—the 2DEG mobility under the gate can be 

extracted. There are two different mobility definitions, which result from two common 

techniques for the MOSFET mobility extraction: effective (
effµ ) and field-effect ( FEµ ) mobility. 

The first technique utilizes measurements of output conductance (Og ), whereas the second 

technique utilizes measurements of the transconductance ( mg ). In either case, the 

measurements are performed at low drain voltages (DSV  < 100 mV), where the channel charge 

between the source and drain is fairly uniform.  Both approaches, leading to extraction of both 

the effective and the field-effect mobility values, can be applied in the case of HEMTs. 
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The output conductance,   

   

      
DS

D
O V

I
g

∂
∂=                                                                                                            (13) 

 

can be obtained as the first derivative of DI  with respect to DSV  in Eq. (12): 

 

( ) ( )TDSOSGdeff

G
CCSDOSSOS

O

VInRVC

n
nRnRnR

g

−−
+++

=

−
−−− µ

1                                                (14) 

 

It should be noted that the generic mobility symbol nµ , which appears in Eq. (12), has 

been changed to 
effµ  in Eq. (14) to indicate that this is the effective mobility, which is 

determined from measured output conductance of a HEMT. Expressing 
effµ  in terms of Og , 

leads to the final equation for the effective mobility: 

 
  

( ) ( )TDSOSGCCSDOSSOS

O

d

G
eff

VInRVnRnRnR
g

C

n

−−



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++−

=
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1
µ                                               (15) 

 
The extraction of the effective mobility by this equation does not require any 

assumptions for the dependence of the mobility on the gate voltage. Therefore, any 

experimentally observed dependence of the effective mobility on the gate voltage will be free 

from errors due to any inconsistent assumptions. However, just as in the case of MOSFETs, 

the equation for the effective mobility includes the threshold voltage as unknown parameter, 

whose somewhat arbitrary definition and independent extraction can impact the value of 

effective mobility. In order to eliminate the impact of the threshold-voltage value on the 

mobility, the field-effect mobility ( FEµ ) is obtained from measured transconductance: 
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G

D
m V

I
g

∂
∂=                                                                                                              (16) 

The HEMT equation for the transconductance can be obtained as the first derivative of DI  with 

respect to GV  in Eq. (12): 

 

( )( ) SOS

DCCSDOSSOSDSdFE

DSG
m

nR
InRnRnRVC

Vn
g

−

−−−

+
++−

=

2

1

µ

                                                   (17) 

 

In this case, the generic mobility symbol nµ  in Eq. (12) has been changed to FEµ  in Eq. (17) to 

indicate that this is the field-effect mobility.  Expressing FEµ  in terms of measured mg  leads to 

the final equation for the field-effect mobility: 
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3. EXPERIMENTAL DEMONSTRATION  

3.1 Device Fabrication 

Typical circular HEMTs were fabricated to provide measurements for the 

demonstration of the new method. Undoped AlGaN/GaN layers grown on a SiC substrate were 

employed for the fabrication of the HEMTs. Source and drain ohmic contacts were obtained 

by sputtering Ti/Al/Ni over a 25-nm-thick Al0.22Ga0.78N  and by annealing  at 800oC for 30 

seconds in N2 ambient. The HEMT gates were formed by Ni sputtering. The gate-to-drain and 

gate-to-source distances of the measured devices were 5 µm, whereas the gate length was 15 

µm. 
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In addition to HEMTs, test structures for determination of the contact resistances by the 

transmission-line method (TLM) [13, 14] were fabricated on the same chip. In this structure, 

there are several electrodes with various distances. 

Figure 4 illustrates the typical transfer and output characteristics of the HEMT, 

measured by Agilent power device analyzer B1505A. As can be seen in the figure, the threshold 

voltage, TV , is -2.2 V. 

 

Fig. 4. Transfer and output characteristics of the circular HEMT. 

 

3.2 Resistances Measurements 

Figure 5 shows the measured resistances between differently spaced electrodes of the 

TLM structure. The effective number of squares in the TLM structures is 
W

L
n T

C

2= , as shown 

in Table I. According to Eq. (4), the contact resistance of the source and the drain contacts is 

W

L
RR T

CSC −= 2 . This resistance is equal to 36 Ω, as illustrated in Fig. 5. Based on this value and 

the TLM width, which was 200 µm, the width independent value TCS LR −  is determined as 

360020018 =×==− WRLR CTCS  Ω.µm. This TCS LR −  value is used in Eqs. (15) and (18) with Cn  
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for the circular HEMT design (as shown in Table I).  

 

 

 Fig. 5. Extraction of the contact resistance and the sheet resistance of 2DEG outside the gate 

from the resistance measurements of the transmission-line test structures. 

 

In addition to the value of TCS LR − , the results shown in Fig. 5 are used to determine the 

sheet resistance of the 2DEG outside the gate, OSR − . As indicated in the figure, this sheet 

resistance is obtained from the slope of the measured TLM resistances: OSR − = 0.44×200=88 

Ω/□. 

 

3.3 Extraction of Effective and the Field-Effect 2DEG Mobilities 

The fabricated circular HEMTs were measured to obtain the experimental values for 

the output conductance (Og ) and the transconductance (mg ). These values were used in 

conjunction with the values for TCS LR −  and OSR − , obtained from the TLM structures, to 

determine the effective and the field-effect mobilities, according to Eqs. (15) and (18), 

respectively. The obtained results are shown in Fig. 6, along with the Hall mobility value that 
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was determined by Hall-effect measurement on separately fabricated Hall sample. It should be 

noted that electron mobility can be measured by the Hall-effect method, using samples that 

only require four ohmic contacts [12], [15]. This method  can be used to determine the sheet 

resistance, the carrier density, and the mobility of the 2DEG [12]. However, it cannot separate 

the mobilities in the 2DEG sections outside and under the gate. Therefore, the Hall-effect 

method can only be used to measure the 2DEG mobility in the resistive regions. The sheet 

resistance measured on the Hall sample agrees with the sheet resistance OSR −  that was obtained 

from the TLM structures. The measured Hall mobility corresponds to the mobility of 2DEG 

electrons outside the gate, whereas the effective and the field-effect mobilities are for the 2DEG 

electron under the gate. As can be seen from the results shown in Fig. 6, the Hall mobility of 

electrons outside the gate is very similar to the effective and the field-effect mobilities that are 

obtained for the electrons under the gate. This result suggests that there is no significant impact 

of the gate on the 2DEG mobility. 

In the case of MOSFETs, there is a very significant mobility reduction with applied gate 

voltage. There is no such strong dependence of either the effective or the field-effect mobilities 

shown in Fig. 6 for the measured HEMTs. It should be noted that the channel of electrons in 

MOSFETs is created by the electric field of the applied gate voltage, which is increased with 

an increase in the gate voltage. The increase in the transverse field from the applied gate voltage 

results in the commonly observed reduction of electron mobility in MOSFET channels. In the 

case of HEMTs, the applied gate voltage reduces the transverse field, which can explain this 

difference in mobility behavior in the case of HEMTs. The results for the field-effect mobility, 

shown in Fig. 6, even indicate a small mobility increase with the applied gate voltage. Based 

on the observation that the transverse electric field is reduced by the applied gate voltage, this 

result is not impossible. 
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Fig. 6. The extracted effective, field-effect, and Hall mobilities.
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CONCLUSION 

In this work, a new method for extraction of electron mobility in the 2DEG section 

under the gate of power HEMTs has been presented. This method enables the possible impact 

of the gate voltage on the 2DEG mobility under the gate to be measured without the error 

caused by the resistive 2DEG sections. Applying this technique to fabricated HEMTs showed 

that the 2DEG mobilities underneath and outside the gate are similar. However, this mobility 

independence of the gate material and voltage may not be a general feature for all HEMTs. The 

use of the proposed method with differently fabricated HEMTs will provide a better 

understanding of the impact of gate material and gate voltage on the 2DEG mobility under the 

gate.  
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Abstract—The mobility of current carriers in the 
channel of field-effect transistors usually depends on the 
applied gate voltage. This paper presents experimental 
evidence that the electron mobility in the two-dimensional 
electron gas under the gate of AlGaN/GaN HEMTs is 
actually independent of the gate voltage. This 
demonstration of the gate-voltage independence of the 
electron mobility relates to power HEMTs and it was 
achieved by introducing a new method for the mobility 
measurement. The gate-voltage independence of the 
electron mobility was observed for a wide range of 
temperature, from 25oC to 300oC. Furthermore, it is 
confirmed that the HEMT mobility decreases with 
increased temperature according to the power law (T-k) 
and with a quite high value of the power-law coefficient 
(k = 2.45).  
 

 
Index Terms—High-electron-mobility transistor 

(HEMT), electron mobility, AlGaN/GaN heterostructure, 
two-dimensional electron gas. 

 
INTRODUCTION 

lGaN/GaN high electron mobility transistors 
(HEMTs) are the most prominent devices that 

utilize the unique material properties of the 
AlGaN/GaN heterostructure: high electron mobility in 
the two-dimensional electron gas (2DEG), high 
thermal conductivity, high breakdown field, and high 
saturation velocity [1]-[4]. AlGaN/GaN HEMTs are 
promising candidates for high power switching 
applications due to their high breakdown voltage, low 
on-state resistance, low production cost, capability of 
fast switching, and compatibility with existing 
electronic circuits [5]-[7]. These properties enable 
HEMTs to be operated at high temperatures, either due 
to self-heating or by using them in high-temperature 
applications [1], [5], [8], and [9].  

High mobility of electrons comprising the 2DEG is 
the key factor for the HEMT performance in the case 
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of power and high temperature applications [3], [10]. It 
is well established that the electron mobility in HEMTs 
exhibits a strong reduction with increased temperature 
[2], [4], [6], and [11]. However, the complete 
characterization of the HEMT mobility at high 
temperatures should include information on the 
potential mobility dependence on the value of the 
applied gate voltage. Some published papers present 
room-temperature measurements that indicate HEMT 
mobility dependence on the applied gate voltage [12], 
[13]. It is also expected that the mobility of the current 
carriers in the channel of a field-effect transistor would 
be impacted by the electric field from the applied gate 
voltage. However, there are no confirmed 
measurements and there are no established data about 
specific behavior of the HEMT mobility at different 
gate voltages. 

In this paper, we present experimental results that 
surprisingly show that the HEMT mobility is gate 
voltage independent in a wide range of temperature, 
from 25oC to 300oC. This is achieved by introducing a 
new method for HEMT mobility measurement. 

 
HEMT MOBILITY MEASUREMENT METHOD 

Several different methods have been used to 
measure the HEMT mobility [3], [13]-[16]. Some of 
these methods considered the 2DEG between the 
source and the drain as a single section, which is 
analogous to the channel between the source and drain 
in MOSFETs [13], [15], and [16]. So, the 2DEG 
sections under and outside the gate were not separated. 
Therefore, the mobility results measured by these 
methods show an average mobility between the source 
and drain. Fukui introduced a method to separate the 
channel between source and drain into resistive 
(outside the gate) and field-effect (under the gate) 
sections for GaAs MESFETs [17]. Applying this 
method to the AlGaN/GaN HEMT showed that the 
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resistance under the gate was very sensitive to the 
threshold voltage [14]. In order to solve this problem, 
Fukui’s method was modified for AlGaN/GaN HEMTs 
[14]. However, the modified method is based on the 
assumption that the HEMT mobility is independent 
from the gate voltage [14]. Another presented method 
did not have that assumption; however, it requires Hall-
effect measurements on a separate sample to be 
combined with current–voltage measurements on 
HEMTs [3]. Apart from inconvenience, any sample 
variations may introduce unwanted variation in the 
measured mobility. To avoid these issues, a new 
method for mobility measurement is presented in this 
section. 

In the HEMT structure, the source-to-drain channel 
can be divided into two separate sections: (1) field-
effect section (the section under the gate) and (2) 
resistive section, which includes the source-to-gate and 
the gate-to-drain sections outside the gate. To measure 
the mobility of electrons under the gate, it is important 
to obtain the resistances of both sections. In the section 
under the gate, MOSFET-type equations can be applied 
to model the current–voltage characteristics and the 
resistance of this section. The section outside the gate 
can be considered as a gate-voltage independent 
resistance consisting of the gate-to-source (RGS), the 
gate-to-drain (RGD), the source contact (RCS), and the 
drain contact (RCD) resistances.  

The voltage applied between the drain and the source 
terminals (VDS) is the sum of the voltages across all the 
resistances between the drain and the source: 

 
(1) 

 
 

In (1), rG is the 2DEG resistance under the gate, which 
is a variable resistance that changes with the gate 
voltage, and ID is the drain current flowing through the 
series connection of all the listed resistances. Applying 
the drain current equation for the MOSFET in the 
linear region to the HEMT section under the gate, we 
have: 

 
          (2) 
   

 
where V2DEG-U is the voltage drop across the 2DEG 
under the gate, µn  is  the electron mobility  in the 2DEG 
section under the gate, VG is the applied gate-to-source 
voltage, VT  is the threshold voltage, Cd is the gate 
capacitance per unit area, and L and W are the gate 
length and width, respectively. The gate capacitance 
per unit area is defined by the thickness (td) and 
permittivity (ɛd) of the material between the 2DEG and 
the gate metal, which is AlGaN in the case of GaN-
based HEMTs: 

 
                                                    (3) 
 

 
From (2), the variable 2DEG resistance under the gate 
(rG) can be expressed as follows: 

 
 
 

    
(4) 

 
 

All other resistances can be grouped in a single gate-
voltage independent resistance, Rt: 

 
                  (5) 
 

 
Therefore, the applied drain-to-source voltage, which 
is the sum of the voltages across rG  and Rt is: 

                                            
               (6) 
 
 

 
In (6), there are three parameters that need to be 

determined from the measurements of the current–
voltage characteristics: µn, Rt, and VT. This can be 
achieved by utilizing two common definitions of 
mobility, effective (µeff) and field-effect (µFE) mobility, 
which result in two standard techniques for the 
MOSFET mobility measurements. The first technique 
is based on calculation of the output conductance (
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D
O V

I
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= ), whereas the second technique utilizes 

calculated transconductance (
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∂
∂

= ) [18]. Given 

that the µeff and µFE relate to the same 2DEG mobility 
(µn) in (6), the following condition should be satisfied: 

 
                                  (7) 
 

 
This condition can be used to determine µn, Rt, and VT 
from the output conductance and the transconductance 
that are calculated from measured current-voltage 
characteristics. 

Based on (6), neff µµ = is related to the output 

conductance as follows: 
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Likewise, nFE µµ =  can be related to the 

transconductance: 
 

 
 
(9) 
 
 
 
 
 

A comparison between the two terms in (9) shows that 
the second term is much smaller and can be neglected. 
This conclusion is based on the observation that

)( TG

FE

G

n

VVV −
<<

∂
∂ µµ

. Expressing µeff and µFE in terms of 

gO and gm, respectively, results in the following 
equations: 

 
 

 
 (10) 
 

 
 

 
          (11) 
 
 

 

Both effµ in (10) and FEµ in (11) are derived from 

the same current-voltage equation (6), so they should 
both give the same HEMT mobility value that is 
labeled by nµ  in (6) and (7). This condition can be 

used to determine the value of the unknown resistance 
Rt, in addition to setting the value of VT. So that the 

difference between effµ and FEµ obtained from (10) 

and (11), respectively, is minimized. 
Measurements of the electron mobility in the 2DEG 

section under the gate are influenced by the resistance 
of the 2DEG outside the gate (Rt in Eqs. 10 and 11). 
Some of the published measurements ignore the impact 
of Rt, which could cause apparent dependence of the 
electron mobility on the gate voltage. The newly 
presented method extracts the value of the resistance Rt 
without any assumptions about the impact of the gate 
voltage on the mobility of the electrons under the gate. 
Finally, the most important difference and advantage 
of the new method is that both the value of Rt and the 
value of electron mobility under the gate are extracted 
from measurements on a single device. This eliminates 
the very high sensitivity to sample-to-sample 
variations. 

 
 

FABRICATION PROCESS AND DEVICE STRUCTURE 

In order to provide experimental data to investigate 
the influence of the gate voltage on the HEMT 
mobility, typical circular HEMTs were fabricated 
utilizing 25 nm undoped Al0.22Ga0.78N/GaN, grown on 
undoped GaN, which was grown on semi-insulating 
SiC wafer. First, the wafer was cleaned by Piranha 
before removing the native oxide by HCl. Then, the 
Ohmic contacts were formed by sputtering Ti/Al/Ni 
(100nm/300nm/100nm) over the AlGaN layer, 
followed by annealing at 800oC for 30 s in nitrogen-
rich ambient. This was followed by a photolithography 
to pattern the source and drain Ohmic contacts. Next, 
Schottky gates were formed by Ni sputtering, followed 
by the second photolithography step to pattern the gate 
metal. The gate lengths of the measured devices were 
15 µm, while the gate-to-source and gate-to-drain 
distances were 5 µm.  

Top view of the fabricated circular HEMT is shown 
in Fig. 1. The closed geometry design was used to 
avoid any leakage currents due to existence of 2DEG 
in the areas that are not controlled by the gate. In this 
figure, LG shows the gate length, whereas LGS and LGD 
are the gate-source and gate-drain distances, 
respectively. HEMT measurements were performed by 
Agilent power-device analyzer B1505A. 

 

 
MEASUREMENT OF HEMT MOBILITY AT ROOM 

TEMPERATURE 

Measured transfer and output characteristics of the 
fabricated HEMTs are shown in Fig. 2. The threshold 
voltage (VT), needed in (10), is determined as the 
intersection of the transfer characteristic with the VG-
axis. As can be seen in Fig. 2 (a), its value is VT = -2.1 
V. The first derivatives of the transfer characteristic 
with respect to the gate voltage and the drain voltage 
lead to the transconductance and the output 
conductance of the HEMT, respectively, which are 
shown in Fig. 3. These results are used to calculate the 

 

 
 

Fig. 1. Top view of the fabricated circular HEMT. 
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(a) 

 
(b) 

Fig. 2. The transfer (a) and the output (b) characteristics of the 
fabricated HEMTs. 
 
 

 
Fig. 3. The transconductance and the output conductance of the 
fabricated HEMTs.  
 
mobility by the effective and the field-effect mobility 
equations, (10) and (11), respectively. In these 
equations, Cd = 3300 µF, W = 770 µm, and L = 15 µm. 
The value of Rt is determined so that the difference 
between µeff  and µFE results is minimized. Figure 4 
shows µeff  and µFE with the best value for Rt. It can be 
seen that a good agreement is achieved between µeff and 
µFE and that, more importantly, there is no significant 
dependence of mobility on the gate voltage. This result 
confirms that the decision to neglect the second term in  

 
Fig. 4. The best match between the effective and field-effect mobility 
values of the fabricated HEMTs. 

 

 
(a) 

 
(b) 

 
(c) 

 
Fig. 5. The output characteristics (a), the resistive section of the 
output characteristics where VDS is smaller than 100 mV (b), and the 
output conductance (c) of the HEMTs at and different temperatures. 
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(9) is definitely justifiable. 

 
HIGH TEMPERATURE MEASUREMENTS 

This section presents the HEMT mobility results, 
obtained by the new method, for the temperature range 
from 25oC to 300oC.   
The measured output characteristics, and the related 
output conductance, are shown in Fig. 5. The transfer 
characteristics of the HEMT at drain voltage of 100mV 
and the related transconductance are shown in Fig. 6.  
As can be seen in Fig. 6 (a), the threshold voltage of 
the HEMT does not vary with changing the 
temperature. The effective and field-effect mobility 
values, obtained from (10) and (11) using the measured 
output conductance and transconductance, 
respectively, are shown in Fig. 7.  These results are for 
the values of Rt that minimize the differences between 
the µeff and µFE.  The results clearly show that the 
HEMT mobility remains independent of the gate 
voltage up to the temperature of 300ºC.  
To understand the reason of HEMT mobility 
independence from the gate voltage, we can analyze 
the relationship between different scattering 
mechanisms and the electric field due to the gate  
 

 
(a) 
 

 
(b) 

 
Fig. 6. Transfer characteristics (a) and the transconductance (b) of 

the HEMTs at different temperatures. 

voltage. The relevant scattering mechanisms include 
phonon, alloy disorder, interface roughness, ionized 
impurities, dislocation, and dipole scattering. The 
overall effect of scattering is quantified by the mean 

time between two scattering events (nτ ), which 

determines the mobility according to the following 
fundamental equation:  
 

 
Fig. 7. The measured HEMT mobility is gate-voltage independent in 
the temperature range from 25ºC to 300ºC. 
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                                              (12) 
 

 
In Eq. (12), q is the electron charge and m* is the 
electron effective mass. The probability per unit time 
that a carrier will be scattered due to different scattering 
mechanisms is: 
 

 
(13)   

 
 

where phτ  , allτ , intτ , ionτ , disτ , and dipτ are 

electron lifetimes due to phonon, alloy disorder, 
interface roughness, ionized impurities, dislocation, 
and dipole scattering, respectively. In order to analyze 
the dependence of these scattering mechanisms on the 
gate voltage, it is important to observe that the electric 
field due to the gate voltage is perpendicular to the two-
dimensional motion of electrons. Therefore, electrons 
do not move in the direction of vertical electric field; 
they appear as standing waves in that direction. 
Accordingly, interface roughness scattering is the only 
mechanism that can be influenced by the perpendicular 

electric field ( ⊥E ) [19]-[23], which is according to 

the following equation [20], [24]: 
 

 
                 (14) 
 
 

 

In Eq. (14), ∆  is the root-mean-square deviation of the 
interface,Λ  shows the correlation length, and h is the 
reduced Planck constant. In the fabricated HEMT, 
interface roughness scattering is insignificant because 
the interface is atomically smooth. This is also 
indicated by the large value of the electron mobility, 
which shows that most of the scattering mechanisms 
are not effective. We can conclude that the dominant 
scattering mechanism that influences the electron 
mobility in the 2DEG at temperatures above the room 
temperature is phonon scattering [25], which is 
independent from the vertical electric field [26].  

The result that the HEMT mobility is independent of 
the gate voltage means that the measurement methods 
based on the assumption of constant mobility can be 
used to verify the mobility values obtained by the new 
method.  As can be seen in Fig. 7, there is an excellent 
agreement between the mobility values obtained by the 
new method and the method used by Menozzi et al 
[14].   
The dependence of the HEMT mobility on temperature 
is presented in the log–log plot in Fig. 8. The linear 

dependence on this log–log plot shows that 

 
Fig. 8. The measured HEMT mobility follows the power law. 
 
the mobility decrease with temperature follows the 
following power law [27]: 

 
 
                                          (15) 

  
where A is a temperature-independent proportionality  
coefficient, T is the absolute temperature, and k is the 
power coefficient. The value of k, determined from the 
slope of the mobility versus temperature in the log–log 
plot, is equal to 2.45. This value corresponds to a much 
stronger mobility reduction than what is usually 
observed in the case of phonon scattering (k = 1.5). 
However, the value of k = 2.45 is in the range of power-
coefficient values reported for AlGaN/GaN-based 
devices (k between 2.18 to 3.42) [28]. 

 
CONCLUSION 

In this paper, an experimental investigation of the 
AlGaN/GaN HEMT mobility dependence on the gate 
voltage is presented. Using a new method for mobility 
measurements in HEMTs, it is demonstrated that the 
HEMT mobility is independent of the applied gate 
voltage in the temperature range from 25ºC to 300ºC. 
In addition, it was confirmed that the decrease of 
mobility with temperature follows the power law and 
that the power coefficient (k = 2.45) is much higher 
than the usual phonon-scattering value of k = 1.5.  
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Abstract—The reduction of electron mobility in 
AlGaN/GaN heterostructures follows the common power 
law, but with an unexpectedly high power coefficient. 
Following experimental verification of the unusual 
power-coefficient value by a different measurement 
method, this paper presents an analysis that identifies 
temperature dependence of the effective electron mass as 
the responsible physical mechanism for this effect. Based 
on this result, the measured values of electron mobility 
are used to calculate the effective mass of electrons in 
AlGaN/GaN heterostructures over a wide temperature 
range, from 25ºC to 300ºC.  
 

Index Terms—AlGaN/GaN heterostructure, electron 
mobility, power coefficient, effective mass. 

 
 

INTRODUCTION 

emiconductor devices based on the AlGaN/GaN 
heterostructure exhibit exceptional characteristics, 

such as high breakdown voltage, small on resistance, 
high thermal conductivity, and small output 
capacitance [1]. One of the key material advantages of 
AlGaN/GaN heterostructures is the high mobility of 
electrons in the two-dimensional electron gas (2DEG) 
at the AlGaN/GaN heterojunction. Due to the high 
electron mobility and the high breakdown field, 
AlGaN/GaN-based high electron mobility transistors 
(HEMTs) have been used for high-frequency 
applications and are now becoming increasingly 
popular for power-switching applications [2]. The 
high-power applications result in high power 
dissipation and increased operation temperatures. For a 
better understanding of the operation of these devices 
at high temperatures, it is essential to understand the 
physics behind the high-temperature behavior of the 
2DEG mobility. 

At high temperatures, phonon scattering is the only 
mechanism limiting the carrier mobility in 
semiconductor devices [3]-[6]. The carrier mobility 
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(µ), limited by phonon scattering at high temperatures, 
can be expressed by the power-law equation [7]-[9], 

                                                                                           

                                               (1) 
 

 

where T is the absolute temperature, A is a 
proportionality constant, and γ is the power coefficient 
whose value in the case of phonon scattering is 1.5 [7]-
[9]. The electron mobility in AlGaN/GaN 2DEG is 
expected to follow the same power coefficient, because 
no additional scattering mechanism that could alter this 
temperature behavior has been identified [9],[10]. 
However, numerous results published in the literature 
show that the power coefficient of the high-
temperature dependence of electron mobility in 
AlGaN/GaN 2DEG is between 2.18 and 3.42 [6],[10]-
[18], which is a surprisingly high value in comparison 
to the expected value of 1.5. There is no published 
explanation for this unexpected behavior. In this paper, 
we identify the physical mechanism behind the 
surprising increase in the power coefficient, which will 
enable better modeling of the high-temperature 
mobility behavior and a better understanding of the 
physics of AlGaN/GaN-based devices. 
 
 

EXPERIMENTAL VALUE OF THE POWER COEFFICIENT 

This section presents the relevant experimental 
results, both published by other authors and a 
confirmation of these results by new measurements 
obtained by a different measurement technique.  

 
 

Published results by Hall-effect measurements 

There are a number of published measurements of 
the temperature dependence of 2DEG mobility in 
AlGaN/GaN heterostructures [10]-[17], which are 
summarized by the grey symbols in Fig. 1. These data 
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include AlGaN/GaN layers grown on sapphire 
substrates [12]-[17], as well as on Si and SiC substrates 
[10],[11]. As can be seen in the figure, the substrate 
type does not impact the mobility values and the power 
coefficient. In some of the published works, the 

mobility is measured over a wide range of temperature. 
In this paper, the focus is on the temperature range from 
150 K to 800 K, which is consistent with the expected 
operational range. In particular, the main focus is on 
the value of the power coefficient in this 

 
 

 
Fig. 1. Published experimental results by Hall-effect measurements (grey symbols), along with new measurements by both Hall-effect and 
circular-transmission-line (CTL) measurements (black symbols). 

specific temperature range. Hence, the main graph in 
Fig. 1 corresponds to this temperature range, with the 
experimental data published for lower temperatures 
shown in the inset.  

The results in Fig. 1 are shown as log–log plots, so 
the linear segment at high temperatures confirms the 
applicability of the power law given by (1). The 
absolute value of the slope of this linear segment is 
equal to the power coefficient γ.  

 
New results by Hall-effect and circular-transmission-
line (CTL) measurements 

All published results shown in Fig. 1 (the grey 
symbols) are obtained by Hall-effect measurements. 
To confirm these results, we performed measurements 
by both Hall-effect and CTL methods. The CTL 
method was selected because it enables resistance 
measurements with well-defined geometry, which 
avoids errors due to side leakage in the case of the 
rectangular transmission-line geometry. 

The magnetic field for the Hall-effect measurements 
was 0.52 T. All current–voltage measurements were 
performed by an HP4145B semiconductor parameter 

analyzer. The AlGaN/GaN heterostructure used in 
these measurements was grown on semi insulating SiC 
wafer. A 25 nm undoped Al0.22Ga0.78N layer was grown 
on top of undoped GaN layer. For the Hall-effect 
method, 1×1 cm square shaped samples were cut and 
four Ohmic contacts were formed on each corner of the 
sample by sputtering Ti/Al/Ni, followed by annealing 
at 850ºC for 30 s. For the CTL method, a set of 5 CTLs 
with different gaps between the CTLs were fabricated 
on a single sample. The contacts were made by the 
same process as for the Hall-effect samples. 

For both of the Hall-effect and CTL samples, the 
2DEG mobility was calculated as [19] 

 
 

 
                                    (2) 
 

                                                 

where q is the electron charge, Rs is the sheet resistance, 
and N2DEG is the electron density in the 2DEG, which 
was obtained by the Hall-effect measurements. It 
should be noted that N2DEG changes with temperature 
are negligible [10],[16]. Therefore, the value of N2DEG, 
obtained from the room-temperature Hall-effect 
measurements, was used for the mobility calculations 
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by (2) at both low and high temperatures. The current–
voltage measurements, needed to obtain the sheet 
resistances by both the Hall-effect and CTL methods, 
were performed over the temperature range from 25ºC 
to 300ºC.  

The obtained mobility values are presented in Fig. 1 
by the black symbols (squares for the Hall-effect 
measurements and circles for the CTL measurements). 
It can be seen that the measured mobility by the two 
different methods are in close agreement with each 
other. The power-coefficient value corresponding to 
these measurements, which is γ = 2.8, is approximately 
equal to the average γ values published in the literature. 
Therefore, γ = 2.8 can be considered as the 
representative power-coefficient value and will be used 
in the analysis presented in the subsequent section. 

 
ANALYSIS OF THE POWER COEFFICIENT 

We begin the analysis by evaluating the various 
parameters that could affect the electron mobility in 
AlGaN/GaN heterostructures. Parameters such as 
background career concentration, quality of the grown 
AlGaN and GaN, and various scattering mechanisms 
such as phonon scattering, interface scattering, and 
background carrier scattering could impact the 
temperature dependence of the electron mobility in 
AlGaN/GaN heterostructures. However, published 
results show that the interface scattering is not a 
function of temperature and, therefore, has no effect on 
the temperature dependence of electron mobility [20]. 
Various publications identify phonon scattering as the 
dominant mechanism that determines the mobility 
values at high temperatures [3]-[5],[7],[8]. Regarding 
the background carrier concentration, published results 
show that the carrier concentration increases with 
temperature, thereby increasing the carrier density in 
the GaN layer. However, this increase in the carrier 
density is small and is unlikely to significantly impact 
the measurements of electron mobility [11],[16],[18]. 
Finally, regarding the quality of the AlGaN and GaN 
layers, the high electron mobility (1747 cm2/Vs) 
recorded at room temperature on these samples 
demonstrates that the quality of the grown GaN and 
AlGaN is very high. Therefore, it is safe to conclude 
that the electron mobility is dominated by phonon 
scattering at high temperatures. 

The relationship between the electron mobility (µ) 
and the average time between two phonon-scattering 
events (τph) can be expressed as 

 

                                                    (3)  
 
                                              

where m* is the effective mass. The phonon-scattering 
time can be expressed in terms of the phonon-scattering 
cross-section (σSC), the concentration of phonons as 

 Fig. 2. Experimental values of the effective mass of electrons in 
AlGaN/GaN heterostructure at different temperatures. The grey 
symbols are the measured values in [21], whereas the black symbols 
correspond to the values extracted from the mobility measurements 
presented in this paper (l is the power coefficient in the power-law 
dependence of the effective mass on temperature). 

 

scattering centers (NSC), and the thermal velocity of 
electrons (vth) [7]: 
 
 

 
                                    (4) 
                                                   

           
The thermal velocity of electrons in two dimensions 
can be expressed in terms of crystal temperature: 

 

 
                                             (5) 
 

where k is the Boltzmann constant. With a linear 
dependence of phonon scattering cross-section on the 
absolute temperature [7], 
 

                                                   (6) 
 

where A1 is a temperature-independent proportionality 
constant, (4)–(6) lead to the power law of mobility 
versus temperature and the expected power coefficient 
value of 1.5: 
 

                                  (7) 
 

 
                                                                     
 

The coefficient A in (7) is:   
 
                           (8) 
    
 

 

The expected power-coefficient value of 1.5 is 
experimentally observed in Si devices, which is 
consistent with the temperature independence of all 
quantities, including the effective mass, that appear in 
(8).  As distinct from Si, recently published results 
show that the effective mass of electrons in 
AlGaN/GaN heterostructures changes with 
temperature [21]. One possible mechanism for this 
behavior is due to the quantum confinement effect in 
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the AlGaN/GaN heterostructure [22]. The measured 
values of the effective mass at sub-room temperatures, 
published in [21] are plotted by the grey symbols in 
Fig. 2. These measurements were performed up to 
room temperature only, because the measurement 
methods (cyclotron resonance and Shubnikov-de Haas 
oscillations) were limited to high mobility values [21].  

Rearranging the variables in (7) and (8), the effective 
electron mass can be expressed as  

 
                              (9) 
 
 

The value of A1 in (9) can be obtained by substituting 
the values of the measured mobility (this paper) and the 
effective electron mass [21] at room temperature, along 
with the known values of the remaining variables and 
constants. The obtained value is A1 = 6.6×10-25 m2/K. 
Based on (6), this value corresponds to the scattering 
cross-section of σSC = 1.98 ×10-18 cm2, which is in the 
range of expected values for the scattering cross-
section of phonons in semiconductor devices [7].  

Using the determined value for the constant A1, the 
concentration of atoms in GaN as the concentration of 
phonons (Nsc = 8.9×1022 cm-3), and the measured 
electron-mobility values, (9) can be used to calculate 
the effective electron mass above room temperature. 
The obtained results are presented by the black circles 
in  Fig. 2. It can be seen that the obtained high-
temperature values from the mobility measurements in 
this work follow the trend of the published results for 
the temperatures below 300 K.  

Inserting the electron mobility from (7), which is the 
power-law dependence of mobility on temperature, 
into (9) results in the following equation: 

 
                                             
            (10) 
 
 

 
Equation (10) shows that the effective electron mass 
also follows a power law at high temperatures, with the 
power coefficient being equal to l = 2γ-3 = 2.6. The 
slope of the effective-mass increase with temperature 
on the log–log plot in Fig. 2 (the black circles) is equal 
to the power coefficient l = 2.6.  

 
CONCLUSION 

In this paper, we have demonstrated that the 
effective mass of electrons in AlGaN/GaN 2DEG 
increases with temperature. Furthermore, we have 
demonstrated that this increase is according to the 
power law at temperatures above 300 K, and that the 
power-law coefficient is l = 2.6. This effect accounts 
for the increased coefficient γ in the power-law 
dependence of the phonon-limited mobility on 

temperature. The increase is from the usual phonon-
scattering value of γ = 1.5 to the value of γ = 2.8, which 
is experimentally observed in numerous papers and 
confirmed in this paper by a different measurement 
method.  
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In previous chapters, two methods to measure the electron mobility of the HEMT in the 

2DEG region were presented and the parameters affecting the value of the mobility were 

analysed in detail. In this chapter, it is explained that the measured mobility can be used for 

modelling of the HEMT. HEMT models can be used for SPICE simulation of this device for 

circuit simulation purposes.  

      The HEMT includes the field-effect and resistive sections. The field-effect section 

can be modelled by modifying the MOSFET LEVEL 3 model. Therefore, equations and 

parameters of the MOSFET can be used for modelling of the HEMT. The drain current of the 

MOSFET is explained by: 
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Here, ID is the drain current, VGS shows the gate-to-source voltage, Vto is the threshold voltage, 

VDS represents the drain-to-source voltage, and Rs and Rd are source and drain constant 

resistances.  In both of the equation, β plays an important role and its value changes the value 

of the drain current in both triode and saturation regions. This parameter is calculated as 

follows: 

effOX

OX

L

W

t

εµβ 0=  

Here, µ0 is the low-field mobility, εOX shows the permittivity of the oxide, which is the 

permittivity of AlGaN in case of AlGaN/GaN HEMT, tOX represents the thickness of the oxide, 

W is the gate width and Leff is the effective length of the gate. εOX, tOX, W, and Leff are related to 

the characteristics and dimensions of the AlGaN layer of the HEMT, however the value of the 

µ0 needs to be measured. Therefore, using the value of the HEMT mobility, which can be 

measured by the presented methods in chapters 3 and 4, leads to calculate the value of β. This 

issue shows the importance of the mobility measurement in modelling of the HEMT. When the 

value of the mobility is not known, transconductance parameter (KP) needs to be extracted 

through the transfer characteristic of the HEMT. Extraction of all of the required parameters 

for SPICE modelling of the HEMT are explained in detail in this chapter. 
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Abstract- Simulation-based analysis and design of circuits with HEMTs is becoming increasingly 

important, but the device library in the standard circuit simulator (SPICE) does not include a HEMT 

model. To address this problem, this paper presents a method for overcoming the relevant difference 

between the HEMT and MOSFET device structures, so that specifically selected MOSFET equations 

and parameters in SPICE can be used as a model for the current–voltage characteristics of power 

HEMTs. The proposed method, which includes techniques for determining the values of the selected 

device parameters, is demonstrated and verified by measured transfer characteristic, output 

characteristics, and gate capacitance of fabricated HEMTs. Using the selected MOSFET parameters 

and determining their values by the proposed techniques, circuit designers can simulate circuits with 

power HEMTs without the uncertainty associated with the unknown parameters and equations in newly 

developed subcircuit-type HEMT models.  

 

Keywords- Power high-electron-mobility transistor (HEMT), SPICE simulator, parameter 

extraction method, SPICE parameters. 
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I. Introduction 

Design and analysis of power electronic circuits are usually performed by the simulation 

program with integrated circuit emphasis (SPICE), which is adopted by the electronic industry 

as the standard analogue electronic circuit simulator [1]. The standard SPICE library of devices 

was developed at the time when the focus was on bipolar-junction transistors, junction field-

effect transistors, and metal–oxide–semiconductor field-effect transistors (MOSFETs), and it 

does not include a library model for the high-electron-mobility transistor (HEMT). However, 

there is a growing demand to use HEMTs in power electronic circuits [2-5], especially with the 

emergence of GaN-based HEMTs that offer blocking voltages well above silicon-based 

MOSFETs and offer both power efficiency and switching frequencies above SiC-based 

MOSFETs [6].  

To enable simulation of circuits with HEMTs, several papers have proposed HEMT models 

[4], [7-10] that could be incorporated into SPICE by defining external sub-circuits. This is a 

complex process for the circuit designers without established parameter-extraction techniques, 

which can also adversely impact the simulations. To address this problem, we show in this 

paper that properly selected equations and parameters from the standard MOSFET LEVEL 3 

model in SPICE can be used to match the current–voltage characteristics of GaN HEMTs. The 

paper also presents parameter-extraction techniques to determine the values of selected 

parameters from measured HEMT characteristics. 

 

II. SELECTION OF SPICE EQUATIONS AND PARAMETER EXTRACTION  

A. Selection of Equations and Related Parameters  

Figure 1 (a) shows that the two-dimensional electron gas (2DEG), connecting the source and 

drain contacts of a HEMT, consists of three segments: the source-to-gate segment whose length 

is LGS, the segment under the gate (LG) that is subject to the field-effect control by the gate, and 
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the gate-to-drain segment (LGD) [11]. Figure 1 (b) illustrates that the main difference between 

a HEMT and a MOSFET is due to the resistive regions outside the gate (gate to drain resistance, 

Rd, and gate to source resistance, Rs), which do not exist in the case of MOSFETs. However, 

MOSFET models in SPICE include parasitic resistances Rs and Rd as parameters. This enables 

HEMTs to be modeled by the equivalent circuit shown in Fig. 1 (b) and this model to be 

implemented in SPICE through selected MOSFET equations and parameters, along with 

properly set values for the parameters Rs and Rd. 

 

Fig. 1.  HEMT cross section showing that the device channel (2DEG) consists of three sections 
(a), which can be modelled by an equivalent circuit consisting of two resistors and a MOSFET 
(b).  

 

There are different sets of equations, called model levels in SPICE, with corresponding 

equation parameters. MOSFET LEVEL 1 model is based on the rudimentary device equations. 

It employs a simple MOS capacitor model for the depletion-layer charge, which ignores the 

effects of the source and drain depletion regions. These effects are included in MOSFET 
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LEVEL 2 model in a mathematically complicated way [1]. This makes the model inefficient 

and convergence issues are frequently encountered. Accordingly, LEVEL 2 model has been 

superseded by MOSFET LEVEL 3 model, which is more robust (it rarely encounters 

convergence problems) and is both simpler and more accurate than LEVEL 2 model [1]. 

Therefore, MOSFET LEVEL 3 model is utilized in this work. In SPICE, a parameter labeled 

as LEVEL is assigned to MOSFET devices, which can be set as LEVEL=3 to activate the set 

of equations that correspond to LEVEL 3 model.  

The equations of MOSFET LEVEL 3 model that include and define the selected parameters, 

in addition to the already described Rs and Rd parameters, are as follows [12]: 
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In Eqs. (1)-(4), VGS and VDS  are the applied gate-to-source and drain-to-source voltages, 

respectively, ID is the resulting drain current, and the remaining SPICE parameters are the 

threshold voltage, Vto, the transconductance parameter, KP, the channel width, W, the channel 

length, L, the body factor, Gamma, and the surface potential in strong inversion, Phi.  

In addition to the described DC parameters, AC parameters are required to enable meaningful 

simulation of circuits‘ time responses. These parameters, which should be specified to avoid 

the use of zero-default values by SPICE,  are related to the parasitic capacitances. The equation, 

which is used in SPICE to calculate the gate capacitance (Cg), is as follows: 
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)()( WCgsoWCgdo ××××++++××××====gC                                                                                      (5) 

 

In Eq. (5),  Cgdo and Cgso are the relevant SPICE parameters, which are called the gate-to-

drain and the gate-to-source overlap capacitances per channel width, respectively.  

The channel width and length, W and L, are geometric-design parameters, whereas all the 

other selected parameters can be considered as technological parameters. The default values of 

the selected technological parameters in MOSFET LEVEL 3 model are shown in Table. 1.  

 

B. Device Fabrication 

The values of the selected SPICE parameters should be determined from the current–voltage 

characteristics of a representative HEMT. Measured characteristics of typical circular HEMTs 

are used to present techniques for determination of the parameter values in this paper. The 

HEMTs were fabricated from undoped AlGaN/GaN layers, grown on semi-insulating SiC 

wafers. First, wafer was cleaned by Piranha followed by native oxide removing by HCl. Next, 

Ti/Al/Ni was sputtered over 25-nm-thick Al0.22Ga0.78N, followed by annealing process at 800oC 

for 30 seconds in N2 ambient, to form the source and drain Ohmic contacts. Performing 

photolithography on the sample led to pattern source and drain Ohmic contacts. Following the 

 
 

TABLE 1 
SELECTED PARAMETERS FROM THE MOSFET LEVEL 3 EQUATIONS TO BE USED AS HEMT MODEL. 

Selected parameters (LEVEL = 3) Vto (V) KP (mA/V2) Rd (Ω) Rs (Ω) Phi (V) Gamma (V1/2) 

 

Cgso 

(nF/m) 

 

 

Cgdo 

(nF/m) 

Default values [12, 13] 0 0.02 0 0 0.6 0 0 0 

Parameter values 

to match the 

measured HEMT 

 

Before nonlinear fitting -2.2 0.5 5.25 5.25 2 0.28 87.6 87.6 

After nonlinear fitting -2.2 0.65 7 7 2 0.28 87.6 87.6 
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formation of the source and drain contacts areas by photolithography, Ni was sputtered and 

selectively etched to define the gate electrode. The gate-to-source and gate-to-drain distances 

of the measured devices were 5 µm, whereas the gate length was 15 µm. DC and AC 

measurements have been performed by Agilent power device analyzer B1505A. 

 

C. Parameter Extraction: Techniques to Obtain the Values of the Selected Parameters 

The values of Vto, Rs and Rd can be determined from measured transfer characteristic of a 

corresponding HEMT. The transfer characteristic of the HEMTs fabricated by the process 

described in the previous section is shown in Fig. 2. This transfer characteristic is measured at 

VDS = 100 mV. Small VDS value is used during the measured to ensure that Eq. (1) can be 

simplified to the following linear form:  

 

 
 

Fig. 2. Extraction of of KP, Vto, Rs and Rd from measured transfer characteristic of a fabricated 
HEMT, in combination with Eqs. (7) and (13).  

 

                                                            (6) 

Furthermore, for small currents ID, the terms RsID and RdID are also negligible, which results 

))(( DDDSGSD IIVVPI RdRsVto
L

W
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in the linear segment of the transfer characteristic with the slope of KP(W/L)VDS: 

                                                                                                                                                                                                                         (7) 

 
 
 

Equation (7) corresponds to the dashed line in Fig. 2. It can be seen that the intercept between 

the dashed line and the VGS axis corresponds to the threshold voltage Vto, whereas the slope 

corresponds to KP(W/L)VDS. The parameter KP can be calculated from the determined value 

of the slope, the known values of the geometric parameters W and L, and the value of set VDS 

voltage. It should be noted that any set of W and L values can be used if the actual values are 

not known because the current voltage characteristics depend on the combined term KP(W/L).  

For the case of the measured HEMTs with the transfer characteristic in Fig. 2, the intersection 

between the extrapolated linear section of the characteristic and the VGS axis is at Vto = -2.2 V. 

The slope of the linear section is 2.54 mA/V, which corresponds to KP=0.5 mA/V2 for the 

specific case of VDS=100 mV, W=770 µm, and L=15 µm.  

The solid line in Fig. 2 corresponds to the following equation: 

 

                                                                                               (8) 

 

where β = KP(W/L), VDS0=VDS-(Rs+Rd)ID. From Eq. (8), VGS0 can be expressed as 

 

Vto+=
0

0

DS

D

GS V

I
V

β
                                                                                                           (9) 

 

Obviously, (Rd+Rs)ID is negligible for small ID currents, and VGS0=VGS in the region where the 

measured linear segment of the transfer characteristic (the solid line) and the dashed line 

overlap. For higher ID currents, however, (Rd+Rs)ID is not negligible and VGS>VGS0 is required 

to achieve the same ID current.  Given that 
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the following equation for the difference ∆VG=VGS-VGS0, which is illustrated in Fig. 2, can be 

obtained from Eqs. (9) and (10): 
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Replacing VDS0=VDS-(Rs+Rd)ID we obtain 
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Equation (13) shows that Rs+Rd can be determined from ∆VG, which is the difference between 

the extrapolated linear segment of the transfer characteristic (the dashed line in Fig. 2) and the 

actual measured characteristic for a given ID value. Practically, the highest measured current ID 

should be selected for the determination of Rs+Rd, because it will result in the largest ∆VG 

value and, correspondingly, in the smallest error for Rs+Rd.  

For the specific data shown in Fig. 2, ID = 3.5 mA, ∆VG = 0.8 V, and Rs + Rd =10.5 Ω. This 

means Rs = Rd = 5.25 Ω for the case of LGS = LGD. For HEMTs with different LGS and LGD 

values, the ratio between these values can be used to partition Rs+Rd into the adequate Rs and 

Rd values.  
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The remaining two parameters, Gamma and Phi, impact the saturation current of the device 

through the term FB, as shown by Eq. (4) [12]. The dependence of the saturation current (ID) 

on the gate-to-source voltage (VGS), given by Eq. (2), can be linearized if DI is plotted versus 

VGS:   

 

)(
)1(2

Vto−
+

= GS

B

D V
F

I
β                                                                                             (14) 

 

As this equation shows, the DI -VGS dependence should be linear with the slope equal to

)1(2 BF+
β . For the case of measured HEMTs in this paper, the DI -VGS data are shown in 

Fig. 3. For these data, the corresponding value of FB is equal to 0.1. Considering Eq. (4), any 

set of Gamma and Phi values that result in FB = 0.1 is acceptable. If the value of Phi is set at 

2 V, which is the physically expected value of the surface potential in strong inversion, the 

value for Gamma that corresponds to FB = 0.1 is Gamma = 0.28 V1/2. 

In order to extract the value of selected AC parameters, it should be noted that there are 

complex dependencies of the gate capacitance on the gate voltage, but their modeling is not 

absolutely necessary. So the most functional way to model a capacitance is to use constant 

gate-to-source and gate-to-drain overlap capacitances per unit width (Cgso and Cgdo in 

SPICE). 

The parameters values obtained by the described procedure are summarized in Table 1 in the 

raw labeled as “before nonlinear fitting”. The large differences of the extracted values from the 

default values, which are also shown in Table 1, illustrate the importance of the described 

extraction procedure. 
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Fig. 3. Determination of FB from the slope of the linear relationship between the square root of 
the drain saturation current and the gate voltage.  

 

D. Nonlinear Fitting 

The differences between the default values and the extracted values, shown in Table 1, are so 

large that the default values are not reliable even as the initial values for a possible nonlinear 

fitting of the selected equations and the measured data. However, the extracted values can be 

used as the initial values to improve the match between the selected equations and the measured 

data by nonlinear fitting. The parameter values after nonlinear fitting are also shown in Table 

1. As can be seen, the values of extracted parameters after nonlinear fitting are very close to 

the initial values obtained by the previously described parameter-extraction procedure. 

 

III. V ERIFICATION BY SPICE SIMULATION  

Setting the values of the selected parameters in MOSFET LEVEL 3 model, the simulated 

transfer characteristic, output characteristic, and gate capacitance are compared with the 

measured results of the fabricated HEMT. Figures 4 (a) and (b) show that an excellent 

agreement between the SPICE simulation and measurement results is obtained, demonstrating 



CHAPTER 6 

 

 
121 

that the selected MOSFET LEVEL 3 equations and parameters can be used as the model for 

HEMTs in SPICE. In addition, the measured and simulated gate capacitance of the HEMT as 

a function of gate voltage is shown in Fig. 5, in which Cgdo and Cgso have constant values. 

Due to simplicity of this approach and the familiarity of circuit designers with the standard 

MOSFET model in SPICE, this approach is ideally suited for analysis and design of circuits 

with HEMTs. 

 

Fig. 4. Verification of the extracted parameters and the selected SPICE equations by measured 
data: a) transfer HEMT characteristic and b) output HEMT characteristics. 
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Fig. 5.  Comparison of the measured and simulated gate capacitance. 

 

IV. CONCLUSION  

In this work, a method for using standard MOSFET equations and parameters for SPICE 

simulation of circuits with power HEMTs is presented. A set of MOSFET LEVEL 3 equations 

and parameters is selected and techniques for the extraction of the parameter values are 

presented. The validity of this approach, including the proposed parameter-extraction 

techniques, is verified by demonstrating an excellent match between simulated and measured 

transfer characteristic, output characteristics, and gate capacitance of a representative circular 

HEMT. 
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7.1. Conclusions 

Although GaN-based HEMT was successfully commercialised, the performance of this 

device required more development. For instance, the AlGaN/GaN HEMT suffered from a lack 

of an accurate method for measuring its electron mobility in the 2DEG region. Typically, this 

issue is attributed to the assumption that this mobility is uniform through the whole channel, 

from the source to the drain. However, the HEMT structure consists of two sections; field-

effect and resistive sections. The mobility of these two sections needed to be separately 

analysed. In addition, there were still several parameters, such as the gate voltage and 

temperature, whose effects on the mobility of the HMET needed identifying. Finally, the 

performance of the mobility measurement in the development of the HEMT, especially for the 

modelling of this device, needed to be known. 

In this thesis, a new method for measuring the electron mobility of the 2DEG underneath the 

gate of the power HEMT is proposed. The mobility measurement by the new method is 

performed by taking into account the possible effects of the gate voltage on the value of 

mobility. Also, the new method avoids any errors caused by the resistive sections of the 2DEG. 

Applying this method to the fabricated HEMTs shows similar values for the mobility 

underneath and outside the gate. 

HEMT is a prominent power device for high-temperature applications. Therefore, a method 

capable of measuring the mobility at temperatures above the room temperature is presented. 

This method requires only the HEMT sample, and it does not include any assumptions about 

the dependence of the mobility on the gate voltage. It is experimentally demonstrated that the 

electron mobility of 2DEG is independent of the gate voltage at various temperatures. In 

addition, the mobility reduction caused by increasing the temperature follows a function with 

the power-law coefficient of 2.45, which is higher than the common phonon-scattering value 

of this coefficient (1.5). 

Increasing the temperature causes a reduction in the value of the mobility. The only scattering 

mechanism affecting the mobility at high temperatures is the phonon scattering. However, it 

was found that the rate of the mobility drop by the temperature for the GaN-based devices is 

different from the case where only normal phonon-scattering is involved. It is demonstrated 

that this different rate of decrease is because of the effective mass of electrons in the 2-DEG 

section of the AlGaN/GaN, which is increased by increasing the temperature. This unexpected 
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value of the power coefficient for the GaN-based devices was found in several other papers 

and is experimentally confirmed by a mobility measurement method. 

The application of the measured mobility for developing the performance of the HEMT is 

investigated. It is shown that the mobility can be used for the modelling of the HEMT. SPICE, 

which is the most common circuit simulation software, lacks any models for the HEMT. 

Therefore, a new model for SPICE simulation of the circuits is introduced. This model uses the 

standard MOSFET LEVEL 3 equations and parameters for simulation of circuits with the 

power HEMTs. The technique to extract the value of the parameters is explained in detail. In 

addition, this model is experimentally verified by applying it to the fabricated HEMT. 

Comparison of the DC and AC simulated and measured characteristics of the HEMT 

demonstrates an excellent agreement between these results. 

 

7.2. Suggestions for future research 

Power AlGaN/GaN HEMT is the newer technology in comparison to the Si, GaAs and SiC-

based power semiconductor devices. Gate leakage current, surface defects, traps, and normally-

ON operation of this device are some of the main barriers for commercializing the HEMT. 

Increasing the temperature makes these undesired effects more prominent. Therefore, taking 

into account the effects of the following phenomena with temperature helps to more accurately 

understand the behavior of the HMET: 

• Gate leakage currents 

• Trapping effects 

• Designing and fabricating normally-ON HEMTs without reducing its parameters 

• Variation of the source and the drain resistances with the temperature 

In chapters 4 and 5, the effect of the temperature on the electron mobility of the 2DEG 

region of the HEMT was analysed in detail. The future work can include investigation of the 

methods to decrease the gate leakage and trapping effects at high temperatures. Also the 

variations of the source and drain resistances with temperatures need to be studied. 

In chapter 6, a new model for simulating the HEMT with the SPICE was proposed. The 

device fabricated for this purpose was normally-ON; however, the circuit designers prefer to 

use normally-OFF devices. Several structures are proposed for the HEMT to make it normally-

OFF. Furthermore, there is evidence suggesting that cascading a MOSFET with the HEMT 
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makes the device normally-OFF. However, further studies are needed to determine which 

structure leads to the normally-OFF structure without degrading the other characteristics of the 

HEMT, such as its breakdown voltage and high power density. 

 


