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Abstract

This thesis presents elevated temperature modeling of the 3rd generation wide

bandgap GaN High Electron Mobility Transistors (HEMTs). In AlGaN/GaN

HEMTs, Two Dimensional Electron Gas (2-DEG) can be achieved without hav-

ing a dopant layer, because of the piezoelectric effect found inherently in GaN

semiconductor. This provides an increased saturation velocity and GaN HEMT,

therefore, is a considered promising candidate for microwave power applications.

In the first part of thesis, an analytical model is developed to predict temper-

ature dependent DC characteristics of AlGaN/GaN HEMTs. The model com-

prehensively incorporates, temperature dependent variation in Schottky barrier

height, φb(T ); bandgap discontinuity, ∆Ec(T ); sheet carrier concentration of 2-

DEG, ns(T ); saturation velocity, υsat(T ) and carriers mobility, µ(T ). It has been

shown that by increasing the ambient temperature, there is a decrease in φb; an

increase in ns; a decrease in υsat of 2-DEG carriers and a decrease in µT . A

comparative analysis revealed that the proposed model’s accuracy is at least 30%

better than its counterparts.

In the second part of thesis, AlGaN/GaN HEMTs AC characteristics are modeled

by developing an analytical technique. In the proposed technique, temperature

dependent ns(T ) of 2-DEG is first assessed to predict the DC characteristics of

AlGaN/GaN HEMTs. Engaging the modeled DC data and by evaluating deple-

tion layer capacitors, device’s intrinsic small signal parameters are determined.

By employing assessed small signal parameters, S-parameters of the device are

calculated and their compliance with the measured data ensures the validity of

the proposed mechanism.

In the third part of thesis, a numerical model to simulate output and transfer

characteristics of GaN HEMTs is developed. The model takes into account de-

pendence of output conductance on the device drain and gate bias, and simulates

both positive and negative conductance to a good degree of accuracy. Appearance

of peak transconductance to a relatively higher negative gate bias is a routinely



x

observed phenomenon in GaN HEMTs, and the proposed model has the ability

to simulate such 2nd order effects with a good degree of accuracy. A comparative

study revealed that the proposed model offers at least 17% improved accuracy

compared to other such models reported in literature. The accuracy of the model

was also checked at elevated temperature and found significantly better than its

counterparts. As, the model is based on a single expression, it is therefore easy

to handle with and can comfortably be used in computer aided design software to

assess the temperature dependent performance of GaN HEMTs for their possible

integration into power circuitries.
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Chapter 1

Introduction

In a modern electronic systems, semiconductor devices are the main building

blocks, which lead to more advanced electronic applications. For optimum func-

tionality of electronic devices, it is imperative that they should be subjected to

an environment, which should not exceed their normal operating limits. Because,

performance of an electronic device deteriorates when operated in an extreme en-

vironment; such as high temperature, high power, etc [1]. The degradation in

the characteristics and in the performance of an electronic device is primarily

associated with the material chosen for its fabrication [2]. In the 1st generation

monolithic electronic circuitries, devices were fabricated mostly on Silicon (Si) and

rarely on Germanium (Ge); both are referred to as elemental semiconductors. Si

and Ge are classified as narrow bandgap semiconductors as shown in Fig. 1.1, and

it is hard for them to retain their electrical characteristics under intense conditions

[3]. Thus, their use in extreme environments and in power applications is limited.

Compound semiconductors; such as Gallium Arsenide (GaAs) are considered as

the 2nd generation semiconductors, which allow better mobility relative to Si and

Ge; resultantly devices fabricated on compound semiconductors substituted many

of the 1st generation devices, especially in the field of microwave applications.

Monolithic Microwave Integrated Circuits (MMICs) is a famous example of 2nd

generation semiconductor devices. In addition to enhanced drift velocity profile,

GaAs and other such compound semiconductors of the 2nd generation have higher

1
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dielectric constants than Si and Ge, which encouraged direct growth of microwave

devices on such substrates. Moreover, GaAs has direct bandgap of 1.3 eV, shown

in Fig. 1.1, which is relatively better than the 1st generation semiconductors,

but is not enough to meet the stringent requirements imposed by the harsh envi-

ronment on electronic devices [3]. Owing to that, their use in such conditions is

therefore, restricted, and they also lose quite rapidly their electrical performance

with deteriorating environmental conditions.

The 3rd generation semiconductors are wide bandgap (> 3 eV) semiconductors;

such as Silicon Carbide (SiC) and Gallium Nitride (GaN) [4–6]. Energy band

diagram of GaN is shown in Fig. 1.1, which illustrates that it is a direct bandgap

material having bandgap of 3.4 eV [4–6]. The 3rd generation semiconductors have

better velocity-field profile than the 2nd generation semiconductors. In addition to

that, they can withhold their electrical properties at much higher temperature (500

◦C) compared to their counterparts [6]. Thus, preferred to be employed for the

fabrication of microwave and power devices, both for room as well as for elevated

temperature applications. The improved electrical performance offered by the 3rd

generation semiconductors is essentially associated with their wide bandgap nature

and good thermal conductivity. Good thermal conductivity allows the device to

mitigate the heating effect caused by the internal field or by the external ambient

temperature, and to maintain its electrical performance. Furthermore, rate of

the intrinsic carriers generation in such devices, as a function of temperature, is

five times lower than their competitors, ensuring their operational functionality at

relatively much higher temperature compared to the conventional semiconductors

devices [7].

There are numerous devices, which have been fabricated using the 3rd generation

semiconductors, such as GaN and Aluminium Gallium Nitride (AlGaN) based

light emitting diodes (LEDs). One of the highly fascinating examples of the 3rd

generation semiconductors devices would be the heterojunction devices, where

two materials, such as AlGaN and GaN, are brought together resulting in the

formation of bandgap discontinuity to generate free carriers referred to as Two

Dimensional Electron Gas (2-DEG). Since, the carriers trapped into the quantum



Introduction 3

Eg = 1.1 eV

k

E

Eg = 0.67 eV

hv = Eg

k

E

Eg = 1.43 eV

hv = Eg

k

E

Eg = 3.4 eV

hv = Eg

k

E

(a) (b)

(c) (d)

Si Ge

GaAs GaN

ECEC

ECEC

EVEV

EVEV

Figure 1.1: Energy band vs. wavevector (k) diagrams of various semiconduc-
tors: (a) Si indicating indirect bandgap of 1.1 eV, (b) Ge direct bandgap of
0.67 eV, (c) GaAs having direct bandgap of 1.43 eV and (d) GaN with a direct
bandgap of 3.4 eV. It also shows that a quanta of energy is released with a

de-excitation of a carrier.
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states at the interface of the two materials; provide relatively higher mobility

under applied field therefore, a transistor defined by such a process is referred to

as High Electron Mobility Transistor (HEMT). A HEMT when fabricated using

high bandgap materials offers dual benefits: (a) to function at high speed; and

(b) to maintain its characteristics at high temperature and under high applied

electric field [6]. Thus, these devices are preferred to be employed in high power

microwave systems and in high temperature environments.

1.1 Wide Bandgap Semiconductors

There is no absolute definition by which a wide bandgap semiconductor can be

marked. In fact, according to the bandgap theory, semiconductors, in general, are

those materials having intermediate bandgaps when compared with conductors

(Eg = 0 eV) and insulators (Eg ∼ 4.50 eV) [4–6]. The 1st generation semiconduc-

tors have approximately Eg ∼ 1 eV, with this reference, a material having Eg ∼ 3

eV or higher can fairly be treated as a wide bandgap material, like GaN and SiC,

etc [4–6]. There are four fundamental characteristics, which could be considered

while assuring the suitability of semiconductor for a given device need:

1. carriers mobility;

2. breakdown under applied electric field;

3. intrinsic carrier generation rate as a function of temperature and

4. thermal conductivity.

GaN is a material, which can comfortably qualify the criteria listed above.

A basic reason, which made GaN material to be a competitor for such a criteria is

its wide bandgap nature. GaN or other 3rd generation semiconductors have wide

bandgap relative to other semiconductors routinely engaged in microelectronic

industry for the device fabrication.
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It is pertinent to mention here that wide bandgap based microelectronic technology

is not as matured as that of narrow bandgap semiconductor technology. However,

wide bandgap devices are catching up with a very fast pace and it is expected

that in the near future, the major chunk of high-tech microelectronic industry

would be based on wide bandgap devices [2]. This is expected because of the

versatility offered by these devices and the improvement noticed in wide bandgap

wafer growth.

Devices fabricated using GaN offer high current density, low leakage current and

high thermal stability. These properties, inherently possessed by GaN, made it a

highly preferred choice for the fabrication of high-speed and high power devices,

which can retain their characteristics at elevated temperature and in harsh envi-

ronments [8]. GaN is used in the industry as a single material to fabricate high

power microwave transistors such as GaN Metal Semiconductor Field Effect Tran-

sistor (MESFET). Alternatively, GaN can be modulated with another material of

similar nature like AlGaN to achieve Modulation Doped Field Effect Transistor

(MODFET), also known as HEMT.

1.2 Figure of Merit

There are a number of parameters commonly known as Figure of Merits (FOM),

which are used to compare the performance of a semiconductor material for high

frequency and high power applications, especially at elevated temperature [9, 10].

Johnson et al. in 1965 [11], defined a criterion called Johnson Figure of Merit

(JFOM), which defines the power and high frequency handling capability of a

device. The JFOM also takes into account, the critical field, Ecri and the saturation

drift velocity, υsat as per the following equation:

JFOM =
Ecriυsat

2π
, (1.1)

This expression speaks that as per JFOM any material which would offer rela-

tively high Ecri coupled with relatively high υsat could be considered a preferred
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material for the fabrication of high-tech devices. Reasons that JFOM has consid-

ered product Ecriυsat in the numerator of Eq. (1.1) are: that the expression wants

to ensure, simultaneously, that the material under consideration has high Ecri to

ensure high power applications; whereas, a relative high value of υsat will allow it

to operate at microwave frequencies. So, such a material would be a suitable one

for devices intended for microwave power applications.

Similar to JFOM Baliga in 1982, [12] proposed another mechanism to assess figure

of merit of materials involved in high-tech device fabrication. It is known as a

Baliga Figure of Merit (BFOM) principle. The BFOM involves material parame-

ters to assess the effects of conduction losses caused by the power devices and is

given by

BFOM = εsµE
3
g (1.2)

In the above equation, µ is the mobility of free carriers, Eg represents the bandgap

of the semiconductor under consideration and εs is ts permittivity. Eq. (1.2) uses

variable Eg, which primarily is a reflective of Ecri. A material having a relatively

large Eg will sustain a large applied field; resultantly it will exhibit a large Ecri.

In addition to knowing the thermal performance of a material for high-tech device

fabrication, a parameter known as Eliza Quality Factor (EQF) is proposed in [8]

and is given by

EQF = λmεsµE
3
cri (1.3)

where λm represents the thermal conductivity of the material. EQF proposed in

Eq. (1.3) is a useful criterion for assessing the quality of a material for high power

microwave device fabrication. Its construction is more or less the same as that

of Eq. (1.2). Variable λm gives an additional information which was not there

in Eq. (1.2), and a relatively high value of this variable would mean that the

device would be allowing the heat, caused by the intense channel conditions, to

dissipate quickly; resultantly, it would maintain its characteristics for longer range

of applied voltages and/or at higher ambient temperature.

Table 1.1 shows a comparison of different semiconductors, which are routinely
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Table 1.1: Comparison of different semiconductor materials properties [8].

Parameter Unit Si GaAs Diamond SiC GaN

Energy bandgap (Eg) eV 1.12 1.43 5.45 3.2 3.4

Relative dielectric constant (εs) - 11.9 12.5 5.5 10.0 9.5

Electron mobility (µ) cm2/Vs 1500 8500 2200 700 900

Thermal conductivity W/Kcm 1.5 0.54 22 4 1.3

Breakdown electric field (Ecri) MV/cm 0.3 0.4 10000 3.5 3.3

Saturated electron velocity (υsat) 107 cm/s 1 1 1 2 2.5

Maximum temperature (Tmax) ◦C 300 300 2100 600 700

BFOM - 1 9.6 - 3.1 24.6

JFOM - 1 3.5 - 60 80

EQF - 1 9.4 198100 90 910

used in microelectronics industry. Data of the table suggest that GaN as a base

material would be a relatively better choice for these indices. The data also reflect

the suitability of GaN based devices for high frequency and high power applica-

tions. Apart from the listed features, another important characteristic is carrier

concentration and the detail of which is presented in the next section.

1.3 Carrier Concentration vs Temperature

Carrier concentration, n0 of a semiconductor material, apart from the other pa-

rameters, is also dependent upon the temperature and is given by [13]

n0 =
√
NCNDexp

(
− Ec − Ed

2kT

)
(1.4)

NC = 2

(
2πm∗nkT

}2

)3/2

(1.5)

where NC and ND represent density of states available in the conduction and donor

bands, respectively, Ed represents donor energy level, m∗n effective mass of electron,

} plank constant, k is the Boltzman constant and T is the absolute temperature.

Figure 1.2 demonstrates variation of carrier concentration in a semiconductor over

a wide range of temperature achieved using Eq. (1.4). It is obvious from the plot
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Figure 1.2: Variation in intrinsic and extrinsic carriers concentration as a
function of temperature.

that the carrier concentration is directly affected by the change in temperature. As

the temperature increases (moving towards the origin), the rate of generation of

carrier concentration also increases, which is represented by the increasing slope

of the red solid line. A point reaches where all donors are ionized and at that

temperature n0 ≈ Nd, where Nd represents the doping concentration. Then for a

reasonable temperature span, this condition persists and that is the span which is

known as the safe operating temperature range for a given semiconductor device.

A further increase in temperature will initiate electron-hole pair production and

this process will continue to an extent that ni > n0 as represented by the dotted

line in Fig. 1.2. On that very temperature, the characteristics of the device will

no more as per its design and it will start generating uncontrolled current due to

abundant generation of ni, referred to as breakdown of the device.

Figure 1.3 shows variation in ni as function of temperature for various semicon-

ductor normally employed in microelectronic industry [7]. Whenever, variation in

ambient temperature, the carriers density concentration also varied in the channel.
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Figure 1.3: Intrinsic carrier concentration of different semiconductor materials
as a function of temperature [7].

Because carriers generation are directly effected from temperature. Moreover, Fig-

ure 1.3 represents a contrast of ni generation between narrow and wide bandgap

semiconductors. It is evident from the figure, that by increasing temperature Si

based devices are very quickly attaining 1.0×1014cm−3 whereas, the same concen-

tration is attained by GaN based devices at a temperature which is 5 times higher

than Si. Thus, for high temperature applications GaN would be a preferred choice

for device fabrication.

1.4 GaN HEMT

In 1993, for the first time, Asif Khan et. al [14] introduced AlGaN/GaN HEMT

and its basic structure is shown in Fig. 1.4. A lot of progress has been made

afterwards in GaN HEMTs, both from power as well as from high frequency per-

spective. Keeping in view the current state of technology, one can safely claim
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that GaN HEMTs offer exceptionally improved performance compared to Al-

GaAs/GaAs HEMTs. This improved performance is predominantly associated

with the properties associated with GaN semiconductor [15]. In the beginning,

GaN HEMTs were fabricated on Al2O3/SiC, but now with the availability of GaN

substrates, the quality of epi-layers, defining the channel of the device, improved

many folds, which led to further improvement in the device characteristics.

Undoped GaN 2DEG  

Vds

DrainGate

Vgs

Source
n+ GaNn+ GaN

Substrate

x

y

AlGaN/GaN Nucleation Layer

AlGaN Barrier Layer

AlGaN Spacer Layer

Figure 1.4: Detailed layer structure of an AlGaN/GaN HEMT [16].

Figure 1.4 shows an operating GaN HEMT having an undoped AlGaN doner layer

covered with a heavily doped GaN contact layer [17, 18]. A heavily doped (∼1018

cm-3) contact layer is used to reduce the ohmic contact resistance of the device.

Furthermore, keeping GaN as the top layer reduces the risk of aluminum (Al)

oxidation available in the 2nd layer of the device as shown in Fig. 1.4. A thin sheet

of electrons referred to as two dimensional electron gas, 2-DEG is created due to a

bandgap mismatch between AlGaN and GaN layers. This creates a quantum-well,

wherein carriers are trapped permanently; defining ns, which controls current of

a HEMT.
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Communication with the 2-DEG is made via drain-source ohmic electrodes, which

penetrate all the way from the surface to the 2-DEG of the device. The Schottky

barrier gate, shown in Fig. 1.4, controls the flow of carriers between drain and

source by changing the thickness of 2-DEG. Carriers density, which defines the

drain current (Jd = qnsv) is nothing but merely the 2-DEG carrier density, which

is normally ∼1012 cm-2 [19]. Since carriers are free from their parent atoms and

they are trapped in the quantum-well therefore, they experience nominal scattering

and as a result, their mobility is considerably higher than the mobility of carriers

observed in conventional FETs. To avoid parasitic conductance from the donor

layer, it is ensured by the design process that the Schottky barrier depletion at

Vgs=0 V, should deplete the entire donor layer (AlGaN), and it should be touching

the 2-DEG of the device under built-in conditions. Thus, any change in gate

biasing shall have an effect on 2-DEG that in return will change the drain current

[19].

Figure 1.5 presents typical I − V characteristics and output conductance, gd of a

GaN HEMT. It is obvious from Fig. 1.5(a) that for a given Vgs and with changing

Vds, there is a linear increase in the magnitude of drain current, Ids, which even-

tually saturates defining the device saturation current, Ids(sat). In GaN HEMTs,

saturation is caused by the velocity saturation (υsat) of the drifting carriers, and

the value of υsat for GaN based devices is relatively higher as depicted in Table

1.1. This also allows the device to respond at relatively higher frequency. Thus,

dependent upon the gate length of the device, it offers higher maximum frequency

(fmax) of operation relative to its counterparts. Figure 1.5(a) also exhibits that

with increasing Vgs bias (negatively), there is a voltage referred to as Vth, where Ids

approaches to zero, indicating the pinch-off conditions of the devices. This results

into three distinct region of operation: a region where the carriers are drifting

below υsat, commonly known as linear region of operation, a region where carriers

have attained υsat called saturation region of operation and a region where Ids ∼0

A, referred to as pinch off (threshold) region of operation. Under usual condi-

tions, GaN HEMTs are operated in the saturation region with appropriate bias

conditions necessary to avoid distortion.
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Figure 1.5: Typical (a) output I − V characteristics and (b) output conduc-
tance (gd) of a submicron (.25×200)µm2 GaN HEMT.

Figure 1.5(b) represents gd of a GaN HEMT whose I − V characteristics are

shown in Fig. 1.5(a). The characteristics of Fig. 1.5(b) show variation in Ids

as a function of Vds for different values of Vgs. It is evident from the figure that

the device gd = ∂Ids/∂Vds [20, 21], is sharply declining and then it saturates to

a negligible value, which, basically, represents the saturation region where ideally

there is no change in Ids and the device should have gd ∼0 mS. The value of gd
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in the saturation region of operation plays a significant role in determining the

behavior of the device. GaN HEMT could exhibit negative value of gd, after the

onset of current saturation, indicative of the fact that the magnitude of Ids is

declining beyond Vds(sat). Such an indication leads to the concept of self-heating

effect, which could cause a major shift in the device characteristics, and is an

important factor to be kept under consideration while designing a high quality

GaN HEMT [22].

Figure 1.6 demonstrate Transconductance, gm of a HEMT depends upon the input

swing of Vgs at a given Vds and can simply be written as

gm =
∂Ids
∂Vgs

∣∣∣∣
Vds=constant

(1.6)

Transconductance is one of the important parameter which defines the device

performance for microwave application, i.e. high value of gm at Vgs=0 indicates

that the device gain will also be high. Characteristic curves forgm and Ids in

response to the variation in Vgs for a GaN HEMT are shown in the Fig. 1.6.
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1.5 Functional Description of HEMT’s Layers

GaN HEMTs operational capabilities can be enhanced by adding the layers to its

structure or by modifying the material configuration, or by changing the thick-

nesses, or doping of the layers affecting the device channel. This could lead to a

more refined structure of the device whose fundamental layers are identified in Fig.

1.4. The figure illustrates that the structural arrangement is, usually, composed

of: a) substrate, b) nucleation layer, c) channel layer, d) spacer layer, e) barrier or

carrier supply, and f) a cap layer. A device could be fabricated either by using all

or few of those, dependent upon its target specifications. Subsequent paragraphs

of this section will deliberate upon the importance as well as utility of these layers

in determining the performance of the device.

1.5.1 Substrate

Substrate is a starting and an essential element in HEMT’s fabrication, and it

has a significant influence on the RF performance of the device. It is also a cost

determining factor of a finished HEMT. Its usual thickness is ∼500 µm, but its

actual thickness is evaluated by knowing the power and the RF requirements for

which the device is being designed [17, 23, 24]. Its electrical properties are closer

to insulator thus, referred to as semi-insulator. Semi-insulating properties are

achieved by adding trapping centers during its growth therefore, it provides a

platform for active circuitry to be grown on it without causing any short circuit

at the bottom. Substrate ingot are normally grown using one of the bulk growth

mechanism, like Bridgman crystal growth technique.

Commonly, three types of substrates are used to support the subsequent layers of

the device. They are: SiC, Sapphire (Al2O3) or Si in some cases. SiC offers 3.1%,

Al2O3 13% and Si has 17% mismatch relative to GaN lattice structure [23]. The

use of SiC semi-insulating substrate is quite frequent, because of its high thermal

conductivity and high resistivity with minimum thermal expansion. Furthermore,

it offers low mismatch (only 3.1%) to GaN layers, which are subsequently grown
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upon it by using some refined crystal growth technique, like Molecular Beam Epi-

taxy (MBE) or Metal Organic Chemical Vapor (MOCVD) [25]. A cross-sectional

view of a GaN HEMT is shown in Fig. 1.4, indicating the placement of the sub-

strate relative to other layers of the device. At earlier stages, GaN HEMTs had

been routinely fabricated using Sapphire/SiC substrates, but currently, due to

the advancement in GaN bulk crystal growth, semi-insulating GaN substrate is

preferred in high-tech GaN HEMT fabrication.

1.5.2 Nucleation Layer

Insertion of this layer, as shown in Fig. 1.4, depends on the material of the

substrate and selection of epitaxial growth technique such as MBE or MOCVD.

Generally, a thin layer of AlGaN/AlN/GaN is grown to act as seed followed by

a thicker GaN channel layer which also acts as a buffer layer. Purpose of the

nucleation layer is to reduce stress and lattice mismatch to the non-native substrate

and to suppress leakage current, especially, for the cases in which bias is also

applied to the substrate [26].

1.5.3 Channel Layer

Channel layer is normally grown by MBE or MOCVD technique, such that it

should offer minimum and ideally no crystal defects to facilitate improved mobility

of 2-DEG carriers. It is an undoped layer, which defines classification of an HEMT.

In case of Fig. 1.4, it is of GaN material and the HEMT thus achieved is called as

GaN HEMT. A fundamental requirement in HEMT fabrication is the attainment of

bandgap discontinuity and the layer under discussion is therefore, of lower bandgap

compared to the upper AlGaN layer, as shown in Fig. 1.4. The combination

of GaN and AlGaN generates requisite discontinuity, which causes trapping of

carriers to generate 2-DEG. Moreover, to achieve improved channel quality, the

layer defining the channel of an HEMT should be relatively thicker, ∼ 20 nm.

Because, after confining the carriers at the interface, the rest of the layer should
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serve as an insulator to minimizing trapping effects. Furthermore, it will help to

avoid the possibility of drain current collapse under intense operating conditions.

1.5.4 Spacer Layer

In the absence of piezoelectric effect, there is always a need to have a donor layer

in HEMT’s structure with the purpose that it will release carriers for 2-DEG.

This layer will be an optional one for the materials, which exhibits a natural

piezoelectric effect; resulting into the release of carriers for 2-DEG. In the presence

of such a layer, a spacer layer, as shown in Fig. 1.4, is used to separate hetero-

interface from the doped layer whose atoms will become ionized after the release

of 2-DEG carriers. The spacer layer will be a thin shielding layer, such that it

will behave as a transparent layer for the carriers to move through to reach to the

hetero-interface to define 2-DEG, but on the other hand, it will be of sufficient

thickness to create a shield between the ionized atoms and the 2-DEG; to minimize

scattering that will lead to improved carriers mobility [27]. An optimized thickness

of spacer layer is important and critical for HEMT’s performance. A thicker layer

minimizes ionized scattering caused by the dopant atoms however, channel carrier

concentration decreases by increasing the spacer layer thickness. It is therefore

a trade-off between the mobility and the carrier concentration. Its bias to either

side will be determined by the device application. It is pertinent to mention here

that GaN HEMTs can be fabricated without dopant and spacer layers due to

piezoelectric effect, which is naturally found in GaN crystals. Due to this very

effect, GaN HEMTs are preferred upon their counterparts for microwave power

applications.

1.5.5 Barrier layer

As shown in Fig. 1.4, the device Schottky barrier gate is sitting in a recess and

the layer which provides Schottky barrier contact has been labeled in the figure

as a barrier layer. This is the most important layer in HEMT’s construction.
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In Fig. 1.4, it is defined by a material having wider bandgap than the channel

layer material. It controls the barrier height of the Schottky contact, thus a slight

mismatch between Schottky barrier height and the thickness of the layer may

generate an undesired parasitic FET; causing a parallel flow of current through

the barrier layer. For a good design at Vgs=0 V, this layer should be fully depleted,

as explained before, and flow of the current should alone be from the 2-DEG. The

thickness of the barrier layer is an application dependent decision. A trade-off

between less saturated RF power (thinner layer) and small-signal RF gain (thicker

layer) is made during the design process. Furthermore, the size and shape of the

depletion layer, which is accommodated by the barrier layer is a key controlling

variable both for the device AC and DC characteristics. Owing to this fact, barrier

layer is referred to as the most important layer in the structure of the device.

Schottky barrier height, φb, defined collectively by the barrier layer and work func-

tion of the Schottky metal will determine whether the device is a depletion mode

(D-mode) or an enhancement mode (E-mode) device. This once again puts an-

other constraint on the design of the barrier layer, in order to keep the device

operation in the desired mode. Usually, AlGaN/GaN HEMTs are D-mode tran-

sistors but, thinner barrier layer could transform the device as E-mode device.

E-mode devices require positive gate potential to open up the channel for finite

conduction whilst, D-mode devices, on the other hand, give finite conductance

under built-in conditions and require negative gate bias to deplete the channel.

1.5.6 Cap or Contact layer

Observing Fig. 1.4 from the top, the first layer before the placement of metal

or before the processing of the wafer, which one will encounter is called contact

layer. It is a thin heavily doped (∼1018cm-3) layer with the purpose to reduce the

ohmic contact resistance of the device. There are two ohmic contacts as shown in

Fig. 1.4, which facilitate the device communication with the exterior circuitry and

their resistance should be as small as possible. To reduce the contacting barrier

height so that with the application of exceptionally small potential (Vds ∼0 V),
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the carriers can climb over the barrier, and practically it should sound that there

does not exist any barrier; such a condition for the flow of current would be a

linear one and the contacts would be referred to as ohmic contacts. High doping

in the contact layer improves the linearity of the I−V characteristics of the device

however, because of the degenerate nature of the host semiconductor, there is an

upper limit for the doping concentration of the contact layer and its typical value

is 5×1018 cm-3 [28–30].

1.6 Spontaneous and Piezoelectric Polarization

in AlGaN/GaN HEMTs

A unit cell of a GaN crystal is noncentrosymmetric, which generates an unequal

distribution of charged atoms. This makes the unit cell a polarized entity and

the polarization exhibited by these cells is referred to as spontaneous polariza-

tion (PSP). The crystal so achieved is known as a polarized (ferroelectric) crystal,

which is used in variety of applications in electronic industry. This natural polar-

ization, which found intently in GaN crystal, can be increased or decreased with

the application of internal or external stress. A change in PSP, because of the

applied stress is called as piezoelectric polarization, PPE. If the stress occurs in

the direction of PSP it adds up and increases its value; whereas, if the direction of

applied stress is opposite to that of PSP direction, it decreases the magnitude of

PSP and so does the overall polarization of the crystal [31].

The atomic crystalline structure of GaN material is Wurtzite or hexagonal; where

the bilayers contain two closely attached hexagonal films, one of them organized by

Ga atoms (Ga face) and the 2nd one is formed by N atoms (N face) as shown in Fig.

1.7. These two faces will lead to the generation of covalent bonds between them

which are fairly strong and polarized in nature due to non-symmetric distribution

of charged atoms. Consequently, producing a strong PSP vector as shown in Fig.

1.7. The vector PSP is directing downward when observed from Ga-face while its

direction is upward when observed from N-face.
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In analogy, at an abrupt interface of a top/bottom layer het-
erostructure~AlGaN/GaN or GaN/AlGaN!, the polarization
can decrease or increase within a bilayer, causing a fixed
polarization charge density defined by

s~PSP1PPE!5P~bottom!2P~ top!

5$PSP~bottom!1PPE~bottom)%

2$PSP~top!1PPE~top)%

5$PPE~bottom!2PPE~top)%

1$PSP~bottom!2PSP~top)%

5s~PPE!1s~PSP!. ~5b!

If the polarization induced charge density is positive~1s!,
free electrons will tend to compensate the polarization in-
duced charge resulting in the formation of a 2DEG with a
sheet carrier concentrationnS , assuming that the triangular
quantum well at the AlGaN/GaN interface will drop below
the Fermi levelEF . In analogy, a negative sheet charge den-
sity ~2s! can cause an accumulation of holes at the interface
if the valence band edge of the AlGaN/GaN heterostructure
crosses the Fermi level. From Eqs.~3!, ~4!, and~5!, the po-

larization induced sheet charge is found to be positive for
AlGaN on top of GaN with Ga~Al !-face polarity and GaN on
top of AlGaN with N-face polarity. Therefore, the formation
of 2DEGs has to be expected at the lower AlGaN/GaN and
upper GaN/AlGaN interfaces for Ga- and N-face GaN/
AlGaN/GaN heterostructures, respectively~Fig. 1!.

O’Clock and Duffy28 and Tsubouchi29 determined piezo-
electric constants of GaN and AlN by measuring the electro-
mechanical coupling coefficients of thin epitaxial layers
grown on sapphire. In addition, piezoelectric constants of
GaN, InN, AlN, or BN crystals have been calculated by Ber-
nardini et al.21 and Shimadaet al.30 using the Berry phase
approach to polarization in solids. The calculated and mea-
sured results for GaN and AlN of interest here are in good
agreement fore33(AlN) and e31(GaN), but the values of
e31(AlN) and e33(GaN) determined experimentally28,29 or
calculated by different groups21,30 differ by approximately
30%. Furthermore, a large decrease ine33 and e31 of GaN
and AlN with increasing tensile strain was predicted by Shi-
madaet al.31 The changes ine33 ande31 with strain are at-
tributed to the fact that the piezoelectric constants are signifi-
cantly influenced by the internal strain component~changes
in u! and depend on the structural parameter of the unit cell
~changing with the lattice constants!, which leads to a non-
linear piezoelectric polarization at higher strains in pseudo-
morphic AlxGa12xN/GaN heterostructures.

In order to determine the polarization induced sheet
charge located at an AlGaN/GaN interface, the piezoelectric
constants of AlxGa12xN were linearly interpolated by:

ei j ~x!5@ei j ~AlN !2ei j ~GaN!#x1ei j ~GaN!. ~6!

FIG. 2. Piezoelectric constants of AlGaN determined by linear interpolation
between the constants of GaN and AlN from different sets of data present in
the literature:~a! Ref. 21, ~b! Ref. 30, and~c! Ref. 31. The dashed lines
show the piezoelectric constants of a pseudomorphic AlGaN layer grown on
GaN vs alloy composition calculated by taking strain induced nonlinear
effects as predicted by Shimadaet al. into account.

FIG. 1. ~a! Crystal structure, polarization induced bound sheet charge, pi-
ezoelectric and spontaneous polarization, of pseudomorphic AlN/GaN het-
erostructures with Ga~Al !-face or N-face polarity.~b! Spontaneous polariza-
tion, piezoelectric polarization bound interface charges, and 2DEGs in
pseudomorphic GaN/AlGaN/GaN heterostructures with Ga-face or N-face
polarity. In Ga-face heterostructures the 2DEG is located close to the lower
AlGaN/GaN interface, in N-face heterostructures close to the upper GaN/
AlGaN interface.
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Figure 1.7: Atomic layout of Ga-face and N-face of GaN crystal, illustrating
the direction and formation of spontaneous polarization, (PSP) vectors caused

by non-symmetric nature of GaN crystal [32].

When a wide bandgap AlGaN epitaxial layer is grown on a GaN layer, due to

both lattice and bandgap mismatch, it produces PPE strain as discussed in the

last paragraph. The direction of PPE is in line with PSP for Ga-face and it is

opposite for N-face as shown in Fig. 1.8. This further increases non-ideality factor

of the crystal lattice. Moreover, it is an established fact that both lattice and

bandgap mismatches between AlGaN and GaN layers are dependent on Al mole

fraction and, therefore, stress magnitude of an AlGaN/GaN heterostructure can

be controlled accordingly. Finally, PSP and PPE collectively induces polarization

charge density, σ (C/cm2) as given by Eq. (1.7) [31]

σ = PPE, Al(1−x)GaN(x)
+ PSP, GaN (1.7)

GaN and its associated compounds like AlGaN have very high piezoelectric con-

stants and charges accumulated under the influence of piezoelectric effect can

generate field which could measure up to mega volt per centimeter.

Figure 1.9 shows conduction bands of AlGaN/GaN structure, at thermal equi-

librium, relative to Fermi level. It clearly shows that at interface the system is

at stress because of the mismatch between the energy levels of AlGaN and GaN.

This causes accumulation of σ as defined by Eq. (1.7); resultantly electrons inside
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Figure 1.8: Pictorial illustration of spontaneous (PSP) and piezoelectric po-
larization (PPE) effects present in an AlGaN/GaN HEMT structure.

GaN layer are attracted at the interface as shown in Fig. 1.8 by the band bending

towards the Fermi level. Since, there is a discontinuity at the interface defined by

∆Ec which will constraint the electrons to stay permanently in that trap defining

sheet carrier concentration, i.e. 2-DEG. This explains that contrary to the conven-

tional HEMTs, one can have formation of 2-DEG in AlGaN/GaN HEMT without

donor layer, the process therefore is preferred because the numerous benefit asso-

ciated with it. This is one of the reasons, which made GaN HEMT an exciting

candidate of modern power electronic systems.

The process of formation of 2-DEG in AlGaN/GaN HEMT, without donor layer,

is also explained in Fig. 1.9. In this figure it is shown that under polarization

effects there is accumulation of charges both in AlGaN and GaN layers. At the

Interface AlGaN has positive charge accumulation, resultantly GaN layer generates

negative charges to balance this effect. These negative charges are nothing but

2-DEG electrons which subsequently define current of the device under applied
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external potential [26, 32].

GaN

AlGaN

EF

2DEG

EC

EC

    ΔEC

E1

E0

Figure 1.9: Difference of conduction band energy levels of AlGaN and GaN
materials at thermal equilibrium, which caused formation of bandgap disconti-
nuity, ∆Ec when both the materials brought in contact with each other; result-

ing into generation of 2-DEG.
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Figure 1.10: Epitaxially grown AlGaN/GaN layers showing polarized nature
of films. At AlGaN/GaN interface accumulation of electrons in GaN layer get

trapped into ∆Ec generating 2-DEG.

1.7 Temperature Dependent Characteristics

AlGaN/GaN HEMTs are especially designed for hostile environment because of

their ability to sustain their characteristics under intense operating conditions.

Normally, semiconductor devices exhibit deterioration in their characteristics with
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increasing ambient temperature, however, this deterioration is relatively slow in

case of AlGaN/GaN HEMTs, which could be associated with two main reasons:

first and the foremost is the wide bandgap nature of the material involved in

the device channel definition. The second reason is its relatively higher thermal

conduction which allows the device to dissipate heat and to mitigate the changes

occurring inside the channel under intense operating conditions. AlGaN/GaN

HEMTs parameters that could be affected by elevated temperature are enumerated

below:

1. conduction band offset, ∆Ec(T );

2. mobility of the electrons, µ(T );

3. carriers velocity, υs(T );

4. Schottky barrier height, φb(T );

5. threshold voltage, Vth(T ) and

6. effective width of 2-DEG, ∆d(T ).

In aforementioned six variables, ∆Ec is a very crucial parameter, which is depen-

dent both on temperature, T and Al mole fraction, m in Al(1−x)GaxN hetrojunction

as given below [33, 34]

∆Ec(T,m) = γ

(
EA
g (T,m)− EG

g (T,m)

)
(1.8)

where EA
g and EG

g are the bandgaps of AlGaN and GaN, respectively and γ is a

constant. For a givenm, if the device is subjected to changed ambient temperature,

its characteristics will get affected because of the variation in ∆Ec(T ).

Another important temperature dependent variable, which also has a significant

role in determining the device characteristics, especially, in hostile environment is

µ(T ). Variation in the value of µ(T ) relative to the room temperature value, can

be approximated as [35]

µT = µ(300K)

(
T

300

)λ
(1.9)
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where λ is a fitting variable.

Since ∆Ec(T ) has got dependence on T , likewise the variable µ(T ) also depends

upon T as shown in Eqs. (1.8) and (1.9), respectively, in such a way that the first

one has an impact on 2-DEG of the device; whereas, the second one is associated

with the velocity of carriers as υ(T ) = µ(T )E, where E is the applied electric

field. This indicates that the device current, both in the linear as well as in the

saturation region of operation will be affected at elevated temperature. Fig. 1.11

represents experimental I −V characteristics of a submicron AlGaN/GaN HEMT

measured at various temperatures. This figure clearly shows that by increasing

ambient temperature, there is a change in the device physical parameters, which

results into a reduction in the drain current both in the linear as well as in the

saturation region of operation. Reasons associated with this change along with a

plausible explanation of ∆Ec(T ) and µ(T ), shall be discussed in later parts of this

thesis.
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Figure 1.11: Experimental current-voltage characteristics at Vgs = 0V of a
submicron AlGaN/GaN HEMT at various temperatures.

High frequency performance of the device is controlled primarily by the Miller ca-

pacitors i.e. gate-to-source capacitor, Cgs and gate-to-drain capacitor, Cgd. Since
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both of these capacitors are associated with the φb(T ), therefore any variation

in φb(T ) because of the ambient conditions will have a direct impact on the AC

performance of the device. So, in general, it could be said that both AC and

DC characteristics of the device are affected by the ambient conditions and a de-

tailed study in this respect shall be a beneficial one in order to exploit the fullest

potential of the device for high frequency and high power applications.

1.8 RF Performance of AlGaN/GaN HEMTs

AlGaN/GaN HEMT’s architecture and material properties permit operation of

the device at relatively high frequency and hostile operating conditions. When an

RF signal is applied at Schottky barrier gate, it causes an alteration in the chan-

nel current; resulting into channel current modulation. Thus, translating the gate

information into an amplified signal available through drain-source electrodes. RF

signal reaching at the gate electrode is coupled with the channel via Cgs and Cgd

capacitors therefore, both of these capacitors play a crucial role in determine the

RF performance of an AlGaN/GaN HEMT. A relatively high value of these ca-

pacitors would necessitate a longer charging-discharging process and such devices

would naturally be slow in term of their RF response. A straight forward mecha-

nism to improve the RF response of the device is the reduction in Lg. A reduced

value of Lg will have lower crossectional area, responsible to define Cgs and Cgd;

resulting into improved RF performance. Dependence of unity gain frequency, fT

of a GaN HEMT on the device physical parameters are given as [36]

fT =
gm

2π(Cgs + Cgd)
=
υ(sat)
2πLg

(1.10)

where gm is the transconductance of the device, which is basically a measure

of Schottky barrier quality. In the absence of interface states, the quality of a

Schottky barrier is high, which eventually is translated into a high gm. As per Eq.

(1.10) such devices will also have a relatively high magnitude of fT .
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Figure 1.12: Breakdown voltage (VBr) vs unity gain frequency (fT ) trend of
various types of transistors commonly used in power electronics [37].

Reduction in Lg, on one hand, improves the RF performance of the device but,

on the other hand, it increases the channel electric field underneath the Schottky

barrier gate, which could cause an earlier breakdown of the HEMT [38]. It is there-

fore, a trade-off between fT and VBr. Figure 1.12 presents a projection of various

transistors technologies, wherein VBr is plotted as a function of fT . It is obvious

from the figure that keeping in view the possible growth in GaN HEMT technol-

ogy, which is evident from the recent past, it is very likely that GaN HEMT will

outperform other transistors, normally engaged in microwave power applications.

1.9 Summary and Thesis Outline

This chapter basically presents fundamentals of AlGaN/GaN HEMTs, its physical

structure and electrical characteristics. It is discussed that AlGaN/GaN HEMT

has strong potential as a microwave power device and it offers very promising

characteristics both at high frequency and power. It is discussed that the device
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can work with an acceptable performance in an hostile environment where usually

other devices fail to retain their characteristics. A warm feeling about the future

prospects of the device is created through the discussion of this chapter with

the aim that better understanding about the device behavior, especially in an

hostile environment will help in its growth. The remaining parts of this thesis are

organized as follows:–

Chapter two discusses the 3rd generation wide bandgap semiconductors (SiC,

GaN) and their potential use in microelectronic industry. For high power and

harsh environment applications, characteristics offered by narrow bandgap semi-

conductors (Si, GaAs) are insufficient and one has to opt for wide bandgap semi-

conductors. GaN as a wide bandgap semiconductor offers excellent characteristics

and can therefore be employed in device fabrication, especially in high-tech devices

such as HEMTs. At high power and in harsh environment, deterioration in a semi-

conductor device characteristics is a natural phenomenon and the same has been

dually emphasized in this chapter. However, it is also discussed that GaN HEMTs

have higher resilience to these changes, because of high thermal conductivity and

wide bandgap nature of the device material.

Chapter three presets an analytical model to predict the temperature dependent

DC characteristics of AlGaN/GaN HEMTs. The proposed model incorporates

the temperature-dependent variation in the Schottky barrier height, bandgap dis-

continuity, sheet carrier concentration of 2-DEG, saturation velocity and carrier

mobility. The degradation in the I − V characteristics of AlGaN/GaN HEMTs

at elevated temperature is accurately modeled for improved understanding. The

proposed model is compared with other reported models intended for prediction

of temperature-dependent I − V characteristics; the RMSE values indicate that

the proposed model can simulate the temperature-dependent I−V characteristics

with improved accuracy.

Chapter four gives a modified model for submicron AlGaN/GaN HEMTs to

evaluate temperature dependent AC characteristics. Validity of the proposed tech-

nique is established using experimental data for the temperature ranging from 233
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K to 423 K. Device intrinsic small signal parameters are evaluated and by employ-

ing assessed small signal parameters, S-parameters of the device are calculated

and their comparison with the measured data is made to establish the validity of

the proposed technique.

Chapter five presents a non-linear single expression model of AlGaN/GaN HEMTs

I − V for computer aided design (CAD) software. The model takes into account

dependence of output conductance on the device drain and gate bias and simulates

both positive and negative conductance to a good degree of accuracy. Appearance

of peak transconductance to a relatively higher negative gate bias is a routinely

observed phenomenon in GaN HEMTs, and the proposed model has the ability to

simulate such characteristics with improved accuracy. To check the validity of the

proposed model, a comparative study is carried out by selected devices of varying

lengths and widths. The accuracy of the model is also checked at elevated temper-

ature i.e. up to 773 K and was found significantly better than its counterparts. As,

the proposed model is based on a single expression, it is therefore easy to handle

with and can comfortably be used in Computer Aided Design (CAD) software to

assess the temperature dependent performance of GaN HEMTs for their possible

integration into power circuitries.

Chapter six describes conclusions drawn from this research and it also proposes

an extension to this research work by identifying various aspects, which are out of

the scope of this thesis and left for the future research.



Chapter 2

Literature Review

2.1 Introduction

Devices fabricated using wide bandgap semiconductors can sustain operation at

elevated temperatures, high bias, and have the capability to handle high power

density in fast switching processes. On the other hand, devices fabricated using

Si, GaAs, Indium Phosphide (InP), etc. deteriorate their performance for such

operations primarily due to their narrower bandgap materials.

GaN-based devices, precisely AlGaN/GaN HEMTs have bandgap ∼3.4 eV and

thus, are favorable for operation at elevated temperatures reaching up to 500 ◦C

[39]. In addition, high charge carrier concentration, ns in 2-DEG combined with

high mobility results in low on resistance, Ron < 100 mΩ for a 20 A device [40].

As switching losses in semiconductor devices depend upon the product of Ron

and the total charge accumulated underneath the Schottky barrier gate, Qg thus,

for AlGaN/GaN HEMTs, Ron × Qg < 1 nCΩ; resulting in minimum switching

loss, which in turn translates into high power conversion in switching mode [41].

Furthermore, high breakdown field of GaN ≈ 3.3 MV/cm supports high bias op-

erations; a basic need of a power transistor. The performance trend of GaN-based

HEMTs is shown in Fig. 1.12. The data of the figure clearly show that GaN

HEMTs have the potential to be used for microwave power applications.

28
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GaN based devices are now being commercialized in various photonic areas, how-

ever, the semiconductor is still in its first phase of commercialization due to the

absence of compatible GaN substrates. Currently, GaN epilayers are mostly fab-

ricated on foreign substrates, such as SiC, sapphire and Si. GaN epitaxial layer

grown on Si substrates offers a cost effective solution in cases where large dia sub-

strates are grown (up to 200 mm). For high power and robust operations, SiC is

used as a substrate instead of Si due to its relatively higher thermal conductivity

[2].

2.2 Wide Bandgap Semiconductors

In the last few decades, a real break through in the field of power electronics and

communication systems has been witnessed [42], primarily due to the discovery of

wide bandgap semiconductors such as AlGaN, SiC, GaN, etc. A semiconductor

material that has a bandgap of more than 2.2 eV is commonly categorized as a

wide bandgap semiconductor, and is also called a 3rd generation semiconductor.

Recently, a shift in the semiconductor device fabrication is observed wherein, a

large number of devices are being fabricated using wide bandgap materials due

to their superior material properties when compared with narrow bandgap semi-

conductors. Wide bandgap materials not only offer enhanced device performance

in harsh environments but also have numerous other possibilities in electronic

circuits that cannot be realized using narrow bandgap materials. Following para-

graphs discuss in detail advantages associated with wide bandgap semiconductors,

supported by the relevant literature and the summary of the same is presented in

Table 2.1.

Tolbert et al. [43] studied the future technological capabilities of wide bandgap

materials suited for high power applications and in harsh environments. Their aim

was to investigate the applicabilities of wide bandgap devices for a broad spectrum

of power applications. They reported that wide bandgap semiconductors can be

utilized in unfavorable environmental conditions and the devices made from them
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are capable to handle high power loads. For comparative analysis, they studied

typical semiconductor materials such as Si, SiC, GaN and diamond. They observed

that diamond is the most suitable material for harsh environments, but hard to

process in the industry. GaN and SiC based devices can handle power with much

higher efficiency than Si based devices. Moreover, while comparing GaN and

SiC, they found that GaN outperformed SiC devices especially, in power related

applications.

Millan et al. [44] reported the importance of wide bandgap semiconductor mate-

rials for the next generation power devices (high power converters) with contrast

to the conventionally made narrow bandgap semiconductor devices. They ob-

served that existing narrow bandgap semiconductor devices have relatively lower

breakdown voltage compared to wide bandgap devices. As an example, conven-

tional Si based IGBT break downs at 6.5 kV while wide bandgap based Insulated

Gate Bipolar Transistor (IGBT) can hold up to 10 kV. Further, Si based devices

fail under extreme temperatures and cannot maintain their performance over 200

◦C. They further reported that these unavoidable physical limitations reduce the

efficiency and performance of existing high power converters. To enhance the oper-

ation of such conventional devices beyond their maximum limit, a complicated and

costly cooling system is required, which increases the overall size and cost of the

system. In addition, they reported that by using wide bandgap semiconductors,

the overall efficiency of electrical conversion systems can be enhanced. Hostetler

et al. [45] expressed that wide bandgap materials play a critical role in electrical

energy conversion. They reported that wide bandgap switches have improved the

performance of motor drive systems up to 30% when compared with conventional

Si-IGBT switches.

Iacopi et al. in 2015 [46] reported that use of wide bandgap semiconductors reduces

the overall size of an electronic system. Besides that, it lowers the energy consump-

tion of the systems compared to narrow bangap devices. Moreover, their study

also revealed that a wide bandgap system offers faster switching speed, smaller

size, efficient power conversion and has the ability to operate at considerably high

temperature. Li et al. in 2016 [47] examined and compared the conduction and
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Table 2.1: A brief overview of wide bandgap devices.

Year Author Description Ref.

2003 Tolbert et al. Power handling capability of wide bandgap devices [43]

2012 Millan et al. High power conversion of wide bandgap devices [44]

2014 Hostetler et al. Wide bandgap semiconductor motor switches [45]

2015 Iacopi et al. High power, voltage and temperature applications
of wide bandgap devices

[46]

2016 Li et al. Conduction and switching performance of wide
bandgap based devices

[47]

switching losses of wide bandgap SiC and GaN semiconductor devices of the same

power rating, both experimentally and theoretically. In their work, they observed

that Ron of SiC reduces to half of its original value when the applied voltage is

also half of the maximum blocking voltage. In this state, gate to drain charge,

Qgd increases but the same rated GaN base device showed five times decrease in

Qgd. They also observed that a GaN based transistor offers relatively lower Ron

compared to a SiC transistor under identical bias conditions. Thus GaN, as a wide

bandgap material, for the fabrication of power devices will have preference upon

SiC.

2.3 GaN Based Technology

GaN-based technology started in the early 20th century. Johnson et al. [48] fabri-

cated GaN, for the first time, by passing ammonia gas (NH3) on metallic gallium,

Ga, at a very high temperature, i.e. 1000 ◦C. In 1938, Juza et al. [49] also

fabricated GaN using similar procedure, i.e. passing NH3 over Ga at elevated

temperatures, but they used liquid Ga instead of metallic. They also explored the

crystalline structure and lattice constant of GaN. In 1969, Maruska et al. [50] grew

GaN epitaxial layers on sapphire substrates. They prepared a single colorless crys-

talline structure of GaN by vapor-phase growth technique, and also determined

direct energy bandgap of Ga and found it to be ∼3.39 eV.
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After the discovery of GaN, the next milestone was achieved by Asif et al. in

1991 [51], when for the first time they demonstrated the existence of 2-DEG due

to bandgap discontinuity at the heterojunction of AlGaN/GaN semiconductor

material. The heterostructure was formulated on a sapphire substrate by MOCVD.

The rapid growth of GaN technology continued, and for the first time in 1993,

MESFET was grown on a sapphire substrate also by MOCVD technique and in

the following year, HEMT was grown through a similar procedure by Asif et al.

[14, 52]. During the same time, Bykhovski et al. [53] discussed the presence

of piezoelectric properties at the interface of GaN/AlN/GaN. They stated that

these properties will play a key role in defining the electrical characteristics of the

material and their associated heterostructure devices.

Ozgur et al. in 1995 [54] fabricated a normally off GaN-based MODFET with a

relatively high transconductance (gm). Asbeck et al. [55] studied the impact of

piezoelectric effects on the design and performance of III-V group AlGaN/GaN

HEMTs. They grew the devices by MOCVD and MBE techniques on SiC and

sapphire substrates, respectively. Ren et al. in 1998 [56] reported a new method-

ology, to reduce the gate leakage current and parasitic effects, to improve the

device performance at elevated temperatures by depositing Ga2O3(Gd3O3) layer

on GaN surface.

Wu et al. [57] studied the importance of Al content on the barrier layer of Al-

GaN/GaN. They reported that increase of Al mole composition will raise the

overall performance of AlGaN/GaN MODFET. They also reported many advan-

tages of Al content in MODFET such as, an increase in carrier mobility due to

increase in bandgap discontinuity at heterojunction interface. Additionally, they

demonstrated that due to piezoelectric effects, both high electron velocity and high

breakdown voltage are achieved by the MODFET. Ambacher et al. [31] investi-

gated the effects of Al mole concentration on ns of 2-DEG. They observed that an

increase in Al mole composition increases ns of the device. Further, effects of Al

on saturation velocity and carrier mobility were also investigated by them.
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In 1999, Yoshida et al. [58] fabricated GaN based MESFET and NPN Bipo-

lar Junction Transistor (BJT) by using Gas Source Molecular Beam Epitaxy

(GSMBE). They examined the performance of the fabricated devices at 300 ◦C

and 400 ◦C continuously for 3 and 4 hours, respectively. They reported that no

degradation was observed in the metal-semiconductor interface. Zhang et al. in

2000 [59] fabricated PNP transistors using AlGaN/GaN and measured their DC

characteristics in common base and collector modes up to 250 ◦C. They observed

that in both modes, the current was almost identical to the emitter current under

all circumstances. Semond et al. in 2001 [60] fabricated AlGaN/GaN heterostruc-

tures on Si(111) substrate by employing MBE and demonstrated the potential use

of Si as a substrate material for AlGaN/GaN devices.

In 2006, Cai et al. [61] reported that AlGaN/GaN devices are sensitive to fab-

rication techniques. They fabricated devices by employing fluoride based plasma

treatment and found a shift in threshold voltage, Vth both in conventional deple-

tion mode as well as in enhancement modes AlGaN/GaN HEMTs. Uemoto et

al. in 2007 [62] developed a novel device, which they called gate injection transis-

tor. The device’s basic principle operation was the injection of hole from p-AlGaN

layer into the heterojunction interface of AlGaN/GaN layer. The injection of holes

increased the value of ns in 2-DEG; resultantly increased the drain current of the

channel.

Tripathy et al. in 2012 [63] reported epitaxial growth of crack free AlGaN/GaN

heterostructures on Si(111) substrates through MOCVD technique. They also

characterized the fabricated devices and found enhanced electrical performance.

In 2013, Zhang et al. [64] fabricated a dual-gate structure E-mode MOS-HEMT

and demonstrated that the device can operate stably up to 250 ◦C and have Vth

greater than 3 V. In general, one can say that there is a phenomenal growth both

in GaN based heterojunction materials as well as in AlGaN/GaN heterostructure

devices. Therefore, GaN can rightly be treated as 3rd generation semiconductor.

A summary indicating various stages of growth in GaN technology is presented in

Table 2.2.
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Table 2.2: A brief overview of GaN based technology.

Year Author Description Ref.

1932 Johanson et al. GaN fabrication through metallic Ga [48]

1938 Juza et al. GaN fabrication through liquid Ga [49]

1969 Maruska et al. GaN epitaxial growth [50]

1991 Asif et al. Enhanced mobility observation [51]

1993 Asif et al. GaN based MESFET fabrication [52]

1993 Bykhovski et al. Existence of piezoelectric effect [53]

1994 Asif et al. GaN based HEMT fabrication [14]

1995 Ozgur et al. Fabrication of high gm MODFET [54]

1997 Asbeck et al. Influence of piezoelectric on the device performance [55]

1998 Ren et al. Reduction in gate leakage and parasitic effects [56]

1998 Wu et al. Al-content in barrier layer of AlGaN/GaN [57]

1999 Ambacher et al. Concentration of ns in 2GEG [31]

1999 Yoshida et al. Fabrication of NPN BJT [58]

2000 Zhang et al. Fabrication of PNP BJT [59]

2001 Semond et al. AlGaN/GaN on Si(111) substrate [60]

2006 Cai et al. Fluoride-based plasma treatment [61]

2007 Uemoto et al. Development of GIT novel device [62]

2012 Tripathy et al. Crack free heterostructures [63]

2013 Zhang et al. Dual-gate E-mode MOS-HEMTs [64]

2.4 GaN HEMTs RF High Power Performance

GaN based HEMTs are routinely used in RF high power amplifiers. At high bias

voltages, the degradation in the device saturation velocity and mobility is nominal;

making the device suitable for high power RF applications.

In 2003, Boutros et al. [65] fabricated GaN-based HEMTs of gate width, W =

100 µm and gate length, Lg of 0.18 µm. Their devices epitaxial layers structure

consisted of AlGaN/GaN grown on a semi insulating 4H-SiC substrate. Fabricated
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Table 2.3: RF power performance of GaN-based HEMTs.

Lg (µm) Pout (W/mm) fT (GHz) fmax (GHz) Ref.

0.18 3.40 84 130 [65]

1.30 4.50 13.7 – [66]

0.35 10.08 20 34.2 [67]

0.16 10.50 >40 >40 [68]

0.10 2.10 95 110 [69]

0.25 3.79 11.8 27.5 [70]

0.10 – 81 138 [71]

devices exhibited maximum frequency, fmax = 130 GHz and unity current gain, fT

= 84 GHz. The devices could operate at a maximum power, Pmax of 2.8 W/mm

at Vds = 30 V. At operational frequency of 238 GHz and at same bias and ambient

conditions, Pmax showed a considerable increase in its magnitude, i.e. Pmax = 3.4

W/mm.

Mitsutoshi et al. [66] performed temperature dependent fT measurements of Al-

GaN/GaN HEMTs of Lg = 1.3 µm. They reported that fT decreases monotoni-

cally with the increases of temperature. Furthermore, they showed that the device

fT reduced from 13.7 GHz to 8.7 GHz when temperature is changed from 23◦C to

187 ◦C.

Nuttinck et al. in 2003 [67] studied the behavior of high power AlGaN/GaN

HEMTs having dimensions 0.35×250 µm2 as a function of frequency and temper-

ature. They reported minimum noise figure, NFmin = 2.6 dB and gain, G = 15 dB

at 3 GHz while maintaining temperature at 540 K. They also studied temperature

dependent power performance of the device. With the increase in temperature,

a decrease in the output power was reported. At f = 4 GHz, by changing the

temperature from 295 K to 540 K, the output power decreased from 33 dBm to

28 dBm, respectively.

Palacios et al. in 2005 [68] fabricated two different types of AlGaN/GaN HEMTs

for high frequency applications. Both the devices had similar dimensions, i.e.
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0.16×2×75 µm2 but had different fabrication technologies. The first device was

grown by MOCVD process and the second device was fabricated using MBE pro-

cess. They reported Pout = 10.5 W/mm and power added efficiency, PAE = 33%

at 40 GHz for MOCVD device and for the MBE device, Pout = 8.6 W/mm and

PAE = 29% at 40 GHz was observed. Micovic et al. [69] fabricated GaN-based

HEMTs for continues W-band wave length. They observed Pout = 2.1 W/m with

power gain of 17.5 dB at 80.5 GHz frequency.

Arulkumaran et al. [70] investigated the effects of temperature on the output

power performance of AlGaN/GaN HEMTs, fabricated on high resistivity Si sub-

strate. They carried out experimentation at different frequencies, i.e. 3, 6 and 8

GHz. In their results, they observed a decrease in Pout = 3.79 mW/◦C mm, 4.33

mW/◦C mm and 4.27 mW/◦C mm at frequencies 3, 6 and 8 GHz, respectively;

with the increase in temperature. Moreover, at T = 200 ◦C, they observed Pout

= 1.16 W/mm, PAE = 22.8% and associated G = 7.52 dB at 3 GHz. Further-

more, due to lower thermal conductivity of Si compared to SiC, more Pout loss was

observed when Si substrate was employed instead of SiC.

Chunlei et al. [71] fabricated GaN-based HEMTs having dimensions 0.1×80 µm2.

A special oxygen plasma treatment was used before the gate metal evaporation

to minimize the gate leakage current. In the fabrication process, they also used

SiN passaivation layer and Si/Ti/Al/Ni/Au ohmic contacts to improve RF, DC

characteristics and also to improve reliability of ohmic contacts. They reported

fT = 81 GHz and fmax = 138 GHz for their fabricated devices. The observed

improved performance could naturally be associated with improved Schottky and

ohmic characteristics.

Table 2.3 gives a comprehensive history of RF performance of GaN based HEMTs.

In general, it could be said that by keeping other variables constant and reducing

the Lg of the device, there is an increase in fT and accordingly in fmax. It is also

evident from the table that in current GaN HEMT technology, Lg is approaching

one tenth of a micron thus, any further reduction might not increase fT and fmax

because of the reduction in gm.
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Table 2.4: Effects of self-heating on the performance of GaN-based HEMTs.

Year Author Self-heating effect on the device performance Ref.

1998 Gaska et al. Comparative analysis [72]

2006 Ahmad et al. Measured temperature dispersion profile [73]

2006 Wu et al. Self-heating effect on various DC parameters [74]

2008 Chattopadhyay et al. Channel temperature [22]

2009 Hosch et al. High power performance [75]

2.5 Self-Heating Effects

Several methodologies have been considered to examine the consequences of self-

heating effects on the device performance, which mainly happen due to the colli-

sional energy loss from electrons. The energy loss consequently reduces the device

power and it also effects the high frequency operation of the device due to Miller

capacitors modification [23].

Gaska et al. [72] reported comparative analysis of self-heating phenomenon in

AlGaN/GaN HEMTs. They fabricated AlGaN/GaN HEMTs on 6H-SiC and sap-

phire substrates and investigated experimentally the self-heating kinetics and heat-

times characteristics. They reported that AlGaN/GaN HEMTs on SiC substrate

afford better electron transport mechanism and excellent thermal properties com-

pared to sapphire substrate. Ahmad et al. [73] used UV-Raman spectroscopy to

measure the temperature dispersion profile in AlGaN/GaN HEMTs for different

range of bias voltages. They performed measurements using micro-Raman scatter-

ing process, wherein they excited the device above and below its bandgap through

ultraviolet and visible laser lights, respectively.

Wu et al. [74] observed the influence of self-heating on various parameters of

HEMTs such as current, power and associated components. They also observed

temperature profile of the device under pulsed and DC bias conditions. They re-

ported that self-heating effects can not be ignored and they are important even
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for short pulses, as hot phonons or non-equilibrium phonons might create cur-

rent suppression. Chattopadhyay et al. [22] presented a physics based analytical

model by developing a relationship between self-heating and the device physical

parameters by involving 2-DEG channel current. Hosch et al. [75] examined neg-

ative effects of self-heating on the performance of AlGaN/GaN HEMTs. They

obtained the results through Micro-Raman thermography at various power and

voltage levels. They investigated the influence of Vds on temperature distribution

of the device when the dissipated power was kept constant by applying a constant

Vgs. They further investigated self-heating by employing numerical electro-thermal

simulations of the device and showed device performance deterioration under the

influence of self-heating. A summary of self-heating related investigation is pre-

sented in Table 2.4. The data of the table and the discussion presented explained

the importance of self-heating phenomenon in determining the characteristics of

AlGaN/GaN HEMTs.

2.6 Temperature Dependent DC Performance

In 1999, Daumiller et.al. [76] studied the effects of temperature on the DC per-

formance of AlGaN/GaN HEMTs grown by Metal Organic Vapor Phase Epitaxy

(MOVPE) on a sapphire substrate. They studied the stress caused by the in-

creased temperature on the I − V characteristics of AlGaN/GaN HEMTs. They

raised the temperature up to 880 ◦C and observed that increasing ambient tem-

perature above 600 ◦C irreversibly degrades the intrinsic heterostructure material.

In 2002, Arulkumaran et al. [77] investigated HEMTs performance fabricated on

sapphire and SiC substrates. DC characteristics of the fabricated devices were

examined at temperatures ranging from 25 to 500 ◦C. A decrease in Ids and gm

with the increase of ambient temperatures were observed. They also reported that

both sapphire and SiC substrate HEMTs showed a similar decrease in the ratio of

gm and Ids above 300 ◦C. Additionally, HEMTs on SiC substrate showed better

DC characteristics after being subjected to thermal stress up to 500 ◦C compared

to sapphire substrate HEMTs.
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Table 2.5: Temperature dependent DC performance of GaN-based HEMTs.

Year Author Temperature Dependent DC Analysis Ref.

1999 Daumiller et al. Different substrates [76]

2002 Arulkumaran et al. Different substrates and gm [77]

2007 Cuerdo et al. DC parameters with different Lg [78]

2008 Donoval et al. MOS-HEMT vs HEMT [79]

2008 Florovic et al. gd and gm characteristics [80]

2012 Husna et al. DC characteristics vs Temperature [81]

2013 Martin et al. Channel temperature of HEMTs [82]

2016 Alim et al. DC parameters of AlGaN/GaN on SiC substrate [23]

2017 Muhtadi et al. DC parameters vs Temperature [83]

Cuerdo et al. [78] measured temperature dependent DC parameters of AlGaN/-

GaN HEMTs of various Lg fabricated on SiC and sapphire substrates. The study

demonstrated that, Ids and gm of AlGaN/GaN HEMTs on sapphire showed a 35%

decrease in magnitude compared with HEMTs fabricated on SiC substrate. In

2008, Donoval et al. [79] analyzed the performance of Al2O3/AlGaN/GaN and

AlGaN/GaN HEMTs under varying temperature conditions reaching to 425 ◦C.

Devices DC characteristics including gm and gd were studied as a function of am-

bient temperature. Both types of HEMTs exhibited a decrease in the performance

with the increase of temperature. All the parameters followed T x model where x

= -1.5. This model described that by increasing temperature, the device charac-

teristics deteriorated and this deterioration can be modeled by the negative power

of temperature.

Florovic et al. in 2008 [80] investigated gd and gm characteristics of AlGaN/GaN

HEMTs as a function of temperature ranging from 25 ◦C to 425 ◦C, and showed

that the device performance continuously degrades with the increase of tempera-

ture. Furthermore, the analysis depicted that saturation Ids, series resistance and

maximum gm at 425 ◦C reduces to 30% of its value measured at 25 ◦C. In 2012,

Husna et al. [81] studied the effects of temperature on the DC characteristics of
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AlGaN/GaN HEMTs fabricated on Si substrate with a thin SiO2 sheet as a gate

dielectric layer. A 30% reduction in Ids was observed at elevated temperatures.

They also fabricated SiO2/AlGaN/GaN HEMTs on SiC and sapphire substrates

and reported, for the same temperature conditions, ∼25% and ∼38% degradation

in Ids, respectively.

Martin et al. in 2013 [82] proposed a technique to measure the channel temperature

of FETs. Their reported technique could be used to study the effects of current

and ambient temperature on the device internal channel temperature. In 2016,

Alim et al. [23] reported the effects of ambient temperature on the DC parameters

of AlGaN/GaN HMETs fabricated on SiC substrate. They reported that with the

increase of ambient temperature, the value of Vth rises while a degradation in both

ns and φb was observed. In 2017, Muhtadi et al. [83] reported AlGaN/AlN channel

fabricated on sapphire substrate and studied different temperature dependent DC

parameters ranging from 25 to 200 ◦C. Furthermore, they described that Ids, Vth

and gm values remain within ±15% of their respective average values. Thus,

indicating that such devices can comfortably work up to 200 ◦C.

A summary of temperature dependent investigations carried out by different au-

thors is presented in Table 2.5. It is evident from the review presented in this

section that GaN devices, especially GaN HEMT has most robustness to function

at elevated temperature. It tries to retain its characteristics at a temperature

where other semiconductor devices fail drastically.

2.7 Temperature Dependent AC Performance

Islam et al. in 2002 [84] investigated AlGaN/GaN HEMTs’ small signal character-

istics as a function of ambient temperature and observed a nonlinear degradation

in the device response. They further observed that this degradation is considerably

higher at increased ambient temperature. Additionally, they also reported that

relatively long Lg devices had lower fmax value, which decreases at comparatively

lower rate by increasing temperature. Ahmed et al. in 2003 [85] measured Pout
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and G of GaN HEMT amplifiers by assessing their small signal parameters. They

reported that G decreases with the increase of frequency as well as temperature.

Increasing frequency from 1 GHz to 2 GHz, there is a 1.4% reduction in the mag-

nitude of G and this value is further reduced at elevated ambient temperature.

Thus, the devices showed reduction in G both because of frequency as well as

temperature.

Liu et al. In 2005 [86] investigated variation in small signal and noise parameters

of AlGaN/GaN HEMTs as a function of temperature. They reported that by in-

creasing temperature from 300 K to 573 K, G reduces monotonically from 12.2 dB

to 7.02 dB while NFmin enhances from 1.16 dB to 3.94 dB. In 2006, Palacios et al.

[87] investigated accesses resistance on high frequency operation of AlGaN/GaN

HEMTs caused by increased temperature. They noted that by increasing temper-

ature mobility of 2-DEG carriers reduces while sheet access resistance increases.

They used temperature as a controlling parameter to observe the access resistance

and noted its effect on the device intrinsic parameters. They also reported that

with increasing temperature there is a decrease in Ids and fT along with an in-

crease in the charging delay. In addition to that, they also reported that delay in

electron velocity and intrinsic delay remained unaffected by the change of ambient

temperature.

Thorsell et al. in 2008 [88] carried out temperature dependent measurements

of noise parameters by changing temperature from 298-423 K for AlGaN/GaN

HEMTs. They also investigated the effect of temperature on extrinsic resistances

of the device. They observed that the parasitic resistances are the main causes of

reduced high frequency functioning of AlGaN/GaN HEMTs as they have signifi-

cant effect on the noise performance of the device at high ambient temperature.

In 2009, Liu et al. [89] investigated temperature influence on microwave noise per-

formance of AlGaN/GaN HEMTs fabricated on SiC, sapphire and Si substrates.

They calculated and compared the performance of these devices at a wide range

of temperature, i.e. from -50 to 200 ◦C. They reported that GaN HEMTs on Si

substrate have an excellent potential for low noise and high temperature applica-

tions.
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Table 2.6: Temperature dependent AC performance of GaN-based HEMTs.

Year Author Temperature dependent AC parameters Reference

2002 Islam et al. Intrinsic parameters, frequency and power [84]

2003 Ahmad et al. Intrinsic parameters and gain [85]

2005 Liu et al. Noise figure and frequency [86]

2006 Nidhi et al. Time delay and frequency [87]

2008 Thorsell et al. Transconductance, noise figure and S-parameters [88]

2009 Liu et al. Noise figure, capacitance and gain [89]

2011 Darwish et al. Small signal parameters [90]

2011 Crupi et al. Parasitic resistance and S-parameters [91]

2016 Alim et al. Small signal parameters [24]

In 2011, Darwish et al. [90] studied the effects of temperature on small signal pa-

rameters of GaN and GaAs HEMTs. They varied the ambient temperature from

0-150 ◦C. They observed that both GaAs and GaN-HEMTs, for the given tem-

perature range, exhibited an increase in parasitic and feedback capacitance values

and a reduction in gain when temperature increases. However, the degradation in

GaN HEMTs was lower compared to GaAs HEMTs. Crupi et al. [91] investigated

effects of ambient temperature on DC and AC performance of GaN-based HEMTs

fabricated on SiC substrates. They reported that at high ambient temperature,

the device performance degrades, which can be associated with channel heating

of the device. In 2016, Alim et al. [24] reported the influence of temperature

on small signal parameters of HEMTs. Their study concluded that GaN-based

devices have greater potential for high frequency and temperature related appli-

cations compared to GaAs based devices.

Table 2.6 presents a summary of investigation carried out by various researchers

in determining the temperature dependent AC parameters of GaN HEMTs. It

can be said without any ambiguity that HEMT’s performance degrades with in-

creasing values of ambient temperature. However, this degradation is relatively

lower compared to narrow bandgap HEMTs. Thus, wider bandgap HEMTs, such
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as AlGaN/GaN HEMTs have better prospects to be used in microwave power

circuitries.

2.8 AlGaN/GaN HEMTs Analytical Models

The basic step towards the development of an analytical model is to establish a set

of closed form expressions based on the physics of the device capable to predict the

device characteristics as a function of applied bias. If such a model would also take

into account temperature as a variable, then this could be called as temperature

dependent-analytical model. AlGaN/GaN HEMTs are relatively newer, compared

to Si or GaAs-based FETs therefore, less efforts are seen in literature pertaining

to AlGaN/GaN HEMTs analytical models. Moreover, in these models, very few

models have the strength to cater power devices, particularly the temperature

effects on the operation of the device.

Lee et al. [92] reported a temperature dependent large signal model for AlGaN/-

GaN HEMTs. They fabricated the devices using SiC as a substrate. Their model

takes into account the dependence of RF scattering and capacitance elements on

ambient temperature. In 2005, Chang et al. [93] reported a temperature de-

pendent I − V model for AlGaN/GaN HEMTs. They incorporated successfully

temperature dependent energy bandgap discontinuity and spontaneous piezoelec-

tric polarization in their model. In 2005, Huq and Islam et al. [94, 95] presented

temperature dependent charge control analytical model. In their work, although

they presented the device temperature dependent characteristics however, they

have not considered piezoelectric effect as a variable in their model. This puts

constraints on their model and thus on the model’s applicability. In 2006, Chat-

topadhyay et al. [96] reported a temperature and 2-DEG polarization dependent

analytical model for gate capacitance-voltage characterization of partially relaxed

and fully-strained AlGaN/GaN HEMTs. They studied temperature dependence

bandgap discontinuity, Vth, ns, and gate capacitance. They reported that ns and
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Table 2.7: Temperature dependent models of GaN-based HEMTs.

Year Author Temperature Dependent Model Ref.

2004 Lee et al. Large signal model [92]

2005 Change et al. Numerical simulation for DC characteristics [93]

2006 Huq et al. Charge control model [95]

2006 Chattopadhyay et al. Gate capacitance model [96]

2008 Chattopadhyay et al. Channel temperature [22]

2009 Huque et al. Analytical model for DC characteristics [17]

2013 Wang et al. Analytical model for DC characteristics [97]

Vth showed none or minimum change with temperature while gate capacitance

showed variation at higher Vgs.

In 2008, Manju et al. [22] developed a temperature dependent model, which also

included self-heating effects to predict DC characteristics of AlGaN/GaN HEMTs.

In their model, a polynomial based relationship between ns and Fermi level was

considered. They also studied the temperature effects on various DC parameters

such as saturation velocity, electron mobility, polarization and thermal conductiv-

ity. They successfully applied their model on GaN HEMTs and demonstrated its

functionality in a limited manner.

In 2009, Huque et al. [17] developed an analytical model for temperature depen-

dent I − V characteristics of AlGaN/GaN HEMTs. Their model included the

effect of ambient temperature on various DC parameters such as energy bandgap

discontinuity, carrier mobility, saturation velocity, ns and Vth. For the accuracy of

their proposed analytical model, they compared the modeled and the experimental

characteristics for a wide range of temperature, i.e. 300-500 K.

Wang et al. in 2013 [97] proposed a temperature dependent model for DC charac-

terization of AlGaN/GaN power HEMTs. They proposed temperature dependent

closed form expressions to model the ambient temperature effects on the Schot-

tky barrier height, conduction band discontinuity at heterojunction interface of
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AlGaN/GaN and ns. To ensure the validity of the model, they compared their

modeled results with the experimental data and demonstrated a reasonable accu-

racy.

A summary of temperature dependent analytical models discussed hitherto is

shown in Table 2.7, wherein a systematic progression in GaN HEMTs analyt-

ical models is presented. Although, number of models do exist to predict the

temperature dependent characteristics of GaN HEMTs, but they are of limited

use because, they are not comprehensive enough to cater all the scenarios. Thus,

still there is a need to develop a comprehensive analytical model, which should

accommodate all the variables that could possibly affect the device characteristics.

The validity of the developed model can then be checked for the devices of varying

dimensions to ensure its global applicability both for DC and AC characteristics.

2.9 AlGaN/GaN HEMTs Numerical Models

As mentioned before, GaN HEMT is introduced by Khan et al. in 1993 [52] and

during earlier stages, GaN HEMTs were fabricated on Si/SiC substrates. However,

with the availability of GaN substrate, the quality of the transistor has improved

manifold, and now the device is engaged quite often in high-tech microwave power

applications [2, 98, 99].

It is a known fact that the performance of a GaN HEMT deteriorates when its

lattice gets heated because of intense electric filed inside the channel. Temperature

dependent effects contribute adversely towards the performance of the device and it

is therefore, important that one should know the operating conditions in which the

device is supposed to be functioning. Additionally, in power related applications,

such devices are placed in an environment where the temperature is higher than

the room temperature, which further aggravates the operating conditions for the

device. In Ref. [100], it is shown that the ambient temperature further increases

the channel temperature of the device and its ultimate operating capability gets

affected with increasing ambient temperature. They also showed that the device
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Table 2.8: Non-linear models of GaN-based HEMTs.

Year Author Non-Linear Model Ref.

1985 Curtice et al. 100% empirical [101]

1990 McCamant et al. Semi-empirical [102]

1999 Angelov et al. 100% empirical [103]

2004 Dobes et al. Semi-empirical [104]

2004 Islam et al. Semi-physical [105]

2016 Riaz et al. Semi-physical [106]

channel temperature, which controls its characteristics, depends on the device

physical parameters and its geometry.

Dependence of GaN HEMT performance on numerous parameters requires a com-

pact model to simulate the device characteristics both at room as well as at elevated

temperature. A compact device model would be the one, which can predict the de-

vice Ids as a function of Vds and Vgs. It should adequately address the influence of

ambient temperature and self-heating on the device characteristics. Moreover, the

model should also explain changes in Ids with varying device physical parameters;

such as Lg, W , Vth and ns, etc. It should also have the flexibility to be employed

in simulation software to extend the device knowledge into circuits involving GaN

HEMTs [107, 108].

A review of GaN HEMTs models has been carried out by Santi et al. in 2015,

wherein it was observed that very few models have been proposed to simulate GaN

HEMT characteristics for power related applications [108]. Physics based mod-

els are too complicated [109–111] to be employed in a circuit simulation software

and usually semi-physics or numerical techniques are used to predict fundamental

characteristics of the device in computer aided design (CAD). According to our

assessment, numerical models developed for GaAs MESFETs are being used to

simulate I − V characteristic of GaN HEMTs; as an example in [112], Curtice

model developed for MESFET has been employed to simulate GaN HEMT char-

acteristics. GaAs MESFETs models [101–106] are bound to lose their accuracy
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when the device characteristics exhibit noticeable self-heating effect.

Table 2.8 illustrates a list of numerical models, which have been developed so far to

simulate FET devices and they are routinely used in simulation software. Curtice

model does not involve the physical parameters of the device and it consists of a

non-linear expression having numerous variables to be optimized to achieve the

device output characteristics as a function of Vds and Vgs. If a designer will use this

expression he will not have an idea how the device characteristics will be affected by

varying the device physical dimensions e.g. Lg,W , etc. Thus, this techniques can

only be employed on the finished devices and not on those devices which are ought

to be fabricated. And the same is true for Angelov model therefore, both have been

shown in the table as 100% empirical models. Remaining models listed in Table 2.8

or either semi-empirical or semi-physical based on the biasness of a model either

more towards empirical or physical, respectively. It is pertinent to mention here

that, none of the models takes into account temperature effects usually observed

in GaN HEMTs. Thus, they cannot reflect with reasonable accuracy, the I − V

characteristics of AlGaN/GaN HEMTs. This necessity leads to the development

of a numerical model, especially designed for GaN-based HEMTs meant, for power

related applications.

2.10 Research Gaps

As explained in Chapter 1, AlGaN/GaN based HEMTs are preferred devices for

high frequency and high power applications, especially at elevated temperature and

for harsh environment. Development of an accurate analytical model would be a

fundamental requirement to have a better understanding about the functioning

and operational capabilities of the device. This could possibly lead to the device

optimization both from the material as well as from the device structure/geometry

point of view.

A very few temperature dependent analytical models of AlGaN/GaN HEMT ex-

ist in literature and none of the existing models have global applicability due to



Literature Review 48

severe constraints imposed simultaneously by the device geometry and material

characteristics involved in the device fabrication. Hence, majority of the reported

characteristics are of experimental nature. As discussed in Section 2.8, tempera-

ture dependent analytical models are reported but they are of limited use. Huq [95]

developed a temperature dependent analytical model based on simplified physics

of the device and therefore, it offers limited device operational understanding. In

[95], authors reported temperature dependent modeled characteristics of HEMTs,

but their proposed approach was by and large empirical; based on a nonlinear

cubic Curtice expression. Furthermore, the accuracy of the reported technique

was not verified at elevated temperature.

In [17], Huque et al. developed a temperature dependent analytical model for Al-

GaN/GaN HEMT. They covered only temperature dependent DC characterization

of AlGaN/GaN HEMT. Moreover, the functioning of the model was not checked

for temperature dependent small signal parameters of the device; whereas, in the

proposed study, we intend to develop a comprehensive temperature dependent

model, both for DC as well as for AC characterization of the device.

From the design point of view, it is always desired to have a model which can

predict device characteristics without involving much details about the device

physics and material characteristics. Such models are commonly referred to as

numerical models. Wang et al. [97] proposed a temperature dependent empirical

model for AlGaN/GaN power HEMTs, but with limited scope. So, in addition to

the analytical HEMT model as discussed in the preceding paragraphs, this work

will also focus on the development of a numerical model for high power microwave

HEMTs, for the design engineers, with an aim that the same could be employed in

CAD software involving high power GaN HEMTs. The following would be carried

out during the proposed research work:

1. Development of an analytical model for DC characterization of power HEMTs

with special emphasis on high temperature applications.

2. Development of a physics based analytical model for AC parameters charac-

terization at elevated temperature using DC characterization.
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3. Development of a numerical model for microwave GaN based HEMTs to

simulate DC characteristics both at room as well as at elevated temperature.

2.11 Methodology

Our work is primarily focused on modeling and simulation techniques of GaN

HEMTs. Modeling will be carried out using physical parameters of the device

having two aspects: a) wafer parameters and b) the device design parameters.

Major wafer parameters include layer structure, 2-DEG characteristics, mobil-

ity and velocity of free carriers offered by the wafer; whereas, device parameters

include: device width and length; depletion layer geometry; gate-drain and gate-

source separation; device topology; carriers concentration; built-in potential and

parasitic components, etc. By involving these parameters, one can evaluate filed

distribution inside the channel, which effectively control the flow of carriers and

thus, the device characteristics. On the other hand, the capacitive and inductive

nature of the device electrical parameters determine its AC response.

An expression which can logically link the device design parameters, influenced by

the device wafer parameters, and can generate either DC or AC response, com-

patible to that of observed response (within 10% margin) would be referred to as

device physical (analytically) model. An appropriately perceived polynomial or

a non-linear expression, involving less physics but controlled by the device bias

(Vgs, Vds) voltages capable to generate device characteristics, through an optimiza-

tion process, which matches with the experimental data to an acceptable margin

would be called as a numerical model. In this research, both of these techniques

would be engaged to model GaN based HEMTs, for room and elevated tempera-

ture applications, by employing following consideration:

1. Considering the device geometry, nature of the Schottky barrier and band

discontinuity, field distribution inside the channel would be evaluated by

solving Poisson equation with appropriate boundary conditions. This would
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lead to the assessment of channel current. Temperature effects would then

be added into the model which could possibly affect the device performance

on three counts: a) Schottky barrier depletion modification; b) hot carriers

generation and scattering into the buffer layer and their subsequent collection

by the drain electrode and c) 2-DEG modification. The proposed model

would comprehensively incorporate all these variables and its validity would

be ensured by comparing it with the experimental I − V characteristics of

the devices, especially made for microwave power applications.

2. Since the assessment of a FET AC parameters is a cumbersome task and

it is, therefore, also proposed that by involving the technique discussed in

(1) first the device I − V characteristics would be modeled and then based

on the modeled characteristics, AC parameters would be extracted. The

difference between the proposed and already reported work would be that

the proposed work would be based on modeled I − V characteristics whose

accuracy would first be established by comparing the modeled characteristics

with the experimental data. Thus, one can assume a better accuracy, in

the estimated AC parameters, which for validation purposes would also be

compared with the experimental data.

3. Finally, an improved AlGaN/GaN HEMT equivalent circuit will be devel-

oped by knowing the following:

i. Gate-to-source capacitance, Cgs;

ii. Gate-to-drain capacitance, Cgd;

iii. Transconductance, gm;

iv. Parasitic resistances, Rs, Rd, Rg;

v. Drain-to-source capacitance, Cds;

vi. Unity gain frequency, fT ;

vii. Channel resistance, Ri;

viii. Output conductance. gd and

ix. Transit time, τ .
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4. For a range of gate lengths and widths, a numerical model would also be

developed wherein, it is aimed that modeled parameters would be optimized

using swarm optimization technique. The proposed numerical model, as per-

ceived, would have less physical aspects however, it would be strong enough

to generate the device I−V and transfer characteristics by involving Vds, Vgs,

and Vth along with variables pertaining to the device geometry, i.e. Lg, W ,

etc. Starting point to achieve this target would be the FET’s fundamental

square law expression, which describes in a very primitive way, the device

characteristics in the saturation region of operation. Linear region would be

incorporated either by involving hyperbolic tangent function or any other

suitable mathematical expression, to generate the desired non-linearity of

the device output characteristics. Finite output conductance (gd), as usu-

ally observed, after the onset of velocity saturation, would be taken care

of by defining an appropriate function which should be Vds dependent but

Vgs independent. Self heating effects, which are routinely observed in high

power HEMTs would also be added into the model by adding an additional

non-linearity in those terms responsible to control the characteristics in the

saturation region of operation. The developed expression would be treated

as a fundamental expression, which would then be extended to evaluate other

parameters of the device, e.g. gd, gm, etc.

2.12 Summary

This chapter discusses the 3rd generation wide bandgap semiconductors (SiC and

GaN) and their potential use in microelectronic industry. It has been discussed

that for high power and harsh environment applications, characteristics offered

by narrow bandgap semiconductors (Si, GaAs) are insufficient and one has to

opt for wide bandgap semiconductors. GaN as a wide bandgap semiconductor

offers excellent characteristics and can therefore be employed in device fabrication

especially in high-tech devices such as HEMTs. It is discussed that fabrication of

HEMTs using GaN in conjunction with another wide bandgap material such as
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AlGaN; to achieve bandgap discontinuity, can be attained without having a dopant

layer, because of the piezoelectric effect found inherently in these layers. This

provides an added advantage of increased velocity because of the absence of donor

ions, which could possibly act as scattering centers for the drifting carriers. Owing

to these facts, GaN based HEMTs are preferred for microwave power applications.

At high power and in harsh environment, deterioration in a semiconductor device

characteristics is a natural phenomenon and the same has been dually emphasized

in this chapter. However, it is also discussed that GaN HEMTs have higher re-

silience to these changes, because of high thermal conductivity and wide bandgap

nature of the device material.

For the advancement of GaN HEMTs, it is imperative that the device operation

and its dependence on external and internal variables should be better understood.

In this connection, the importance of an analytical model is discussed in this chap-

ter. The chapter also summaries numerous models presented and the limitations

associated with them. It has been established that there is still room to have a

comprehensive model, which could predict the device DC and AC characteristics,

both at room as well as at elevated temperature, with a good degree of accuracy.

It is further discussed that the device’s growth is greatly dependent on its appli-

cations in the power industry. This requires a technique that allows the device

integration into power circuitry through a computer aided design (CAD). Con-

templating the CAD specific needs, it is established that a numerical model based

on semi-physical approach would be a useful one. Since there is no such model

developed so far exclusively for GaN HEMTs therefore, the need to have such a

model is emphasized in the chapter. The chapter finally gives methodology, which

would be employed to achieve the stated research objectives.



Chapter 3

HEMT’s Temperature Dependent

Analytical DC Model

3.1 Introduction

Semiconductor devices are the main building blocks of modern electronic systems,

being responsible for key advances. One of the key expectations from electronic

devices in the modern era is to enable and control systems that operate in extreme

environments. The effects of temperature on device operation have been of great

interest throughout the history of semiconductor research [17, 22, 23, 70, 93, 97,

113, 114]. Wide-bandgap devices such as GaN HEMTs have proven to be superior

to their counterparts due to their relatively: (a) high carrier mobility, µ ∼1500 cm2

V-1 s-1, (b) high saturation velocity, υsat ∼2.5×107 cm s-1, and (c) high breakdown

voltage ∼3.3 MV cm-1 [2, 6], making them preferred candidates for use in high-

temperature applications in the microwave regime. To achieve increased drain

current, high sheet charge concentration (ns) is required. Use of a AlGaN/GaN

heterojunction in HEMTs results in a relatively high value of ns in the form of a

2-DEG, enabling the device to provide high drain current for given bias.

53
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The intrinsic carrier concentration (ni) of a semiconductor material is a temperature-

dependent parameter [115]. As temperature increases, so does the carrier gener-

ation rate. For GaN semiconductor, the dependence of ni on temperature is five

times weaker than for Si [116], making devices more robust for high-temperature

operation. Therefore, the low ni at high temperature coupled with the high break-

down field due to the wide bandgap make GaN-based devices highly suitable for

use in elevated-temperature applications.

In addition to the superior and well-controlled material characteristics of AlGaN/-

GaN HEMTs, the characteristics of such devices can be further improved by opti-

mizing fabrication parameters, one of the most important of which is the quality

of the device Schottky barrier junction (φb), which is also sensitive to temperature

[117, 118]. Device performance can be significantly degraded by increased ambient

temperature. By their very design, AlGaN/GaN HEMTs are meant to be oper-

ated at relatively high bias, which can result in modification of the junction height

[106, 119]. Such a modification will then directly impact on the device output

current, rendering the characteristics of the device temperature dependent.

It is an established fact that µ is sensitive to lattice temperature [120]. In general,

at high bias, the strength of the electric field underneath the Schottky barrier

causes the lattice temperature to rise. The lattice temperature will also rise when

the device is operated in a harsh environment. At elevated temperature, the lattice

vibrates with increased amplitude, thus offering a greater obstacle to flow of free

carriers; the resulting increased reduces µ [121, 122].

The characteristics of a HEMT device are primarily determined by ns, which is

mainly dependent on the bandgap discontinuity (∆Ec), determined by the layer

structure of the HEMT [31, 123]. The position of the Fermi level (EF ), which

is also a temperature-dependent parameter [124], determines the ns available in

the layer structure of the device, which can possibly tunnel to the quantum states

at the interface of the layers defining the 2-DEG. Therefore, any variation in the

temperature will cause a change in EF , eventually translating into a change in ns

[125].
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For improved device modeling, especially at elevated temperature and at high

bias, it is important that all four variables discussed above be considered. To

the best of the authors’ knowledge, no such models comprehensively taking into

account all four variables, namely the (a) Schottky barrier, φb(T ), (b) mobility,

µ(T ), (c) bandgap discontinuity, ∆Ec(T ), and (d) saturation velocity, υsat(T ), as

temperature dependent variables have been reported in literature.

In [114], Albrecth et al. used Monte Carlo simulation to determine temperature-

dependent parameters such as µ and υsat. Chang et al. developed a temperature-

dependent model for static characterization of AlGaN/GaN HEMTs, using a nu-

merical technique in which the Poisson and Schroedinger equations were solved

[93].

In 2006, Huq et al. [95] developed an analytical model for the I − V character-

istics of GaN HEMTs by taking into account µ, υsat, ns, and the thickness of

layers. They proposed that AlGaN/GaN HEMTs can comfortably operate up to

600K at microwave frequencies. However, in their model, EF was not taken as a

temperature-dependent variable, making it prone to errors in the evaluation of ns.

In 2008, [22] reported a modified thermal model for the I − V characteristics of

AlGaN/GaN-based HEMTs, representing an extension of the work of DasGupta

et al. [126]. In that model, EF was associated with ns through a polynomial

expression, thus requiring a numerical technique to determine the coefficients of

the polynomial. The performance of the model was tested at room temperature

by considering the self-heating effects caused by high bias, but its performance at

elevated temperature was not assessed.

In 2009, Huque et al. [17] also reported an analytical model for the temperature-

dependent I − V characteristics of AlGaN/GaN HEMTs. In their model, they

considered ns as a temperature- and bias-dependent variable, while the dependence

of EF on ns was represented using the same polynomial as in [22, 125]. Huque

et al. incorporated a temperature-dependent ∆Ec into their model to obtain the

temperature-dependent I − V characteristics. However, in their modeling, φb was
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treated as a constant, thus their expression might not accurately model devices in

which φb is temperature sensitive.

In 2013, Wang et al. [97] developed a temperature-dependent model for Al-

GaN/GaN HEMTs by evaluating the temperature-dependent µ and ns. Based

on these two variables, they reported limited modeled characteristics for AlGaN/-

GaN HEMTs; their reported data reveal poor performance of the proposed model,

especially in the linear region of operation. Furthermore, they demonstrated the

applicability of the model at relatively low (Vds ∼ 8 V) bias, whereas such devices

are intended for high-bias operation (Vds & 15 V). Moreover, their model involved

a number of empirical constants without any physical justification, making it dif-

ficult to claim that it represents an analytical model. Also, at high gate bias, the

model may not follow experimental data, which were also not shown.

In the work presented herein, an effort was made to develop a comprehensive

temperature-dependent model to predict device I − V characteristics at elevated

temperature with a high degree of accuracy. The model was developed by evalu-

ating the temperature-dependent φb(T ), ∆Ec(T ), υsat(T ), and µ(T ), followed by

their use to evaluate the I − V characteristics. The developed technique was ap-

plied at different biases and temperatures to assess its accuracy, and the results

compared with reported models. The remainder of this manuscript is organized

as follows: Section 3.2 discusses model development, Section 3.3 presents a com-

parison between experimental and modeled data with an associated discussion,

whereas Section 3.4 presents the conclusions that can be drawn from the results.

3.2 Model Development

Use of an analytical model is the most appropriate technique to determine the

I−V characteristics of a HEMT for a particular application. With increase in the

output power, the channel temperature increases, degrading device performance.

To develop an analytical HEMT model, one starts from the fundamental concept

of the heterojunction material, which is a key parameter for the generation of the
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2-DEG [97]. Then, incorporation of the channel fields caused by the drain and

gate bias provides an expression that can generate the I−V characteristics of the

HEMT as a function of the drain to source (Vds) and gate to source (Vgs) voltages.

The variable µ plays a significant role in defining the I − V characteristics of a

HEMT. The bias-dependent mobility, µ(V ), of the 2-DEG carriers in a HEMT

device can be expressed as [127]

µ(V ) =
µ0

1 + [θ(Vgs − Vth)]β
(3.1)

where θ and β are fitting parameters, Vth is the threshold voltage, and µ0 is the

low field mobility of electrons given as [22, 128]

µ0 = µmin +
µmax − µmin
1 + (ns/nr)α

(3.2)

where µmin and µmax are the minimum and the maximum mobility, respectively, nr

is the reference carrier concentration, and α is a fitting parameter. It is proposed

that temperature dependent ∆Ec(T ) between two layers of an AlGaN/GaN HEMT

can be defined as

∆Ec(T ) = (EA
g − EG

g )λ1 × Exp[−∆T/Tf ] (3.3)

where EA
g and EG

g are the bandgaps of AlGaN and GaN, respectively, λ1 is an

adjustment parameter, and ∆T is the temperature difference, given as

∆T = Tf − Ti (3.4)

where Tf and Ti represent the final and initial temperatures, respectively.

Since the barrier height φb of a GaN HEMT varies with temperature, it is proposed

that

φb(T ) = φb0 (1− λ2 × Exp[∆T/Tf ]) (3.5)

In Eq. (3.5), when ∆T = 0, this leads to λ2 = 0; which gives φb = φb0. Equations

(3.3) and (3.5) can be used to predict ∆Ec(T ) and φb(T ), respectively, by setting
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Figure 3.1: Variation in Schottky barrier, φb and bandgap discontinuity, ∆Ec
as a function of temperature for an AlGaN/GaN heterojunction HEMT.

Figure 3.2: A cross-sectional view of an AlGaN/GaN HEMT.

the appropriate fitting parameters, as shown in Fig. 3.1.

It is an established fact that the Vth of a HEMT varies as [126]
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Vth = φb(T )−∆Ec(T )− qNdd
2

2εs
(3.6)

where εs is the permittivity of the semiconductor, d is the separation of the 2-DEG

from the Schottky barrier gate, q is the electron charge, and Nd is the doping

density.

As shown in Fig. 3.2, it is not always a mandatory requirement to have a doped

layer underneath the Schottky barrier to release carriers for the 2-DEG. Carri-

ers can also be generated under polarization effects, which requires a modified

definition of Vth, given as [17, 18]

Vth = φb(T )−∆Ec(T )− σd

εs
(3.7)

where σ defines the polarization-controlled surface charge density.

In an AlGaN/GaN heterojunction, the ns of a 2-DEG is given by [17]

ns =
εs
qd

[Vgs − Vth − EF − V (x)] (3.8)

where V (x) represents the potential drop inside the channel at location x. The

variable ns is of prime importance in defining the device characteristics. At el-

evated temperature, ns will vary, thus affecting the position of EF . In [125],

DasGupta et al. proposed a relationship between EF and ns given as

EF = ξ1 + ξ2n
1/2
s + ξ3ns (3.9)

where ξ1,2,3 are temperature dependent constants. Combination of Eqs. (3.8) and

(3.9) readily provides a quadratic expression in ns, having a solution

ns =
εs
qd

(Vg − Vth − ξ1 − ξ2n1/2
s − ξ3ns) (3.10)

ns =
εs
qd

(Vg − Vth − ξ1)−
εs
qd

(ξ2n
1/2
s − ξ3ns) (3.11)
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ns +
εs
qd

(ξ2n
1/2
s − ξ3ns)−

εs
qd

(Vg − Vth − ξ1) = 0 (3.12)

ns(1 +
εs
qd
ξ2) +

εs
qd
ξ2n

1/2
s −

εs
qd

(Vg − Vth − ξ1) = 0 (3.13)

Let

C =
εs
qd

(3.14)

ns(1 + Cξ2) + Cξ2n
1/2
s − C(Vg − Vth − ξ1) = 0 (3.15)

Let

A = (1 + Cξ2) and B = Cξ2 (3.16)

Ans +Bn1/2
s − C(Vg − Vth − ξ1) = 0 (3.17)

Eq. (3.17) gives a quadratic equation to represent the 2-DEG sheet charge carrier

concentration at the AlGaN/GaN heterointerface as

n1/2
s =

−B +
√
B2 + 4AC(Vg − Vth − ξ1)

2A
(3.18)

n1/2
s =

−Cξ2 +
√
C2ξ22 + 4(1 + Cξ2)(Vg − Vth − ξ1)

2(1 + Cξ2)
(3.19)

n1/2
s =

−ξ2 +

√
ξ22 + 4(

1

C
+ ξ2)(Vg − Vth − ξ1)

2(
1

C
+ ξ2)

(3.20)
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Figure 3.3: Variation in mobility, µ of an AlGaN/GaN 2-DEG carriers as a
function of temperature and gate bias.

Substituting the value of C from Eq. (3.14)

n1/2
s =

−ξ2 +
√
ξ22 + 4( qd

εs
+ ξ2)(Vg − Vth − ξ1)

2(
qd

εs
+ ξ2)

(3.21)

ns =

[
−ξ2 +

√
ξ22 + 4ξ4(Vgs − Vth − V (x)− ξ1)

2ξ4

]2
(3.22)

where

ξ4 = ξ3 +
qd

εs
(3.23)

It is an established fact that the magnitude of µ is a function of temperature

[17, 22]. At elevated temperature, the amplitude of lattice vibration increases,

causing increased scattering and thus, reducing µ. An expression to simulate this

effect is proposed as
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Figure 3.4: Variation in υsat of an AlGaN/GaN 2-DEG as a function of tem-
perature.

µT = µ(V )[1− λ3(∆T/Tf )]γ (3.24)

where γ is a fitting parameter. Equation (3.24) models the variation in µ with

respect to temperature and Vgs, as shown in Fig. 3.3.

To evaluate the I − V characteristics, it is proposed that the temperature depen-

dence of υsat = EsatµT can be simulated as

υsat(T ) = υ0[1− λ4(∆T/Tf )] (3.25)

where υ0 is the velocity of 2-DEG carriers at T = 300 K and λ4 is an adjustment

factor. The variation in υsat as a function of temperature for a given value of υ0

is shown in Fig. 3.4

It is pertinent to mention here that the drift velocity of electrons, υd(x), at any

point x in the channel is a function of the applied field Ex, and its value before
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and after 2Esat is given by Eq. (3.26) [127]

υd(x) =


µ0Ex

1 + Ex/2Esat
, for Ex = dV (x)/dx < 2Esat

υsat, for Ex = dV (x)/dx > 2Esat

(3.26)

For Ex > 2Esat, the value of υsat can thus be evaluated using Eq. (3.25).

3.2.1 I − V Characteristics

The drain current (Ids) of a GaN HEMT is associated with ns and υd(x) and is

given by

Ids = qWnsυd(x) (3.27)

where, W is the channel width of the device.

By changing Vds, Ids changes, and this variation is linear for small Vds, then satu-

rates (Ids) at an applied Vds referred to as Vd(sat). In general, the I − V character-

istics of a HEMT will have a linear region where carriers are drifting below υsat

and a saturation region, wherein carriers are drifting with υ = υsat [22].

3.2.1.1 Linear Region Current (Vds < Vd(sat))

In the linear region, the current Idl can be evaluated by combining Eqs. (3.26)

and (3.27) then integrating it over the entire channel

Id(lin) =
2(qWvsat)

ξ4(2VL + Vds)

∫ Vds

0

ns dV (3.28)

Substituting ns from (3.22) and consider that Vg1 = Vgs − Vth − ξ1

Id(lin) =
2ξ4Ψ

2VL + VD

∫ Vds

0

(√
ξ22 + 4ξ4(Vg1 − V (x))− ξ2

2ξ4

)2

dV (3.29)
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Id(lin) =
Ψ

2ξ4(2VL + Vds)

∫ Vds

0

(
ξ22 + 4ξ4(Vg1 − V (x)) + ξ22

− 2ξ22

√
ξ22 + 4ξ4(Vg1 − V (x))

)
dV

(3.30)

Id(lin) =
Ψ

2VL + Vds

([
ξ22
ξ4
V + 2Vg1V (x)− V (x)2

] ∣∣∣∣Vds
0

−
∫ Vds

0

ξ2
ξ4

√
ξ22 + 4ξ4Vg1 − 4ξ4V (x)dV

) (3.31)

∵
∫ √

ax+ bdx =

(
2b

3a
+

2x

3

)(√
ax+ b

)
(3.32)

Id(lin) =
Ψ

2VL + Vds

(
ξ22
ξ4
Vds + 2Vg1Vds − V 2

ds −
[(

ξ22 + 4ξ4Vg1
−6ξ4

+
2V (x)

3

)

(
ξ2
ξ4

)√
ξ22 + 4ξ4Vg1 − 4ξ4V (x)

]∣∣∣∣Vds
0

) (3.33)

Using the approximation [4ξ4V (x) << ξ22 + 4ξ4Vg1]

Id(lin) =
Ψ

2VL + Vds

(
ξ22
ξ4
Vds + 2Vg1Vds − V 2

ds

−
[(

ξ22 + 4ξ4Vg1
−6ξ4

+
2V (x)

3

)(
ξ22
ξ4

)√
1 +

4ξ4Vg1
ξ22

]∣∣∣∣Vds
0

) (3.34)
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Id(lin) =
Ψ

2VL + Vds

[
ξ22
ξ4
Vds + 2Vg1Vds − V 2

ds −
(
− ξ22 + 4ξ4Vg1

6ξ4

(
ξ22
ξ4

)√
1 +

4ξ4Vg1
ξ22

+
2Vds

3

(
ξ22
ξ4

)√
1 +

4ξ4Vg1
ξ22

+
ξ22 + 4ξ4Vg1

6ξ4

(
ξ22
ξ4

)√
1 +

4ξ4Vg1
ξ22

)]
(3.35)

Id(lin) =
Ψ

2VL + Vds

(
ξ22
ξ4
Vds + 2Vg1Vds +

2Vds
3

(
ξ22
ξ4

)√
1 +

4ξ4Vg1
ξ22

− V 2
ds

)
(3.36)

Id(lin) =
Ψ

2VL + Vds

(
Vds

[
2Vg1 +

ξ22
ξ4

(
1− 2

3

√
1 +

4ξ4Vg1
ξ22

)]
− V 2

ds

)
(3.37)

Let

Vg2 = 2Vg1 +
ξ22
ξ4

(
1− 2

3

√
1 +

4ξ4Vg1
ξ22

)
(3.38)

Id(lin) =
Ψ(2VdsVg2 − V 2

ds)

2VL + Vds
(3.39)

In Eq. (3.39), Ψ is given as

Ψ =
qWvsat
ξ4

(3.40)

Equation (3.39) generates a family of curves when changing Vds and Vg2. Since its

operation is limited to the linear region of operation, the obtained characteristics

will therefore be nothing but the characteristics of a variable resistor.

3.2.1.2 Saturation Point (Vds = Vd(sat))

The saturation point for current and voltage can be found by putting Vds = Vd(sat)

in Eqs. (3.27) and (3.39), thus
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Id(sat) = qWvsatns

∣∣∣∣
Vds=Vd(sat)

(3.41)

Substituting ns from (3.22)

Id(sat) =
qzvsatξ4
ξ4

(
−ξ2 +

√
ξ2 + 4ξ4(Vg1 − Vds)

2ξ4

)2

(3.42)

Let

Ψ =
vsatqz

ξ4
(3.43)

Id(sat) =
Ψ

4ξ4

[
2ξ22 + 4ξ4Vg1 − 4ξ4Vd(sat) − 2ξ2

√
ξ22 + 4ξ4Vg1 − 4ξ4Vds

]
(3.44)

By using approximation [4ξ4Vds << ξ22 + 4ξ4Vg1]

Id(sat) =
Ψ

4ξ4

[
2ξ22 + 4ξ4Vg1 − 4ξ4Vd(sat) − 2ξ2

√
ξ22 + 4ξ4Vg1

]
(3.45)

Id(sat) = Ψ

(
Vg1 +

ξ22
2ξ4

[
1−

√
1 +

4ξ4Vg1
ξ22

]
− Vd(sat)

)
(3.46)

Let

Vg2 = Vg1 +
ξ22
2ξ4

[
1−

√
1 +

4ξ4Vg1
ξ22

]
(3.47)

Id(sat) = Ψ(Vg2 − Vd(sat)) (3.48)

For saturation voltage;

Id(sat) =
Ψ [Vd(sat)Vg2 − V 2

d(sat)]

2VL + Vd(sat)
(3.49)

By comparing Eqs. (3.48) and (3.49)

Ψ [Vg2 − Vd(sat)] =
Ψ [Vd(sat)Vg2 − V 2

d(sat)]

2VL + Vd(sat)
(3.50)
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So, by simple algebraic manipulation

Vd(sat) =
−2Vg2VL

(Vg2 − 2VL)
(3.51)

Putting the above expression in Id(sat) = Ψ(Vg2 − Vd(sat)), we get

Id(sat) =
ΨV 2

g2

Vg2 − 2VL
(3.52)

3.2.1.3 Saturation Current (Vds > Vd(sat))

Once the saturation point is attained in the channel, υd shifts to υsat, and any

further increase in Vds increases associated Ex underneath the Schottky barrier;

when Ex ≈ 2Esat, the channel length starts to shrink because of the y-directed

electric field. This shrinkage is known as channel length modulation and its value is

represented by ∆Lg [125]. Under such conditions Id(sat) can be found by replacing

2VL by (2VL − Esat∆Lg) in Eq. (3.52), thus

Id(sat) =
ΨV 2

g2

Vg2 + (2VL − Esat∆Lg)
(3.53)

To evaluate the value of ∆Lg consider Fig. 3.5, where L1 is a region in which the

carriers are traveling below saturation velocity and their velocity get saturated

while they are traveling in region labeled as L2. L3 represents the extension in

depletion towards the drain side of the device where there is no gate metal. To

evaluate the potential V caused by the charges accumulated inside the Schottky

barrier depletion and to identify the length ∆Lg one can apply the Poisson equation

as given below [129]

∂2V (x, y)

∂x2
+
∂2V (x, y)

∂y2
= −qND

εs
(3.54)

where ND represents the charge density underneath the Schottky barrier deple-

tion. Changing the co-ordinate system as x′ = x− Lg



HEMT’s Temperature Dependent Analytical DC Model 68

Source
Gate

Depletion, d

Vds

Vgs

y

x

Drain

L2

Lg

x'

L1

III

Figure 3.5: AlGaN/GaN HEMT with two distinct depletion layers underneath
Schottky barrier gate.

We can also define a new function as

S(x′, y) = χ(y) + V (x, y) (3.55)

where
d2χ

dy2
=
qND

εs
(3.56)

and
∂2S(x′, y)

∂x2
+
∂2S(x′, y)

∂y2
= 0 (3.57)

such that

S(x′, y) = V (x, y) +
qND

εs
y2 (3.58)

S (x′, y) = (Aekx
′
+Be−kx

′
)× (Ccosky +Dsinky ) (3.59)

where k =
√
λ.

S (x′, y) =
(
Aekx

′
+Be−kx

′
)

(Ccosky +Dsinky ) + Ex′y + Fx′ +Gy +H

(3.60)

where variables represented by the constants A,B, · · · , H can be determined by

using the device boundary conditions. Assuming at y = 0, the magnitude of the
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total potential shall be −(Vgs + Vbi), where Vbi is the built-in potential. This

potential is not dependent on the variable x′, which yields C = 0 and F = 0. This

implies that H = −(Vgs + Vbi) at L1.

The potential at the terminating point of L1 can then be written as

V (L1, y) =
qND

εs

[
y
(
d− y

2

)]
− (Vgs + Vbi ) (3.61)

where d is the height of depletion at length L1.

Comparing expressions (3.60) and (3.61), we can have

(A+B)×Dsinky +Gy − (Vgs + Vbi) =
qNDyd

εs
− qNDy

2

2εs
− (Vgs + Vbi)

(3.62)

this gives

G =
qNDd

εs
and A = −B (3.63)

Therefore,

S (x′, y) = 2ADsinh (kx′) sinky + Ex′y +
qNDdy

εs
− (Vgs + Vbi) (3.64)

Differentiating (3.64) w.r.t y

∂

∂y
S (x′, y)

∣∣∣∣
y=d

= 2AD sinh (kx′) k cos kd+ Ex′ +
qNDd

εs
(3.65)

Considering one again (3.58) and differentiating it w.r.t y, one can write

∂

∂y
S (x′, y)

∣∣∣∣
y=d

=
∂

∂y
V (x′, y)

∣∣∣∣
y=d

+
qNDd

εs
(3.66)

At y = d
∂V (x, y)

∂y
= 0 . (3.67)

From Eqs. (3.65) and (3.66)

2ADksinh (kx′) coskd+ Ex′ +
qNDd

εs
=
qNDd

εs
(3.68)
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Equation (3.68) is a continuous function for x′, this requires therefore, E = 0 and

k = (π/2d). Thus, (3.64) can be rewritten as

S (x′, y) = 2ADsinh

(
πx′

2d

)
sin
(πy

2d

)
+
qNDdy

εs
− (Vgs + Vbi) (3.69)

The field E reaches to Es at x = Lg or x′ = 0, therefore,

∂

∂x′
S (x′, y) = 2ADcosh

(
πx′

2d

)
× π

2d
×sin

(πy
2d

)
(3.70)

∂S (x′, y)

∂x′

∣∣∣∣
x′=0

= AD
π

d
sin
(πy

2d

)
(3.71)

Equation (3.71) represents a field, which is Es, therefore

Es = −ADπ
d

sin
(πy

2d

)
(3.72)

At y = d, the above expression is reduces to

AD =
Esd

π
(3.73)

Now from Eqs. (3.69), (3.73), (3.58) and at x′ = L1 − Lg

V (x, y) =
2Esd

π
sinh

[
π (Lg − L1)

2d

]
sin
(πy

2d

)
+
qNDdy

εs
− qNDy

2

2εs
− (Vgs + Vbi)

(3.74)

At x = Lg and y = d, the potential variation can be written as

V (Lg, d) =
2Esd

π
sinh

[
π (Lg − L1)

2d

]
+
qNDd

2

2εs
− (Vgs + Vbi) (3.75)

In Eq. (3.75), potential distribution before the saturation is represented by

V (L1) =
qNDd

2

2εs
− (Vgs + Vbi) (3.76)

and

V (L2) =
2Esd

π
sinh

[
πL2

2d

]
(3.77)
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Table 3.1: Device dimensions and constants.

Parameter Value

µmin 0.0050 m2/V.sec

µmax 0.2000 m2/V.sec

nr 8.2837× 10−17 m−2

q 1.6× 10−19 C

W 100 µm

Lg 0.2 µm

d 0.2 µm

ε 8.86× 10−12 F/m

εs 9.325 ε0

φb0 1.6200 eV

EA
g 5.0177 eV

EG
g 3.5096 eV

Ti 300 K

Assuming L2 = ∆Lg, V (L2) = Vds − Vd(sat) and Es = Esat

∆Lg =
2d

π
sinh−1

[
(Vds − Vd(sat))π

2dEsat

]
(3.78)

3.3 Modeled Characteristics

To demonstrate the accuracy of the developed technique, a MATLAB code was de-

veloped using Eqs. (3.39), (3.52) and (3.53). Particle Swarm Optimization (PSO)

was used to assess the simulation variables involved to predict the performance

of the device. Table 3.1 presents the values of different variables, along with the

physical parameters of the device used to simulate its I − V characteristics [17].

Following are the steps used to implement PSO algorithm and its details are given

in [130]:

(i) Initialize swarm dimension, velocity and position;
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(ii) Define an objective function for control;

(iii) Update the velocity and position of each particle;

(iv) Find the personal best position of the particle (minimum error in objective

function);

(v) Find global best position;

(vi) Update the velocity and position with respect to personal and global best;

(vii) Terminate if iterations are complete or if minimum error, Er(min) is met,

otherwise go to the step (iii).

By using Eqs. (3.39) and (3.53), the device current, Id(sim), can be calculated. This

current was then compared with the experimental data, Id(exp), using an objective

function given by

RMSE =

√√√√ N∑
Q=1

{
M∑
P=1

(
IP,Qd(exp) − I

P,Q
d(sim)

)2/ M∑
P=1

IP,Qd(exp)

}
≤ Er(min) (3.79)

where P represents Vds having its maximum value M , and Q represents Vgs with

N as its maximum value. This function calculates the Root Mean Square Error

(RMSE) of the modeled data; considering the current best location, i.e., the lo-

cation with the minimum RMSE, the parameters ξ1,2,3 are then updated. This

process continues until the obtained results are in reasonable agreement with ex-

perimental data.

In our modeling, the experimental data were fed along with the variables defined in

Table 3.1 into the developed PSO code. A swarm of 100 particles with a constraint

of 1000 iterations with random initial values was used. A 95% convergence rate

was observed with average convergence time for the swarm of 34s. For evaluation

of the temperature dependent ns, the values of ξ1,2,3 and other variables optimized

using PSO are presented in Table 3.2.
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Table 3.2: Optimized model parameters at various temperatures for an Al-
GaN/GaN HEMT output characteristics.

Parameter T = 300K T = 400K T = 500K

ξ1 (V) −0.0791 −0.0768 −0.0143

ξ2 × 10−12(Vm) 0.0791 3.3808 5.2152

ξ3 × 10−20(Vm2) 0.5831 −0.5223 −0.4218

vsat × 105(m/sec) 2.5760 2.4920 0.6683

φb(T ) (eV) 1.6200 0.9943 0.6303

∆Ec(T ) (eV) 0.4753 0.3039 0.2250

θ (V−1) 0.0082 0.0017 0.0145

σ (C/m2) 0.0385 0.0323 0.0337

λ1 0.3152 0.2244 1.0585

λ2 0.0000 1.1256 0.9113

λ3 0.7240 0.0882 0.9085

λ4 0.0000 0.1304 1.8514

β 0.9650 1.4596 1.6012

α 10.096 10.471 4.4600

γ 0.0134 0.4147 2.4894

The results in Table 3.2 clearly shows that υsat, which is a crucial variable for

determining the characteristics of a HEMT, reduced with the increasing temper-

ature. Considering Eq. (3.41), this clearly reminds that the saturation current of

the device will reduce with increasing ambient temperature.

It is further seen from Table 3.2 that φb(T ), which represents the barrier height,

also reduces with increasing device operating temperature, in agreement with the

expression proposed in Eq. (3.5). A reduction in the magnitude of φb(T ) indicates

that the device may exhibit more leakage current through the Schottky barrier

gate, which can potentially reduce the device transconductance [131]. Strong re-

duction in φb(T ) could completely jeopardize the device characteristics by forming

a parasitic field-effect transistor (FET) through the AlGaN layer of the device.
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Table 3.3: Gate to source voltage (Vgs) dependent simulation parameters at
various temperatures for an AlGaN/GaN submicron HEMT.

Temp. Parameter Vgs =0V Vgs =−1V Vgs =−2V Vgs =−3V

T = 300 K

ns (1017 m−2) 1.5582 1.3137 1.0693 0.8248

EF (V) −0.0800 −0.0798 −0.0797 −0.0795

µ0 (cm2/V.sec) 392 491 622 798

µT (cm2/V.sec) 21.0 23.0 24.0 24.0

T = 500 K

ns (1017 m−2) 2.2528 1.9946 1.7365 –

EF (V) −0.0128 −0.0129 −0.0129 –

µ0 (cm2/V.sec) 717 795 884 –

µT (cm2/V.sec) 8.19 7.52 6.74 –

Table 3.2 also shows that the magnitude of ∆Ec(T ) decreases with increasing tem-

perature, as proposed in Eq. (3.3). A reduction in ∆Ec(T ) means a corresponding

reduction in ns, thus φb(T ) and ∆Ec(T ) produce opposite effects on the device

characteristics. Reduction in φb(T ) means an increase in Id(sat), because there will

be more cross-sectional area available for flow of current, while on the other hand,

the reduction in the magnitude of ∆Ec(T ) with increasing temperature reduces ns,

which also reduces Id(sat). Thus, these two variables are produce opposite effects,

with the dominant one determining the device characteristics.

Table 3.3 shows that, at T = 300 K, the value of ns decreases as a function of

Vgs, and the same behavior is true at T = 500 K. This is in accordance with Eq.

(3.22), from which it is obvious that ns depends on Vgs. On the other hand, for

given temperature, there is almost no change in the value of EF when changing

Vgs. Furthermore, a nominal change in the magnitude of µT is observed on varying

Vgs.

Examination of Table 3.3 also reveals that, when changing the temperature from

T = 300 K to T = 500 K, there is a notable change in all four variables listed in

the table, i.e., ns, EF , µ0, and µT . A relative increase in the magnitude of ns at

T = 500 K should result in a corresponding change in Ids as per Eq. (3.41), but

this is not the case, as evident from Fig. 3.6. In Fig. 3.6(a), at Vgs = 0 V and
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Vds = 10 V, the corresponding Ids is 85 mA at T = 300 K, and 55 mA for the

same bias at T = 500 K. A decrease in Ids at elevated temperatures, as is seen in

Fig. 3.6(b), can be associated with the decreasing values of µT listed in Table 3.3.

Furthermore, in Fig. 3.6(b), at Vgs = -1 V and Vgs = -2 V after Vds = 12.5 V,

there is a discrepancy between the modeled and experimental characteristics. This

discrepancy could be associated with the start of the impact ionization process,

which is not included in the proposed model.

At elevated temperature and biasing, the carriers become energetic and they have

sufficient energy to knock out other carriers from their parent positions to make

them free carriers. This process of carrier multiplication continues and when

a sufficient number of carriers are generated, an increase in channel current is

observed as seen from Fig. 3.6(b).

The reduction in the magnitude of EF on changing the temperature from T = 300

K to T = 500 K once again supports more carriers being available for conduction

at T = 500 K, because a location of the EF energy level closer to the conduction

band corresponds to the availability of relatively more carriers in the conduction

band for subsequently release into the 2-DEG [115].

The data in Table 3.3 also show that, on changing the temperature from T = 300 K

to T = 500 K, there is an increase in the value of µ0 for all the chosen values of Vgs.

This increase is a direct consequence of Eq. (3.2), wherein ns is in the denominator

and a decrease in ns will increase µ0. However, if we consider the linear regions of

Fig. 3.6, at both T = 300 K and T = 500 K, and at Vgs = 0 V, the slope of the

curves is approximately 90 and 40, respectively. This shows that, on increasing the

temperature, µT dominates in determining the device characteristics, as explained

by Fig. 3.3. The combined effect of reduced µT (Fig. 3.3) and reduced υsat

(Fig. 3.4) causes an increase in the resistance in the linear region of operation

and thus decreases Id(sat), as is evident from Fig. 3.6. Thus, one can conclude

that, at elevated temperatures the device performance is deteriorated because of

degradation in the carrier mobility in the 2-DEG.
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Figure 3.6: Ids−Vds characteristics of an AlGaN/GaN HEMT. Experimental
data from [17] represented by (•), whereas (—) represents characteristics by the

proposed model: a) at T = 300 K and b) at T = 500 K.
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Table 3.4: Comparison of various analytical models used to predict tempera-
ture dependent I − V characteristics of HEMTs.

Temp. Model Vgs = 0V −1V −2V −3V
Avg.

RMSE

T = 300 K

Huque [17] 0.0056 0.0039 0.0091 0.0190 0.0222

Wang [97] 0.0093 0.0125 0.0235 0.0575 0.0640

Manju [22] 0.0103 0.0081 0.0132 0.0418 0.0453

Proposed 0.0066 0.0040 0.0060 0.0092 0.0134

T = 500 K

Huque [17] 0.0173 0.0253 0.03061 – 0.0433

Wang [97] 0.1062 0.0932 0.0729 – 0.1590

Manju [22] 0.1021 0.0878 0.0645 – 0.1492

Proposed 0.0029 0.0039 0.0068 – 0.0084

To compare the performance of the proposed model, in which all the four tem-

perature dependent variables are taken into account comprehensively, with other

reported models, the RMSE values at T = 300 K and T = 500 K were evalu-

ated and are summarized in Table 3.4, with the lowest RSME values at given

Vgs shown in bold. Examining the data in Table 3.4, one can clearly see that

the performance of the proposed model is considerably better than that of the

other reported models, at both room and elevated temperature. At T = 300 K,

the average RMSE attained from the Huque model [17], which is the second best

model in Table 3.4, is 0.0222, whereas at T = 500 K, the average RMSE of the

same model is 0.0433. Comparing the performance of the proposed model with

the Huque model, the observed improvement is 39.6% at T = 300 K and 80% at

T = 500 K. These data clearly demonstrate that the performance of the proposed

model is significantly better than that of other models reported in literature for

prediction of the high-temperature I − V characteristics of HEMTs.

Table 3.5 presents the performance of different models at varying temperatures

but at Vgs = 0 V. Considering the average RMSE values, it is once again seen

that the performance of the proposed model is better than that of other models,

whereas the Huque model, as observed above, is the second best model in terms
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Table 3.5: Comparison of RMSE of various analytical models reported in the
literature for temperature dependent I − V characteristics of HEMTs.

Model T = 300K T = 400K T = 500K Avg. RMSE

Huque [17] 0.0056 0.0083 0.0173 0.0200

Wang [97] 0.0199 0.0133 0.0318 0.0398

Manju [22] 0.0186 0.0137 0.0382 0.0365

Proposed 0.0066 0.0029 0.0029 0.0077

0 . 0 2 . 5 5 . 0 7 . 5 1 0 . 0 1 2 . 5 1 5 . 0
0

1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0

T  =  5 0 0  K

T  =  4 0 0  K

 

 

Dr
ain

-to
-So

urc
e C

urr
en

t (m
A)

D r a i n - t o - S o u r c e  V o l t a g e   ( V )

T  =  3 0 0  K

Figure 3.7: Temperature dependent Ids−Vds characteristics of an AlGaN/GaN
HEMT for Vgs = 0 V . Experimental data from [17] represented by (•), whereas

(—) represents characteristics by the proposed model.

of predicting the temperature-dependent I − V characteristics of AlGaN/GaN

HEMTs. Comparing the error values of the proposed and Huque models, it is

observed that the proposed model is 61.5% better than the Huque model. The

I−V characteristics obtained for the data of Table 3.5 are shown in Fig. 3.7. This

plot reveals that at, T = 400 K and T = 500 K, the curves obtained using the

proposed model fit nearly perfectly, which explains why the RMSE at T = 400 K

and T = 500 K of the proposed model is exceptionally low, as shown in Table 3.5.
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Figure 3.8: Output conductance of a submicron AlGaN/GaN HEMT at: a)
T = 300 K; b) T = 400 K and c) T = 500 K. (•) represents experimental data

from [17] and other symbols represent modeled output conductance.
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Figure 3.8 shows the experimental and modeled output conductance (gd) for all

four models discussed above. Figure 3.8(a) shows a plot of gd at T = 300 K, and

Fig. 3.8(b) at T = 400 K, whereas Fig. 3.8(c) presents the gd of a submicron

AlGaN/GaN HEMT at T = 500 K. The profile of gd in all three cases is identical;

i.e., it shows a sharp decline in the linear region of operation then saturates to

almost negligible value for Vds ≥ Vd(sat). By examining Fig. 3.8, one can observe

that the maximum value of gd occurs at Vds = 1 V, and it decreases with increasing

temperature. This once again supports the argument that, with increasing tem-

perature, as seen in Fig. 3.8(b,c), although ns increases, gd declines, suggesting

that µT decreases. This translates into a low value of gd at elevated temperature.

Careful examination of Fig. 3.8 also reveals that the gd saturation point also drifts

to higher Vds with increasing temperature, occurring at Vd(sat) ≈ 6 V for T = 300

K and Vd(sat) ≈ 7 V for T = 400 K, but reaching Vd(sat) ≈ 8 V for T = 500 K.

Such attainment of υsat at relatively higher Vds values with increasing temperature

indicates that a relatively high Vds potential is required to achieve υsat, or in other

words, that at high ambient temperature the channel behaves more resistively,

because of low µT . Although all four models show reasonable agreement with

experimental data, the proposed model, in general, offers better accuracy in all

three plots in Fig. 3.8.

3.4 Summary

An improved model is proposed to predict the temperature dependent I − V

characteristics of AlGaN/GaN HEMTs. The proposed model incorporates the

temperature-dependent variation in the Schottky barrier height, φb(T ), bandgap

discontinuity, ∆Ec(T ), sheet carrier concentration of 2-DEG, ns(T ), saturation

velocity, υsat(T ), and carrier mobility, µ(T ). The swarm optimization technique

was employed to determine the optimized parameter values for the model. It is

demonstrated that, with increasing ambient temperature, there is a decrease in φb,

an increase in ns, a decrease in the υsat of 2-DEG carriers, and a decrease in µT .

The degradation in the I − V characteristics of AlGaN/GaN HEMTs at elevated
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temperature is accurately modeled for improved understanding, demonstrating

that the deterioration in device performance is primarily associated with reduced

µT and υsat. The proposed model was compared with other reported models

intended for prediction of temperature-dependent I−V characteristics; the RMSE

values indicate that the proposed model can simulate the temperature-dependent

I−V characteristics with at least 39% improved accuracy. The proposed model can

therefore be employed to assess the temperature-dependent reliability of HEMTs

and their potential for use in harsh environments.



Chapter 4

HEMT Analytical Model to

Assess AC Parameters

4.1 Introduction

GaN-based HEMT is a promising competitor for high frequency and power opera-

tions due to its relatively high saturation velocity (υsat ∼2.5x107 cm/sec) and high

breakdown voltage (VBr ∼3.3 MV/cm). It is also a preferred device to be employed

in harsh environments because it offers a relatively wide bandgap (Eg ∼3.2 eV)

[2]. Moreover, the piezoelectric and spontaneous polarization effects present in

GaN HEMTs result in a high density 2-DEG at the AlGaN/GaN hetero-interface

[31]. Therefore, an AlGaN/GaN HEMT can maintain much higher current density

than other III–V group HEMTs. It is an established fact that change in temper-

ature causes a change in the performance of the device so, an accurate knowledge

of temperature dependent performance of the device is essential for its optimal

use, especially in harsh environments. Different models have been developed so

far to predict the temperature based performance of the device but, either they

are too complex to handle or their accuracy deteriorates with increasing values of

82
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temperature. Thus, there is a need to have a compact model capable of predict-

ing temperature dependent performance of the device which can be employed to

estimate the device performance before its fabrication.

2-DEG, which defines the sheet carrier concentration, ns of a HEMT is affected

directly by the change of ambient temperature. As the temperature increases,

the generation of ns also increases [116], which effectively controls the channel

current and thus, the device performance. So, an accurate charge control model

to assess ns is needed, which incorporates all the temperature dependent physical

parameters of the device, such as; Schottky barrier height of the gate, relative

position of Fermi level and discontinuity of conduction band at the interface of

AlGaN and GaN layers.

The change in ambient temperature along with high bias affects the device channel

conditions and as a result, there is a considerable rise in the channel temperature

which modifies the device characteristics [132]. These effects are frequently ob-

served in submicron devices where the field underneath Schottky barrier reaches

∼ 106cm−1 [133]. Thus, channel heating effects are more pronounced for the de-

vices having smaller dimensions but with relatively high drain current to meet

specific power requirements. This necessitates a model of closed form expressions

to assess channel temperature with reasonable accuracy by using the ambient and

bias conditions of the device.

Chattopadhyay et al. in 2008 proposed a model for temperature dependent DC

characteristics of AlGaN/GaN HEMT [22]. In their model, they incorporated self

heating effect on the device output characteristics. They successfully modeled

the negative resistance of the device characteristics after the onset of saturation;

however, they did not demonstrate the validity of their model above room tem-

perature. Thus, the effect of ambient temperature on the modeled characteristics

needs to be validated. Moreover, in their model, they assumed Schottky barrier

height of the device as temperature independent; thus, there could be a possibility

that the model might not predict the device characteristics with an acceptable

accuracy at elevated temperatures.
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Wang et al. in 2013 also proposed a temperature dependent model for AlGaN/GaN

HEMT devices [97]. In their model, they identified temperature dependent pa-

rameters, which influence the device characteristics. They observed that Schottky

barrier height, threshold voltage, bandgap discontinuity, mobility and ns, have a

strong impact in defining the device temperature dependent characteristics. They

developed an analytical model to predict I − V characteristics as a function of

temperature. However, their I − V model does not incorporate the negative con-

ductance in the saturation region of operation. As a result, their model’s accuracy

deteriorates after the onset of saturation. Moreover, Wang model does not speak

at all about the AC performance of the device as a function of temperature. There-

fore, a model which can predict DC/AC temperature dependent performance of

the device would be a useful tool for the design engineers.

M. Alim et al. in 2016 reported temperature dependent characterization of GaN

HEMTs of submicron dimensions and showed varying response of the device DC

and AC characteristics as a function of ambient temperature [23]. They showed

that power handling capability of the device declines with increasing magnitude of

ambient temperature. They also demonstrated that AC performance of the device

is sensitive to the ambient temperature. Their modeled temperature dependent

intrinsic AC parameters, in general, followed the experimental data but with poor

accuracy.

In this work, we have developed a technique, which can predict temperature de-

pendent AC parameters of submicron GaN HEMTs using DC characteristics. In

the proposed technique, once a good degree of accuracy is achieved between the

modeled and the observed DC characteristics, the technique is then extended to

predict the device AC small signal parameters. To establish the validity of the

proposed technique temperature dependent small signal AC parameters of submi-

cron GaN HEMT are assessed and compared with the device experimental data.

It has been shown that the proposed technique offers relatively better accuracy

than Alim model. The remaining composition of the chapter is as follows: Section

4.2 describes the evaluation of HEMT fundamental parameters to be used in tem-

perature dependent modeling. Followed by DC model expressions involving both
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for the linear and the saturation region of operation. This section also presents

evaluation of AC small signal parameters using the device DC characteristics. In

Section 4.3, results obtained from the model and their comparison with experi-

mental data are discussed. In the end, conclusions drawn from this research are

presented.

4.2 Model Development

Analytical models are preferred because they are useful in providing good insight

about the device characteristics. They can be successfully deployed to predict the

behavior of the device under varying conditions. This includes the device design

and fabrication parameters as well as the ambient conditions in which the device

is ought to be operated. Ambient temperature coupled with self-heating caused by

the device bias voltages, collectively raise the channel temperature thus, affecting

the overall performance of the device. The device operating temperature is there-

fore considered a crucial parameter in determining the overall performance of the

device. Temperature based device testing is not always possible, so a temperature

dependent model allows the flexibility of having an alternative. It is therefore,

important that such a model, on one hand, should be a reliable one and on the

other hand, easy to handle with.

Contrary to the conventional HEMTs where a doped layer is required to release the

carriers for 2-DEG; in AlGaN/GaN HEMTs, 2-DEG can be achieved under piezo-

electric effect when a discontinuity is generated by AlGaN/GaN heterojunction,

as shown in Fig. 1.4. Threshold voltage, Vth of such a system can be expressed as

[125]

Vth = φb(T )−∆Ec(T )− σd

εs
(4.1)

where φb(T ) and ∆Ec(T ) are the temperature dependent Schottky barrier height

and bandgap discontinuity, respectively [134], d is the height of undoped AlGaN

layer shown in Fig. 1.4, σ represents piezoelectric polarization at heterojunction
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interface and εs is the semiconductor’s permittivity. Voltage Vth plays an impor-

tant role in defining ns, which can be expressed as [17, 135]

ns =
εs
qd

[Vgs − Vth − EF − V (x)] (4.2)

where q is the charge on a single electron, Vgs is gate to source voltage and V (x)

represents channel potential at any location x. Fermi energy, EF of Eq. (4.2)

has a dependence on ns and is defined as EF = k1 + k2n
1/2
s + k3ns, where ks are

constants which are to be evaluated and they depend on heterojunction interface

[17, 36]. For an AlGaN/GaN heterojunction, the following definition of EF has

been proposed

EF = ξn1/2
s (4.3)

where, ξ is a temperature dependent constant with units Vm. This proposed

modification will simplify all subsequent expressions involving ns. Equations (4.2)

and (4.3) can be combined to get a quadratic expression for ns

ns =
εs
qd

(Vgs − Vth − Vx − ξn1/2
s ) (4.4)

ns =
εs
qd

(Vgs − Vth − Vx)−
εsξn

1/2
s

qd
(4.5)

ns +
εsξn

1
2
s

qd
− εs
qd

(Vgs − Vth − Vx) = 0 (4.6)

ns + pξn
1
2
s − p(Vgs − Vth − Vx) = 0 (4.7)

where

p =
εs
qd

(4.8)
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Suppose Vg1 = Vgs − Vth. Therefore,

n
1
2
s =

[√
p2ξ2 + 4p(Vg1 − Vx)− pξ

2

]
(4.9)

ns =

[√
p2ξ2 + 4p[Vg1 − V (x)]− pξ

2

]2
(4.10)

4.2.1 DC Characteristics

The first and the initial response while evaluating the electrical quality of an

HEMT is determined through its DC characteristics. HEMT output characteristics

have two distinct regions: a) linear region and b) saturation region of operation.

In the linear region 2-DEG carriers travel with the velocity, υd(x), which is less

than saturation velocity, υsat, and the linear region current, Id(lin) for the applied

drain to source potential, Vds can be written as [134]

Id(lin) =
2ξΨ

2VL + Vds

∫ Vds

0

ns dV (4.11)

Making the substitution for ns from Eq. (4.10) and by using the approximation

4pV (x)� p2ξ2 + 4pVg1 we obtained

Id(lin) =
Ψ(2VdsVg2 − V 2

ds)

2VL + Vds
(4.12)

where Ψ = pqWυsat and VL = LgEsat. Variable W defines the width, Lg is the gate

length of the device and Esat represents the field where carriers velocity saturates.

Moreover, voltage Vg2 is defined as

Vg2 = Vg1 +
pξ2

2

(
1−

√
1 +

4Vg1
pξ2

)
(4.13)

The applied drain voltage point, after which the current saturates, defines the

beginning of the saturation region; beyond that, minimal or no change in the

output current is observed. At this point, Vds attains Vd(sat) and υd(x) = υsat. So
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by substituting these conditions we get [134]

Vd(sat) =
2Vg2VL
Vg2 + 2VL

(4.14)

and

Id(sat) =
ΨV 2

g2

Vg2 + 2VL
(4.15)

Once the saturation has occurred, VL reduces due to the reduction of the channel

length, referred to as channel length modulation, ∆Lg and under such conditions

Eq. (4.15) becomes

Id(sat) =
ΨV 2

g2

Vg2 + (2VL − Esat∆Lg)
(4.16)

By applying two-dimensional Poisson’s equation on Schottky barrier depletion of

a HEMT, and solving it with appropriate boundary conditions [136], we get the

value of ∆Lg as given in Eq. (3.78)

∆Lg =
2dsat
π
× sinh−1

(
(Vds − Vd(sat))π

4dEsat

)
(4.17)

where dsat defines the hight of depletion after the onset of current saturation. It

can be found by using the same technique as given in [22]. Considering Eq. (4.10)

once again and open its square

ns =
4p(Vg1 − V (x)) + 2p2ξ2 − 2pξ

√
p2ξ2 + 4p(Vg1 − V (x))

4
(4.18)

ns =

4p(Vg1 − V (x)) + 2p2ξ2
(

1−
√

1 +
4

pξ2
(Vg1 − V (x))

)
4

(4.19)
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ns =

4p(Vg1 − V (x)) + 2p2ξ2
(

1−
√

1 +
4

pξ2
(Vg1 − V (x))

)
4

×

(
1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)
(

1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)
(4.20)

After simplification, we get

ns =

4p(Vg1 − V (x))

(
1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)
− 8p(Vg1 − V (x))

4

(
1 +

√
1 +

4

pξ2
(Vg1 − V (x))

) (4.21)

ns =

4p(Vg1 − V (x))

(
1 +

√
1 +

4

pξ2
(Vg1 − V (x))− 2

)
4

(
1 +

√
1 +

4

pξ2
(Vg1 − V (x))

) (4.22)

ns =

p(Vg1 − V (x))

(
−1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)
(

1 +

√
1 +

4

pξ2
(Vg1 − V (x))

) (4.23)

ns =
p(Vg1 − V (x))(

1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)
 1(
−1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)−1

(4.24)

ns =
p(Vg1 − V (x))(

1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)(
pξ

−pξ +
√
p2ξ2 + 4p(Vg1 − V (x))

) (4.25)
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ns =
p(Vg1 − V (x))(

1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)(
pξ

−pξ +
√
p2ξ2 + 4p(Vg1 − V (x))

)

× 1(
pξ +

√
p2ξ2 + 4p(Vg1 − V (x))

pξ +
√
p2ξ2 + 4p(Vg1 − V (x))

)
(4.26)

ns =
p(Vg1 − V (x))(

1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)pξ
(
pξ +

√
p2ξ2 + 4p(Vg1 − V (x))

)
−p2ξ2 + p2ξ2 + 4p(Vg1 − V (x))


(4.27)

ns =
p(Vg1 − V (x))

(
1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)p
2ξ2
(

1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)
4p(Vg1 − V (x))


(4.28)

ns =
p(Vg1 − V (x))

p2ξ2

4p(Vg1 − V (x))

[
1 + 1 +

4

pξ2
(Vg1 − V (x)) + 2

(
1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)]
(4.29)

ns =
p(Vg1 − V (x))

p2ξ2

2p(Vg1 − V (x))

[
1 +

2

pξ2
(Vg1 − V (x)) +

(
1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)]
(4.30)
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ns =
p(Vg1 − V (x))

p2ξ2

2(Vg1 − V (x))
+ 1 +

p2ξ2

2(Vg1 − V (x))

(
1 +

√
1 +

4

pξ2
(Vg1 − V (x))

) (4.31)

ns =
p(Vg1 − V (x))

1 +

[
p2ξ2

2(Vg1 − V (x))

(
1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)] (4.32)

By putting p = ε/qd in above equation, we get

ns =
ε(Vg1 − V (x))

qd

{
1 +

[
p2ξ2

2(Vg1 − V (x))

(
1 +

√
1 +

4

pξ2
(Vg1 − V (x))

)]} (4.33)

The 2-DEG charge at saturation point is a product of capacitance and voltage

across it, then we have

qns =
ε

dsat
(Vg1 − V (x)) (4.34)

By comparing Eqs. (4.33) and (4.34), and substituting V (x) = Vd(sat) we get

dsat = d

{
1 +

[
p2ξ2

2(Vg1 − Vd(sat))

(
1 +

√
1 +

4

pξ2
(Vg1 − Vd(sat))

)]}
(4.35)

As current in the channel increases, the temperature of the channel also rises. The

total dissipated power, Pdis of the device depends upon the applied voltage and

the current delivered by the device. This can be written in the form of current

voltage product as Pdis = IdVds.

The temperature of the substrate, Tsub depends upon the reference temperature,

Tr and Pdis and it can be expressed as [22]

Tsub = Tr + λcPdis (4.36)
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where λc represents the heat conduction coefficient of the package of an AlGaN/-

GaN HEMT. The resistance of the channel can be written as [137]

Rth =
1

πκ
ln

[
8Tsub
πLg

]
(4.37)

where, κ is the thermal conductivity. The rise in the channel temperature, Tch is

given by

Tch = RthPdis + Tsub (4.38)

For the submicron channel, it has been assumed that the temperature has a nonlin-

ear effect on the resistance of the channel which can be simulated by an exponential

expression as

Rch = Rth

[
1 + λ2Exp

(
1− Tr

2Tch

)]
(4.39)

where, λ2 is a fitting parameter. So, the temperature dependent drain to source

current, IdT can be expressed as

IdT = Id − Id
(

1− Rth

Rch

)
(4.40)

It can be seen from Eq. (4.40), that an increase in temperature increases Rch and

as a consequence, IdT decreases. Now the dissipated power can be rewritten as

Pdis = IdTVds (4.41)

4.2.2 AC Characteristics

The equivalent model of an AlGaN/GaN HEMT can be expressed as Fig. 4.1.

Lg, Ld and Ls represent gate, drain and source inductances, respectively, Cpg and

Cpd are gate and drain pad capacitors whereas, Rg, Rd and Rs are gate, drain and

source resistors, respectively. These components collectively define the extrinsic

part of the circuit and are dependent upon the technology used for the device

fabrication.
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 Figure 4.1: AC equivalent model of an AlGaN/GaN HEMT.

On the other hand, the components shown inside the dotted line of Fig. 4.1

represent the device intrinsic parameters which play a crucial role in determining

the device AC response. Gate to drain capacitor, Cgd, gate to source capacitor,

Cgs and drain to source capacitor Cds represent Miller capacitors of the device.

The current flow in 2-DEG can be represented by a current dependent source, Im

and resistor Rds can be written as the inverse of output conductance, gd having

definition [20, 21]

gd =
d

dVds

[
Id
]

(4.42)

Using the value of Id in Eq. (4.42) as defined by Eqs. (4.12) and (4.15), one can

evaluate the magnitude of gd as a function of Vds keeping Vgs constant. Transcon-

ductance, gm of a HEMT depends upon the input swing of Vgs at a given Vds and

can simply be written as

gm =
d

dVgs

[
Id
]

(4.43)

Once again, gm for the linear or the saturation region of operation can be known

by using the respective equation of Id in Eq. (4.43). Intrinsic transconductance,

gm0 as a function of gm and Rs can be expressed as [23]

gm0 =
gm

1− gmRs

(4.44)
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The input channel resistance for AC current, Ri can be approximated as [133]

Ri ≈
υsatLg
µT Id

(4.45)

where µT is temperature dependent mobility given by [134]

µT = µ(V )[1− λ3(∆T/Tf )]γ (4.46)

In above expression µ(V ) represents voltage dependent mobility, ∆T = Tf − Ti

is the difference between final and initial temperatures, λ3 and γ are optimiza-

tion variables, respectively. By assuming circular depletion underneath Schottky

barrier gate, because of submicron gate length, Cds can be approximated as

Cds ≈
4πεsWdsat

(Lg + ∆Lg)/4
(4.47)

To calculate Cgd, the charge responsible in defining Cgd is required to be calculated.

And if we assume that the voltage drop across the channel is symmetrical and 1/2

of the Vds causes depletion definition towards the drain side of the gate then we

can write

QT (gd) ≈ qdW

∫ Vds/2

0

ns dV (4.48)

Substituting the value of ns from Eq. (4.10) and integrating the expression we get

QT (gd) ≈ qdW

[
ξ(ξ2p2 − 4p(Vds/2− Vg1)3/2)

12
− p(Vds/2− Vg1)2

2
+

Vdsξ
2p2

4
−
ξ(ξ2p2 + 4pV

3/2
g1 )

12
−
pV 2

g1

2

] (4.49)

From Eq. (4.49), it is obvious that Cgd should be sensitive to both the voltages,

i.e. Vds and Vgs and the effects of both can be seen independently by differentiating

Eq. (4.49) with respect to both the applied potentials, therefore,

Cgd =
d

dVds

[
QT (gd)

]
also Cgd =

d

dVgs

[
QT (gd)

]
(4.50)

According to the basic definition of capacitance per unit area, one can write Cgd1 =



HEMT Analytical Model to Assess AC Parameters 95

εs/dsat, and by assuming that the depletion height variation because of Vds towards

the source-side of the gate relative to the drain-side is such that d1 ≈ dsat/2 thus,

Cgs ≈
QT (gd)

2V
(4.51)

This leads to the accumulation of charge towards the source side of depletion of

an HEMT as a function of applied potential as

QT (gs) ≈ qdW

∫ 2Vds

0

ns dV (4.52)

So, by substituting the value of ns from Eq. (4.10) and by integrating the above

expression we get

QT (gs) ≈ qdW

[
ξ(ξ2p2 − 4p(2Vds − Vg1)3/2)

12
− p(2Vds − Vg1)2

2
+

Vdsξ
2p2 −

ξ(ξ2p2 + 4pV
3/2
g1 )

12
−
pV 2

g1

2

] (4.53)

Again from Eq. (4.53), it is obvious that Cgs should be sensitive to both voltages,

i.e. Vds and Vgs, thus

Cgs =
d

dVds

[
QT (gs)

]
also Cgs =

d

dVgs

[
QT (gs)

]
(4.54)

Figure 4.2(a) shows variation in Cgs and Cgd as a function of Vds while Fig. 4.2(b)

represents changing profile of Cgs and Cgd with respect to Vgs. It is obvious that

increasing Vds would cause more and more tapering of the gate depletion, resulting

into the reduction in Cgs and Cgd as evident from Fig. 4.2(a). Since the tapering in

the gate depletion would be maximum at the drain side of the gate therefore, the

magnitude of Cgs would be considerably higher than Cgd. Both the plots of Fig.

4.2 show that Cgs ≈ 12×Cgd. From Fig. 4.2(a), it is obvious that by increasing Vds

the magnitudes of Miller capacitors are decreasing while from Fig. 4.2(b) it can

be seen that by increasing Vgs, for a given value of Vds, the magnitudes of Miller

capacitors are increasing. In the preceding case the decrease in Miller capacitors

can be associated with the increased magnitude of gate depletion as a function of
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Figure 4.2: Modeled variation in gate to source and gate to drain capacitances
as a function of (a) Vds and (b) Vgs for an AlGaN/GaN HEMT.
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applied Vds while in the latter case, it is the reduction in the gate depletion as a

function of Vgs, which causes an increase in the magnitude of Miller capacitors of

the device.

The transient time, τ depends upon the charging and discharging of Cgs and Cgd,

and can be written as [136]

τ ≈ (Cgs + Cgd)

gm
(4.55)

Equation (4.55) leads to the definition of unity gain frequency, fT as

fT =
gm

2π(Cgs + Cgd)
(4.56)

Using the intrinsic small signal parameters calculated hitherto, Y-parameters can

be estimated by employing a simple two port network as shown below [138]

Y =


jωCgs

1 + jωRiCgs
+ jωCgd −jωCgd

gme
−jωt

1 + jωRiCgs − jωCgd
gds − jω(Cds + Cgd)

 (4.57)

where, ω is the frequency in radians. Y-parameters are converted into S-parameters

using [139]

S11 =
(1− Z0Y11)(1 + Z0Y22) + Z2

0Y12Y21
∆Y

(4.58)

S12 =
−2Z0Y12

∆Y
(4.59)

S21 =
−2Z0Y21

∆Y
(4.60)

S22 =
(1 + Z0Y11)(1− Z0Y22) + Z2

0Y12Y21
∆Y

(4.61)
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where Z0 is the characteristic impedance and

∆Y = (1 + Z0Y11)(1 + Z0Y22)− Z2
0Y12Y21 (4.62)

In summary, DC temperature dependent model discussed in Section 4.1 will be

first employed to model I − V characteristics of a GaN HEMT. Once a good

agreement is achieved then AC intrinsic small signal parameters will be calculated

as discussed in Section 4.2 which will then lead to the prediction of S-parameters of

the device. Thus, by knowing the DC temperature dependent characteristics the

technique will enable to asses AC small signal parameters of GaN based HEMTs.

4.3 Result and Discussion

In this research, self-heating and the ambient temperature effects on the charac-

teristics of AlGaN/GaN HEMTs have been modeled, followed by the temperature

dependent DC and AC response of the device. A MATLAB simulator has been de-

veloped involving Eqs. (4.12), (4.14) and (4.16) to calculate the DC characteristics

of the device. Optimized values of fitting parameters are achieved by employing

Particle Swarm Optimization (PSO) technique wherein, 1000 iterations are used

with the swarm size of 50, and a convergence rate of over 90% is observed [106].

For convergence purposes, the algorithm used a cost function defined in Eq. (4.63)

RMSE =

√√√√ N∑
Q=1

{
M∑
P=1

(
IP,Qd(exp) − I

P,Q
d(sim)

)2/ M∑
P=1

IP,Qd(exp)

}
≤ Er(min) (4.63)

In Eq. (4.63), Er(min) represents minimum error tolerance, Id(exp) and Id(sim) are

the experimental and the simulated currents, respectively. Variables P and Q are

the applied Vgs and Vds having maximum value M and N , respectively.

In Fig. 4.3, a family of I − V curves is plotted for a 0.15 µm × 200 µm device

[23] at different ambient temperatures ranging from 233 K to 423 K. In the figure,

symbols represent the experimental data whilst the modeled characteristics are



HEMT Analytical Model to Assess AC Parameters 99

0

7 0

1 4 0

2 1 0

2 8 0

0

7 0

1 4 0

2 1 0

0 3 6 9 1 2 1 5
0

7 0

1 4 0

2 1 0

( b )

2 3 3  K
2 4 8  K
2 7 3  K
2 9 8  K
3 2 3  K
3 4 8  K
3 9 8  K
4 2 3  K

 

 

Cu
rre

nt 
(m

A)

V g s =  0 V

( a )

( c )

2 3 3  K
2 4 8  K
2 7 3  K
2 9 8  K
3 2 3  K
3 4 8  K
3 9 8  K
4 2 3  K

 

 

 

Cu
rre

nt 
(m

A)

V g s =  0 V

2 3 3  K
2 4 8  K
2 7 3  K
2 9 8  K
3 2 3  K
3 4 8  K
3 9 8  K
4 2 3  K

 
 

Cu
rre

nt 
(m

A)

 V o l t a g e  D r a i n  t o  S o u r c e  ( V )

V g s =  0 V

Figure 4.3: Temperature dependent observed (symbols) and modeled (solid
line) I−V characteristics of an AlGaN/GaN HEMT having 0.15 µm gate length
where; (a) represents this work, (b) represents Wang model and (c) represents

Chattopadhyay model.
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Table 4.1: RMS error comparison of various models for I − V characteristics
of a submicron AlGaN/GaN HEMT at Vgs = 0V.

Temperature Wang [97] Chattopadhyay [22] Proposed Improvement

233 K 0.0328 0.0227 0.0128 43.6%

248 K 0.0323 0.0133 0.0132 0.75%

273 K 0.0329 0.0241 0.0130 46.0%

300 K 0.0333 0.0307 0.0175 42.9%

323 K 0.0327 0.0320 0.0183 42.8%

348 K 0.0327 0.0307 0.0149 51.4%

398 K 0.0337 0.0176 0.0163 7.38%

423 K 0.0402 0.0229 0.0172 24.8%

shown by the solid lines. A good accuracy is found between the experimental and

the modeled characteristics for the proposed model as shown in Fig. 4.3(a). It is

obvious from the figure that the device is operated from Vds = 0 V to 15 V while

keeping Vgs = 0 V. A decline in Id after the onset of current saturation, as evident

from Fig. 4.3(a), is associated with the self-heating effect of the device [23, 140].

Owing to that, for Vds > Vds(sat), Id continuously reduces its magnitude because

a relative increase in channel temperature would increase scattering, causing a

reduction in υsat, which has a direct relationship with Id. Fig. 4.3(b) and 4.3(c)

show modeled characteristics using Wang [97] and Chattopadhyay [22] models,

respectively. Plots of Fig. 4.3 clearly exhibit that the proposed model’s perfor-

mance is considerably better than Wang and Chattopadhyay models especially,

in the saturation region of operation. RMS errors for Fig. 4.3 curves have been

summarized in Table 4.1 and the data reflect that the improvement in RMS errors

offered by the proposed model with respect to the 2nd best model is there for all

listed temperatures and vary from 0.75 % to 50 %. Therefore, it reflects that the

proposed model offers improve performance in predicting temperature dependent

characteristics of submicron GaN HEMTs.

Increase in ambient temperature also increases channel temperature, which de-

grades the power handling capability of the device as shown in Fig. 4.4. This

figure is plotted by employing Eq. 4.38 and using the modeled data of Fig. 4.3(a).
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Examining the plot of Fig. 4.4, it is obvious that the power handling capability

of the device reduces with increasing values of ambient temperature and this de-

crease follows almost a linear profile. The reduction in power handling capacity of

the device with increasing ambient temperature can easily be quantified by con-

sidering the maximum power for both 233 K and 423 K plots, when observed at

Vds =15 V. At 233 K, approximately 3.6 W maximum power is observed; whereas,

at 423 K the maximum power is approximately 2.2 W.
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Figure 4.4: Channel temperature vs power handling at Vds = 0 V to 15 V of
a 0.15 µm × 200 µm AlGaN/GaN HEMT.

As it is evident from Eq. (4.1) that by increasing temperature Vth decreases which

in turn increases ns. For the data of Fig. 4.3(a), the values of ns have been cal-

culated using Eq. (4.10) and the same are shown in Table 4.2. It is obvious from

the data of Table 4.2, as the ambient temperature increases, more and more elec-

trons are inducted into the channel, as a result ns of the device increases. Prima

facie, increase in ns should increase Id [134] but, the fact of the matter is that a

reduction in Id is observed as demonstrated by the plot of Fig. 4.3. A plausible

explanation of such a behavior could be that at increased temperatures, the chan-

nel carriers observed increased scattering due to high amplitude phonon, causing
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Table 4.2: Charge density and temperature coefficient values of an AlGaN/-
GaN HEMT at different ambient temperature.

T(K) ns × 1017(m−2) ξ × 10−14(Vm)

233 1.44 2.96

248 1.55 6.57

273 1.67 13.16

298 1.78 13.70

323 1.96 16.57

348 1.99 18.37

398 2.06 19.52

423 2.42 28.91
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Figure 4.5: Effect of temperature on the capacitances and the transconduc-
tance of an AlGaN/GaN HEMT having gate length 0.15 µm at Vds = 15 V and

Vgs = −4.8 V.

the temperature dependent mobility, µT (Eq. 4.46) to reduce. The reduction in

µT leads to the reduction of υsat and hence Id of the device.

Figure 4.5 shows experimental and modeled intrinsic parameters of a 0.15 µm

gate length AlGaN/GaN HEMT [23]. The plots of the figure exhibit variation in
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capacitances along with gm0 of the device as a function of ambient temperature. It

is obvious, by examining the data of the figure, that the variation in capacitance

values by changing the ambient temperature is nominal while a significant variation

in the magnitude of gm0 is noticed, which could primarily be associated with the

reduction of current as a function of ambient temperature as is seen in Fig. 4.3.

Dotted lines of Fig. 4.5 exhibit Alim model [23] whereas, solid lines represent

variation in the device parameters using the proposed technique. It can be seen

from the figure that both the models exhibit discrepancies in predicting the device

temperature dependent parameters; however, the deviation offered by Alim model

is much higher compared to the proposed technique. Thus, the proposed technique

could be called as a relatively better technique to predict temperature dependent

intrinsic small signal parameters of GaN based HEMTs.

Figure 4.6 shows variation in the device intrinsic resistances as a function of am-

bient temperature, wherein both Ri and Rds resistors of the device equivalent

circuit, shown in Fig. 4.1, exhibit an increasing trend as a function of ambient

temperature. The resistor Ri is calculated using Eq. (4.45); whereas, the value

of Rds is evaluated using the reciprocal of Eq. (4.42). Increase in resistance as a

function of temperature, as evident from Fig. 4.6, could be associated with in-

creased hindrance to the flow of carriers due to a relatively high amplitude lattice

vibration of the device caused by the ambient temperature. Since, the defining

variables of both the equations (4.42, 4.45) are temperature sensitive therefore, a

good agreement between the experimental and observed characteristics of the Fig.

4.6 plots are observed. These plots once again demonstrate that the developed

technique has the potential to predict temperature dependent intrinsic small signal

parameters using the device DC characteristics.

Figure 4.7 shows behavior of fT and τ as a function of ambient temperature. Solid

lines of the plot represented the proposed model and are attained using Eqs. (4.55)

and (4.56). It can be seen from the plots of Fig. 4.7 that the proposed model is

better in predicting the values of fT as a function of temperature whilst Alim

model has better accuracy in predicting τ at relatively lower temperatures but

at higher temperature, the model starts deteriorating where the proposed model
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Figure 4.6: Effect of temperature on the resistances of an AlGaN/GaN HEMT
having gate length 0.15 µm at Vds = 15 V and Vgs = −4.8 V.

showed improvement. In general, the proposed model performance for predicting

τ and fT remained consistent and stayed within acceptable (10%) margins for the

entire range of temperature under consideration.

A simultaneous observation of modeled characteristics of Figs. 4.5 to 4.7 exhibits

that the proposed model is relatively better compared to Alim model. For the

given range of temperature the average discrepancies between the observed and

the modeled data have been evaluated by assessing RMS errors and the same are

summarized in Table 4.3. Assessment of Cgd by both the model is almost identical

and the same is obvious from Fig. 4.5. Data of Table 4.3 once again demon-

strate that the proposed technique, in general, is better in predicting temperature

dependent small signal parameters for submicrom GaN HEMTs.

An overall improvement observed in the prediction of small signal parameters of

a GaN HEMT by the proposed model could primarily be associated with the

temperature dependent assessment of ns. According to Alim model there is a

nominal change in the magnitude of ns while changing the temperature from 233
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Figure 4.7: Effect of temperature on transient time and unity gain frequency
of an AlGaN/GaN HEMT having gate length 0.15 µm at Vds = 15 V and

Vgs = −4.8 V.

Table 4.3: Comparison between average RMS errors for the proposed and
Alim model in assessing intrinsic small signal parameters of a GaN HEMT for

temperature range 233 K to 423 K.

RMSE Cgs Cds Cgd gm0 fT τ Rds Ri

Alim 1.097 — 0.024 0.212 0.408 0.055 — 0.095

Proposed 0.425 0.246 0.033 0.075 0.194 0.089 0.143 0.018

K to 423 K and that too with negative slope as shown in Fig. 4.8. However,

according to the proposed model there is a noticeable change in the concentration

of ns with increasing values of temperature and the slope of ns vs temperature

profile is positive as evident from Fig. 4.8. Alim model explains the presence of

negative conductance in the saturation region of operation, as seen in Fig. 4.3, by

assuming reduction in ns but, in this work, by attaining a reasonable fit between

the experimental and the modeled characteristics of Fig. 4.3(a), it is observed

that ns increases with increasing values of temperature as given by Eq. (4.10).
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Figure 4.8: Effect of temperature on the sheet carrier concentration and mo-
bility of an AlGaN/GaN HEMT having gate length 0.15 µm at Vds = 15 V and

Vgs = −4.8 V.

Table 4.4: Calculated intrinsic parameters by the proposed technique at T =
398 K for a 0.15 µm AlGaN/GaN HEMT at Vgs =-4.8 V and Vds =15 V.

Cgs (fF) Cds (fF) Cgd (fF) gm0(mS) τ (ps) Rds (Ω) Ri (Ω)

163.0 132.9 34.1 52.3 3.88 260.6 1.01

On the other hand, observed reduction in Id in the saturation region of operation

is assumed to be associated with temperature dependent µT as explained before.

Using analytically assessed intrinsic small signal parameters as given in Table 4.4

for the device under discussion, Y-parameters have been calculated as defined by

Eq. (4.57), which lead to the assessment of S-parameters using Eqs. (4.58) to

(4.61). Experimental [23, 141] along with modeled S-parameters of a 0.15 µm

device are shown in Fig. 4.9. Plots of Fig. 4.9 show that all the four modeled

S-parameters are in a reasonable agreement with the experimental data. It is
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Figure 4.9: Measured [23, 141] and modeled S-parameters of 0.15 µm Al-
GaN/GaN HEMT at T = 398 K for Vgs=-4.8 V and Vds = 15 V.

worth mentioning that the modeled characteristics of Fig. 4.9 are attained us-

ing the device I − V characteristics by involving the proposed technique. Since,

modeled S-parameters exhibit a reasonable match with the experimental data of

the device thus, one can claim that temperature dependent AC performance of

an AlGaN/GaN HEMT can be predicted by evaluating its temperature depen-

dent DC characteristics by using the proposed technique. Since, AC evaluation

relative to DC measurements is considered as a cumbersome job therefore, the

developed technique provides an alternative to design engineers to have a feel of

the device operation as a function of temperature and frequency by evaluating its

DC characteristics.
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4.4 Summary

In this chapter, a modified model for submicron AlGaN/GaN HEMTs has been

presented to evaluate temperature dependent characteristics. In the proposed

technique, temperature dependent sheet charge density, ns in 2-DEG of a HEMT

has been evaluated by a relatively simplified approach. Ambient and self-heating

effects have been incorporated in the proposed technique to predict I − V charac-

teristics of submicron AlGaN/GaN HEMTs as a function of temperature. Validity

of the proposed technique has been established using experimental data of 0.15µm

gate length AlGaN/GaN HEMT for the temperature ranging from 233 K to 423 K.

Engaging the modeled DC data, device intrinsic small signal parameters have been

evaluated. Moreover, by employing assessed small signal parameters, S-parameters

of the device have also been calculated and their comparison with the measured

data demonstrated the validity of the proposed technique. The proposed technique

could be used as a tool to assess temperature dependent intrinsic AC parameters

of GaN based HEMTs.



Chapter 5

Simulation and Comparative

Analysis of Submicron GaN

HEMTs DC Characteristics

5.1 Introduction

Devices fabricated using wide bandgap materials like SiC and GaN offer superior

high temperature characteristics compared to Si or GaAs based devices [142]. Si

devices can operate up to a maximum of ∼200 ◦C ambient temperature and any

system where the operating temperature is higher than that, an efficient cooling

mechanism will be required to keep the operating temperature of the device within

safe limits; to avoid the avalanche breakdown [2, 143]. On the other hand, the

performance of GaAs devices also deteriorates at elevated temperature primarily

due to increased Schottky barrier leakage [144]. To overcome these limitations

and to fabricate devices capable of functioning at elevated temperature (∼ 250 ◦C

or higher), wide bandgap materials are preferred, which compared to Si or GaAs,

offer much higher breakdown voltages and thermal stability; allowing the devices

to operate at relatively higher ambient temperature and in harsh environment

[99, 145, 146].

109
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GaN HEMT was introduced by Khan et al. in 1993 [52] and its basic structure is

shown in Fig. 1.4. During earlier stages, the device were fabricated on Si/SiC, but

with the availability of GaN substrate, the quality of the transistor has improved

many fold, and now the device is engaged quite often in high-tech microwave

power applications [2, 98, 99]. For such applications GaN HEMT is considered

a promising candidate because, it has better figure of merit than its SiC coun-

terparts. Another attractive feature of GaN HEMT is that it does not require

a donor layer for the generation of 2-DEG, because of the polar nature of GaN

[9]. Carriers are generated and trapped in bandgap discontinuity, ∆Ec under the

influence of a piezoelectric force; as a result the device gives high carrier mobility

(1200-2000 cm2V−1) due to nominal ionic scattering [2]. Furthermore, sheet carrier

concentration, ns of 2-DEG can be controlled by controlling the layers structure

of the device. Since, there is a wider bandgap offered by the defining layers of

the device, resultantly ∆Ec can be better maneuvered and hence the ns. Owing

to these inherent features, GaN HEMTs offer improved ns, along with improved

switching speed (∼ 160 GHz) and also a considerably higher power density (∼ 12

W/mm); making the device a preferred choice for microwave power applications

[112, 147–150].

The performance of a GaN HEMT deteriorates when its lattice gets heated be-

cause of intense electric field inside the channel referred to as self heating effects.

These effects include reduction in: (a) the Schottky barrier height, φb(T ); (b) the

mobility, µ(T ), of 2-DEG carriers; (c) the saturation velocity, υs and also (d) the

∆Ec of the heterostructure. Collectively, all these factors contribute negatively

towards the performance of the device and it is therefore, important that one

should know the operating conditions in which the device is supposed to be func-

tioning. Additionally, in power related applications; such devices are placed in an

environment where the temperature is higher than the room temperature which

further aggravates the operating conditions for the device. In [100], it is shown

that ambient temperature further increases the channel temperature of the device

and its ultimate operating capability reduces with increasing ambient tempera-

ture. They further showed that the device channel temperature, which controls
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its characteristics, depends on the device physical parameters and its geometry.

There does not exist any global mechanism, which can be employed to assess the

channel temperature due to self heating because, it is device geometry dependent

and therefore, it will vary from device to device. In 2015, Nazari et al. studied self

heating profile of GaN HEMTs and predicted that the channel temperature for 2.6

Wmm−1 and 8 Wmm−1 operating conditions could be as high as ∼ 125 ◦C and ∼

350 ◦C above the ambient temperature, respectively [151]. Alim et al. investigated

the impact of ambient temperature on DC and AC characteristics of submicron

GaN HEMTs and reported that there would be a reduction in the device output

current with increasing ambient temperature. Furthermore, their experimental

data revealed that AC performance also deteriorates both with increasing ambient

temperature and self heating [141].

Dependence of GaN HEMT performance on numerous parameters as discussed

above requires a compact model to simulate the device characteristics both at room

as well as at elevated temperatures. A compact device model would be the one

which can predict the device drain-to-source current, Ids as a function of applied

drain-to-source, Vds, and gate-to-source, Vgs bias. It should adequately address the

influence of ambient temperature and self heating on the device characteristics.

Moreover, the model should also explain changes in Ids with varying device physical

parameters; such as gate length, Lg, gate width W , threshold voltage, Vth and ns

etc. It should also have the flexibility to be employed in simulation software, to

extend the device knowledge into circuits involving GaN HEMTs [107, 108].

A review of GaN HEMTs models has been carried out by Santi et al. in 2015,

wherein it was observed that very few models have been proposed to simulate

GaN HEMT characteristics for power related applications [108]. Physics based

models are too complicated [110] to be employed in a circuit simulation software

and usually semi-physics or numerical techniques are used to predict fundamen-

tal characteristics of the device in computer aided design (CAD). According to

our assessment, numerical models developed for GaAs MESFETs are being used

to simulate I − V characteristic of GaN HEMTs; as an example in [112] Curtice
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model developed for MESFET has been employed to simulate GaN HEMT char-

acteristics. GaAs MESFETs models [101–106] are bound to lose their accuracy

when the device characteristics exhibit noticeable self heating effect. It is there-

fore, pertinent to have a model for GaN HEMTs which can simulate their I − V

characteristics as a function of Vds and Vgs, with a good degree of accuracy, and

the model should be compact enough to be employed in CAD.

In this chapter, an attempt has been made to develop a compact model for sub-

micron GaN HEMTs and to assess its accuracy comparative to other such models

reported in literature. The remaining composition of the chapter is that Section

5.2 deals with the development of model. This section also describes particle

swarm optimization technique, which is engaged in the process to attain best val-

ues for simulation parameters. Section 5.3 describes a comparative performance of

the developed technique and finally, Section 5.4 gives conclusions of the proposed

research.

5.2 Model Development

In the saturation region of operation, Ids of an FET can be approximated as

Ids = Idss

(
1− Vgs

∆Vth + γVds

)δ
, (5.1)

where ∆ shows an adjustment in Vth = φb(T ) −∆Ec(T ) − σd/εs, because of the

submicron geometry of the device. Here σ and εs represent conductivity and

permittivity of the semiconductor involved and variable d is shown in Fig. 1.4.

In Eq. (5.1), γ is a fitting parameter, which simulates dependence of Vth on Vds,

Idss represents saturation current at Vgs = 0 V and is expressed as Idss = qWnsυs

where, q represents a unit electron charge and υs is the saturation velocity of

electrons. Variable ns = [εs/(qd)][Vgs − Vth − EF − Vds] is controlled by the mole

fraction of Al(1-x)GaxN/GaN heterojunction through its Fermi energy, EF , and at

a given temperature and bias, its value remains constant [96].
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Under ideal conditions, δ = 2; which reduces Eq. (5.1) to standard square law

expression of a FET commonly known as Shockley expression [19]. But, for GaN

HEMTs, the value of δ will vary depending upon the quality of Schottky bar-

rier gate and self heating effects. To have a complete sweep from 0 < Vds <

Vds(Breakdown) tanh function can be employed as shown below

Ids = Idss

(
1− Vgs

∆Vth + γVds

)δ
tanh(αVds), (5.2)

where α is a fitting variable which adjusts the slope of linear region as per the

resistance offered by the device. It is an established fact that after the onset of

saturation, there is a finite conductance, which depends both on Vgs and Vds. To

accommodate this aspect, the above expression is modified as

Ids = Idss

(
1− Vgs

∆Vth + γVds

)δ
tanh(αVds)(1 + λ1Vds + λ2Vgs), (5.3)

where, λ1 and λ2 are fitting variables controlling the dependence of Ids on Vds and

Vgs, respectively, after the onset of current saturation. In GaN HEMTs, contrary

to MESFETs, there exists significant self-heating effects which at low Vgs generates

negative output conductance in the saturation region. To accommodate this effect,

the temperature dependent current, IdsT is defined as

IdsT = Ids − Ids(λ3Vds0), (5.4)

where λ3 = (ξ + T/300) is a simulation variable, which controls the effect of

temperature, T on the device characteristics and ξ adjust its effect as per the

channel conditions. Variable Vds0 of the above mentioned expression is defined as

Vds0 =
Vds[

1−
(
Vgs
Vth

)η]1/η ,

here η is an adjustment factor.

Plotting of Eq. (5.4) as a function of Vds and Vgs, will generate a family of curves
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representing output characteristics of the device. Differentiating Eq. (5.4) with

respect to Vds and Vgs, output conductance, gd, and transconductance, gm, are

attained, respectively.

gd = Idssλ1tanh(αVds)S4 − αIdssS1S2S4 +
Idssλ3tanh(αVds)S1S4

ηS3

+
γδIdssVgstanh(αVds)S1S5

S2
6

+
λ1λ3IdssVdstanh(αVds)S4

ηS3

−αλ3IdssVdsS1S2S4

ηS3

+
γδλ3IdssVgsVdstanh(αVds)S1S5

ηS3S2
6

,

(5.5)

and

gm = λ2Idsstanh(αVds)S4 −
δIdsstanh(αVds)S1S5

S6

+
λ2λ3IdssVdstanh(αVds)S4

ηS3

−λ3IdssVdstanh(αVds)S1S4S7

VthS2
3

− δλ3IdssVdstanh(αVds)S1S5

ηS3S6

,

(5.6)

where

S1 = λ1Vds + λ2Vgs + 1,

S2 = tanh2(αVds)− 1,

S3 =

(
Vgs
Vth

)η
− 1,

S4 =

(
1− Vgs

S6

)δ
,

S5 =

(
1− Vgs

S6

)δ−1
,

S6 = ∆Vth + γVds,
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S7 =

(
Vgs
Vth

)η−1
.

Equation (5.4) represents the proposed model to simulate output characteristics of

a GaN HEMT provided that, the simulation parameters are known. To evaluate

simulation parameters of the proposed model, for a given device, particle swarm

optimization algorithm is developed in MATLAB and the detail of which is given

in the following section.

5.2.1 Particle Swarm Optimization

PSO is a powerful tool to generate optimum values, with a highest level of repeata-

bility, for variables used in a modeling expression [152]. In PSO, the position of

each particle at any time, Xij(t), is defined as

Xij(t) =



X11 X12 · · · X1k · · · X1j

X21 X22 · · · X2k · · · X2j

...
...

. . .
...

. . .
...

Xl1 Xl2 · · · Xlk · · · Xlj

...
...

. . .
...

. . .
...

Xi1 Xi2 · · · Xik · · · Xij


, (5.7)

where i is the number of batches of particles j, and k and l are intermediary

variables. The velocity of each batch of particles is defined by a vector, Vj(t) given

as

Vj(t) =



V1

V2
...

Vk
...

Vj


. (5.8)
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Each batch’s velocity is acquired by

Vj(t) =
max(X:j)−min(X:j)

2
(5.9)

Using the definition of RMSE, the best local for each particle, Xbest(ij) with respect

to least RMSE is accumulated as

Xbest(ij)(t) =



Xbest(11) Xbest(12) · · · Xbest(1k) · · · Xbest(1j)

Xbest(21) Xbest(22) · · · Xbest(2k) · · · Xbest(2j)

...
...

. . .
...

. . .
...

Xbest(l1) Xbest(l2) · · · Xbest(lk) · · · Xbest(lj)

...
...

. . .
...

. . .
...

Xbest(i1) Xbest(i2) · · · Xbest(ik) · · · Xbest(ij)


. (5.10)

At time t, the best global position, Xglobal(j) which corresponds to the least RMSE

of all the batches given in Eq. (5.10) is given by

Xglobal(j)(t) =



Xglobal(1) Xglobal(2) · · · Xglobal(k) · · · Xglobal(j)

Xglobal(1) Xglobal(2) · · · Xglobal(k) · · · Xglobal(j)

...
...

. . .
...

. . .
...

Xglobal(1) Xglobal(2) · · · Xglobal(k) · · · Xglobal(j)

...
...

. . .
...

. . .
...

Xglobal(1) Xglobal(2) · · · Xglobal(k) · · · Xglobal(j)


. (5.11)

The rows of the matrix given in Eq. (5.11) are the same as there exists only

one best global solution for each particle batch at time t. The particle velocity is

updated at each time interval using Eq. (5.12)

Vj(t+ 1) = Vj(t) + Vj(t− 1). (5.12)

And to update the current position, the following equation is used

Xij(t+ 1) = Xij(t) + ∆Xij(t). (5.13)
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In Eq. (5.13), ∆Xij(t) is represented by the finite difference equation given by

∆Xij(t) = κ{Xij(t− 1) + f1[Xbest(j) −Xij(t)] + f2[Xglobal(j) −Xij(t)]}, (5.14)

Here, f1 and f2 are the learning rates of the equation defined as

f1 = fmax(1) +
fmax(1) − fmin(1)

imax
(imax − i), (5.15)

f2 = fmax(2) +
fmax(2) − fmin(2)

imax
(imax − i), (5.16)

where, fmax(1), fmax(2) and fmin(1), fmin(2) are the maximum and minimum values

of f1 and f2, respectively and imax is the total number of batches. The variable κ

controls the position matrix such that Vj(t + 1) ≤ Vj(t), which leads to negative

velocity, satisfying the basic convergence criterion: i.e. for a particle to converge

to its equilibrium point Xij(t)Vj(t) < 0.

RMSE cost function is used to drive the particle positions and is given by

RMSE =

√√√√ N∑
Q=R

{
M∑
P=S

(
IP,QdsT (exp) − I

P,Q
dsT (sim)

)2/ M∑
P=S

IP,QdsT (exp)

}
≤ Er(min). (5.17)

In Eq. (5.17), Er(min) represents minimum error tolerance, IdsT (exp) and IdsT (sim)

are the experimental and the simulated currents, respectively. Variables P and

Q are the applied Vgs and Vds having minimum value S and R, respectively and

maximum value M and N , respectively.

PSO is designed to comply the following course:

(i) to initialize velocity, position and swarm dimension;

(ii) to define the cost function;

(iii) to update the parameters locally;

(iv) to find best parameters globally;

(v) to update parameters according to global best and
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(vi) to go to step (iii) if Er(min) is not achieved or iterations are not complete,

else terminate.

5.3 Results and Discussion

To check the validity of the proposed model, a set of devices has been selected

and the detail of which is given in Table 5.1. To ensure the wider applicability

of the proposed technique, the Lg of the chosen devices varies from 0.25 µm to

0.7 µm. By employing the developed MATLAB code, simulation variables were

optimized and are shown in Table 5.2. It is pertinent to mention here that during

optimization, the code engages Eqs. (5.4) and (5.17) and tries to figure out values

of Eq. (5.4) unknown variables, which generate minimum error relevant to the

experimental data. In conformity to the philosophy of PSO, global optimization

was ensured through repeatability of results.

Figure 5.1 shows simulated and observed output characteristics of the four cho-

sen devices of Table 5.1. These devices are exhibiting output characteristics with

varying profile in the saturation region of operation. By examining Fig. 5.1(a)

to (c), it is obvious that the shown characteristics offered two distinct features,

which cannot be considered as routine features of a device operating under Shock-

ley principle. First and the foremost is that, the devices at lower negative gate

bias Vgs = −1 V to Vgs = −2 V give poor response relative to higher negative

gate bias, say Vgs = −2 V to Vgs = −3 V. This pattern is repeated in all the four

characteristics of Fig. 5.1 therefore, it is an intrinsic feature of the device rather

a fabrication constraint. The 2nd important feature in the shown output charac-

teristics of Fig. 5.1(a) to (c) is that in the saturation region, especially at Vgs = 0

V, plots are exhibiting negative conductance. With increasing negative Vgs, the

value of negative conductance is declining and at relatively higher negative Vgs this

effect diminishes altogether. In Fig. 5.1(d), this effect is not visible, presumably

because of low Ids, which is in line with the response observed in other devices.
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Table 5.1: Physical dimensions and constants of four (T1−T4) submicron GaN
HEMTs, employed to establish the validity of the proposed model.

Device Lg (µm) W (µm) d (nm) µ0 (m2/Vs) VT (V)

T1 [141] 0.25 200 25 0.26 -5.6

T2 [98] 0.30 50 18 0.15 -4.0

T3 [153] 0.35 250 18 0.04 -3.5

T4 [153] 0.70 25 30 0.05 -3.9

Table 5.2: Optimized values for the variables of the proposed model given by
Eq. (5.4) for four submicron GaN HEMTs. Idss is in mA.

Device Idss α γ λ1 λ2 λ3 δ ∆ η

T1 [141] 183 0.233 -0.208 -0.009 0.189 -0.0195 0.027 -0.035 1.277

T2 [98] 33 0.225 -0.329 -0.000 0.255 -0.010 1.018 -0.066 0.678

T3 [153] 128 0.427 -0.014 -0.025 0.146 -0.033 1.233 -0.623 0.828

T4 [153] 17 0.475 -1.059 -0.005 0.298 -0.070 0.025 -0.428 3.206

Table 5.3: RMS errors of different models for the device T1 at T = 298 K.
Observed average improvement in RMSE relative to the 2nd best model is 31%

and is shown in bold.

RMS Error
Gate to Source Voltage, Vgs (V)

0V −1V −2V −3V −4V −5V Avg.

Angelov [103] 0.889 0.262 0.775 0.475 1.136 0.793 0.721

Curtice [101] 0.548 0.427 0.496 0.279 0.214 0.105 0.344

McCamant [102] 0.610 0.396 0.713 0.252 0.618 0.172 0.460

Dobes [104] 0.597 0.355 0.696 0.278 0.637 0.179 0.457

Islam [105] 1.733 0.504 1.065 1.182 1.011 1.024 1.086

Riaz [106] 0.759 0.807 0.643 0.524 1.209 0.816 0.793

Proposed 0.102 0.285 0.315 0.215 0.341 0.167 0.237
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Figure 5.1: Simulated (line) and observed (symbols) I − V characteristics of
GaN HEMTs having gate length: a) 0.25 µm; b) 0.30 µm; c) 0.35 µm and d)

0.70 µm.

Table 5.4: RMS errors in I−V characteristics of different numerical models for
the device T2 at T = 298 K. Observed improvement in average RMSE relative

to the 2nd best model is 22% and is shown in bold.

RMS Error
Gate to Source Voltage, Vgs (V)

0V −1V −2V −3V Avg.

Angelov [103] 0.153 0.157 0.256 0.084 0.163

Curtice [101] 0.292 0.221 0.169 0.126 0.202

McCamant [102] 0.423 0.569 0.718 0.729 0.609

Dobes [104] 0.435 0.585 0.697 0.773 0.622

Islam [105] 0.742 0.514 0.648 0.360 0.563

Riaz [106] 0.114 0.182 0.260 0.172 0.182

Proposed 0.090 0.134 0.193 0.094 0.127
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Table 5.5: RMS errors in I−V characteristics of different numerical models for
the device T3 at T = 298 K. Observed improvement in average RMSE relative

to the 2nd best model is 17% and is shown in bold.

RMS Error
Gate to Source Voltage, Vgs (V)

0V −1V −2V −3V Avg.

Angelov [103] 0.205 0.300 0.353 0.203 0.265

Curtice [101] 0.302 0.083 0.152 0.054 0.147

McCamant [102] 1.159 2.269 2.363 2.682 2.193

Dobes [104] 1.694 2.298 2.464 2.548 2.251

Islam [105] 0.719 0.722 0.782 0.275 0.624

Riaz [106] 0.516 0.294 0.252 0.152 0.303

Proposed 0.176 0.073 0.180 0.059 0.122

An improved response of Schottky barrier gate at relatively higher negative Vgs

shows that a simple square law expression will not suffice to simulate I − V char-

acteristics of GaN HEMTs. A deviation from the square law was inevitable and

the same was accommodated in the proposed model by the variable δ. Since, in

the saturation region of operation output conductance, gd has got negative and

positive slope dependent upon both Vds and Vgs whose effect is taken care of by

introducing the term (1 + λ1Vds + λ2Vgs) in the proposed model. Furthermore,

the transition from linear to saturation region is dependent both on Vgs and Vth,

and that effect is incorporated in the model using the term defined by Vds0 in Eq.

(5.4).

Characteristics shown in Fig. 5.1 clearly demonstrate that the proposed model is

accurate enough to simulate the I − V characteristics of GaN HEMTs of varying

dimensions. Data shown in Tables 5.3 to 5.6 compare the performance of the

proposed model with other models reported in literature [101–106]. Looking at

average RMSE, it can be claimed that for the device T1, the improvement offered

by the proposed model is 31% relative to the 2nd best model, which in this case is

Curtice model [101]. For the transistor T2, the observed improvement is 22% when

compared with Angelov model [103]. Furthermore, the proposed model gave an

improvement of 17% and 50% for the transistors T3 and T4, respectively, relative
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Table 5.6: RMS errors in I − V characteristics of different numerical models
for device T4 at T = 298 K. Observed improvement in average RMSE relative

to 2nd best model is 50% and is shown in bold.

RMS Error
Gate to Source Voltage, Vgs (V)

0V −1V −2V −3V Avg.

Angelov [103] 0.148 0.137 0.128 0.052 0.116

Curtice [101] 0.174 0.115 0.175 0.120 0.146

McCamant [102] 0.384 0.644 0.697 0.704 0.607

Dobes [104] 0.375 0.625 0.669 0.758 0.606

Islam [105] 0.271 0.399 0.401 0.226 0.324

Riaz [106] 0.167 0.124 0.174 0.117 0.145

Proposed 0.068 0.066 0.067 0.034 0.058

once again Curtice as the 2nd best model. So in general, it can be said that Cur-

tice model is the 2nd best observed model for predicting the output characteristics

of GaN HEMTs. However, the data showed that, the proposed model has out-

performed the other models in simulating the output characteristics of submicron

GaN HEMTs. Hence, it can be a preferred choice for CAD software where GaN

HEMTs are involved.

Involving the data given in Table 5.2 and using Eq. (5.5), gd of the devices under

consideration is plotted and shown in Fig. 5.2. Once again, it can be seen that

the simulation follows reasonably well the experimental data both in linear as well

as in saturation region of operation. In general, gd declines sharply as a function

of Vds however, it saturates after the onset of current saturation and also have

negative values for the devices T1 to T3. This is so, because these devices have

tangible decline in Ids with increasing values of Vds as shown in Fig. 5.1. The

decline in Ids generates a negative resistance, which is associated with inter valley

scattering in case of GaAs MESFETs [154] and for GaN HEMTs it is possibly

caused by the self heating of the device, which reduces µ and hence υs.

Apart from the self heating, the device characteristics could be affected by the

ambient temperature in which it is being operated. As GaN HEMTs are designed

for harsh environment and power related applications where temperature is usually
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Figure 5.2: Simulated and observed output conductance of GaN HEMTs hav-
ing gate length: a) 0.25 µm; b) 0.30 µm; c) 0.35 µm and d) 0.70 µm.

higher than the room temperature, it would be therefore appropriate to check the

performance of the proposed model at elevated temperature. In this connection

a GaN HEMT having Lg = 0.12 µm and W = 50 µm is selected [155] and its

output characteristics at three different ambient temperatures, both simulated

and measured, are shown in Fig. 5.3. Simulation once again showed a reasonable

compliance with experimental data demonstrating the validity of the proposed

model for elevated temperature applications.

Table 5.7 shows a comparative assessment of RMSE for a 0.12 µm GaN HEMT at

different temperatures. Examining the data of the table, it is once again obvious

that the proposed model performance, as a function of temperature, is better than

the other models. This suggests that the proposed model can simulate the device

characteristics for an environment where the temperature is much higher (T = 773

K) than the room temperature. The reason that the proposed model is performing
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Figure 5.3: Temperature dependent simulated (line) and observed (symbols)
output characteristics of a 0.12 µm gate length GaN HEMT [155]: a) T = 298

K; b) T = 573 K and c) T = 773 K.
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Table 5.7: Temperature dependent RMS errors in I − V characteristics of
different numerical models for a 0.12 µm gate length GaN HEMT [155] at various

ambient temperatures. Lowest RMSE are shown in bold.

RMS Error T = 298 K T = 573 K T = 773 K

Angelov [103] 0.240 0.205 0.204

Curtice [101] 0.162 0.185 0.117

McCamant [102] 0.235 0.199 0.156

Dobes [104] 0.221 0.187 0.140

Islam [105] 0.585 0.395 0.254

Riaz [106] 0.188 0.188 0.113

Proposed 0.156 0.134 0.096

better than the other models under consideration is, that the proposed model is

especially designed, keeping in view the effects of: a) self heating; b) ambient

heating and c) gm appearance at relatively higher negative gate bias.

Figure 5.4 shows variation in gm as a function of Vgs with Vds as a constant. The

solid lines of the figure are attained from Eq. (5.6) after attaining a DC fit as shown

in Fig. 5.3; whereas, symbols show experimental data at different temperatures. It

is observed that the peak gm is appearing at Vgs ≈-2.5 V and this peak is reducing

and flattening with increasing temperature. Appearing of the peak gm at relatively

higher negative gate bias is a clear indication that at Vgs ≈-2.5 V, Schottky barrier

gate is more effective than prior or after that bias. It is pertinent to mention here

that AlGaN layer as shown in Fig. 1.4 must not contribute in HEMT operation.

To get an appropriate HEMT’s operation, this layer must be designed such that it

is fully depleted by Schottky barrier built-in potential at Vgs = 0 V. In such a case,

when Vgs <0 V, for an n-channel device, the gate depletion moves towards 2-DEG

and its movement is a non-linear movement given by Vgs ∝ d2. A standard profile

of
√
Vgs ∼ d plot represents more effectiveness of the gate for smaller magnitude

of Vgs and at relatively higher magnitude, its profile almost saturates and a further

increase may lead to the breakdown of the device. The observed shifting of the

gm peak towards higher negative Vgs values is against this principle and therefore,

difficult to explain by Shockley square law expression.
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Figure 5.4: Variation in transconductance as a function of temperature of
a 0.12 µm gate length GaN HEMT. Lines indicate simulated results whilst

symbols show experimental transconductance.

A plausible explanation of the shifting of the gm peak towards a relatively higher

negative gate bias could be that at Vgs = 0 V and Vds ≥ Vds(sat), a contact is in

making between the depletion and 2-DEG of the device. It is assumed that this

contact is so small that its control on the drifting carriers of 2-DEG is relatively

week. With increasing Vgs, the depletion penetration into 2-DEG increases, which

naturally gives the Schottky barrier depletion an efficient control upon the device

Ids; translating it to improved gm. Values of Vgs where the gate depletion gets

effective control upon Ids will define a peak value of gm. This effect is addressed

in the proposed model and owing to that the performance of the proposed model

is relatively better than the other models listed in Table 5.7.

Table 5.8 represents a comparative analysis of different numerical models to predict

the transfer characteristics of GaN HEMTs as a function of temperature. It is

obvious from the data of the table that the proposed technique offers improved

performance at various temperatures under consideration. At T = 298 K, the

observed improvement is ∼ 25% relative to the second best model, i.e. Curtice
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Table 5.8: Temperature dependent RMS errors in transfer characteristics of
different numerical models at Vds = 11 V for a 0.12 µm gate length GaN HEMT

[155]. Lowest RMSE are shown in bold.

Model T = 298 K T = 573 K T = 773 K

Angelov [103] 0.475 0.317 0.484

Curtice [101] 0.235 0.153 0.176

McCamant [102] 0.323 0.155 0.248

Dobes [104] 0.380 0.159 0.247

Islam [105] 0.742 0.395 0.449

Riaz [106] 0.252 0.191 0.212

Proposed 0.177 0.127 0.135

model, and at T = 573 K and T = 773 K, the improvement exhibited by the

proposed technique was ∼ 17% and ∼ 23%, respectively.

Another important feature ought to be addressed in GaN HEMT while simulating

its characteristics is the presence of positive/negative gd in the saturation region of

operation. The nature of gd for the devices under discussion is summarized in Fig.

5.5. The y−axis is divided into two portion: a) positive conductance region and

b) negative conductance region. Each (•) of the plot is representing the slope of a

device at Vgs = 0 V. It is obvious from the plot that the devices offering relatively

higher power have negative gd whilst those devices having relatively lower output

power, their gd is positive at Vgs = 0 V and Vds ≥ Vds(sat). In conventional CAD

models this feature is not fully addressed, resulting into a relatively poor simulation

accuracy. We tried to accommodate this affect by defining a term in Eq. (5.4),

which simulate the dependence of gd both on Vgs and Vds. This made the proposed

model more versatile and suitable for CAD software.

5.4 Summary

In this chapter, a non-linear model is proposed to simulate the DC characteris-

tics of submicron GaN HEMTs. The model takes into account dependence of
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Figure 5.5: Slope of I − V curves of GaN HEMTs and associated power after
the onset of saturation at Vgs = 0 V.

output conductance on the device drain and gate bias and simulates both posi-

tive and negative conductance to a good degree of accuracy. Appearance of peak

transconductance to a relatively higher negative gate bias is a frequently observed

phenomenon in GaN HEMTs, and the proposed model has the ability to simulate

such characteristics with improved accuracy. To check the validity of the proposed

model, a comparative study is carried out by selected devices of varying lengths

and widths. The proposed model, in predicting the output characteristics of sub-

micron GaN HEMTs, exhibited improvement in root means square errors from

17% to 50%, relative to other such models reported in literature. The accuracy

of the model is also checked at elevated temperature i.e. up to 773 K and was

found significantly better than its counterparts. As, the proposed model is based

on a single expression, it is therefore easy to handle with and can comfortably

be used in computer aided design software to assess the temperature dependent

performance of GaN HEMTs for their possible integration into power circuitries.



Chapter 6

Conclusion and Future Work

This thesis discusses the 3rd generation wide bandgap semiconductors (SiC and

GaN) and their potential use in microelectronic industry. At high power and

in harsh environment, deterioration in a semiconductor device characteristics is

a natural phenomenon and the same has been dually emphasized in this thesis.

However, it is also discussed that GaN HEMTs have higher resilience to these

changes, because of high thermal conductivity and wide bandgap nature of the

device material.

The intrinsic carrier concentration (ni) of a semiconductor material is a temperature-

dependent parameter. As temperature increases, so does the carrier generation

rate. For GaN semiconductor, the dependence of ni on temperature is five times

weaker than for Si, making devices more robust for high-temperature operation.

Therefore, the low ni at high temperature coupled with the high breakdown

field due to the wide bandgap make GaN-based devices highly suitable for use

in elevated-temperature applications.

Wide bandgap devices such as GaN HEMTs have proven to be superior to their

counterparts due to their relatively: (a) high carriers mobility, (b) high satura-

tion velocity and (c) high breakdown voltage, making them preferred candidates

for use in high-temperature applications in the microwave regime. To achieve in-

creased drain current, high sheet charge concentration (ns) is required. Use of an

129
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AlGaN/GaN heterojunction in HEMTs results in a relatively high value of ns in

the form of a 2-DEG, enabling the device to provide high drain current for given

bias.

In addition to the superior and well-controlled material characteristics of AlGaN/-

GaN HEMTs, the characteristics of such devices can be further improved by opti-

mizing fabrication parameters, one of the most important of which is the quality

of the device Schottky barrier junction (φb), which is also sensitive to temperature.

By their very design, AlGaN/GaN HEMTs are meant to be operated at relatively

high bias, which can result in modification of φb. Such a modification has direct

impact on the device output current, rendering the characteristics of the device

temperature dependent.

It is an established fact that carriers mobility is sensitive to lattice temperature.

In general, at high bias, the strength of the electric field underneath the Schottky

barrier causes the lattice temperature to rise. The lattice temperature also rises

when the device is operated in harsh environment. At elevated temperature, the

lattice vibrates with increased amplitude, thus offering a greater obstacle to flow

of free carriers; resulting into reduced carrier mobility.

The characteristics of a HEMT device are primarily determined by ns, which is

mainly dependent on the bandgap discontinuity (∆Ec), determined by the layer

structure of the HEMT. The position of the Fermi level (EF ), which is also a

temperature-dependent parameter, determines the ns available in the layer struc-

ture of the device, which can possibly tunnel to the quantum states at the interface

of the layers defining the 2-DEG. Therefore, any variation in the temperature will

cause a change in EF , eventually translating into a change in ns.

For improved device understanding, especially at elevated temperature and at high

bias, it is important that all aforementioned variables be considered while devel-

oping a GaN HEMT model. In this research, as a first part, an analytical model

has been developed to predict the temperature dependent I − V characteristics

of AlGaN/GaN HEMTs. The developed model incorporated the temperature-

dependent variation in the Schottky barrier height, φb(T ), bandgap discontinuity,
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∆Ec(T ), sheet carrier concentration of 2-DEG, ns(T ), saturation velocity, υsat(T ),

and carrier mobility, µ(T ). It has been demonstrated that, with increasing ambi-

ent temperature, there was a decrease in φb, an increase in ns, a decrease in the

υsat of 2-DEG carriers, and a decrease in µT . The degradation in the I−V charac-

teristics of AlGaN/GaN HEMTs at elevated temperature was accurately modeled.

It is demonstrated that the deterioration in the device performance is primarily

associated with reduced µT and υsat. The developed model results were compared

with other reported models intended for prediction of temperature-dependent I−V

characteristics. RMSE values indicated that the developed model can simulate the

temperature-dependent I − V characteristics of GaN HEMTs with at least 39%

improved accuracy.

Apart from power applications, GaN HEMT is also a promising competitor for

high frequency operations due to its relatively high saturation velocity. Moreover,

the piezoelectric and spontaneous polarization effects present in GaN HEMTs re-

sult in a high density 2-DEG at the AlGaN/GaN hetero-interface. Allowing an

AlGaN/GaN HEMT to maintain much higher current density than other III–V

group HEMTs. Contrary to earlier reported data, our study showed that as the

temperature increases, the generation of ns also increases, which effectively con-

trols the channel current and thus, the device performance. So an accurate charge

control model to assess ns is needed, encompassing all the temperature dependent

physical parameters of the device.

It is an established fact that change in temperature causes a change in the AC

performance of the device so, an accurate knowledge of temperature dependent

AC performance of the device is essential for its optimal use, especially in harsh

environments. Different AC models have been developed so far to predict the

temperature based performance of the device but, either they are too complex to

handle or their accuracy deteriorates with increasing values of temperature.

For microwave applications, gate length of the device is reduced to submicron

regime, which affects the device channel conditions, and as a result there is a con-

siderable rise in the channel temperature which modifies the device characteristics.
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These effects are frequently observed in submicron devices where the field under-

neath the Schottky barrier reaches ∼ 106cm−1. Thus, channel heating effects are

more pronounced for the devices having smaller dimensions but with relatively

high drain current to meet specific power requirements.

There is no global mechanism which can be employed to assess the channel temper-

ature due to self-heating because, it is device geometry dependent and therefore,

it will vary from device to device. Dependence of GaN HEMT performance on

numerous parameters requires a compact model to simulate the device character-

istics both at room as well as at elevated temperature. A compact device model

would be the one which can predict Ids as a function of Vds and Vgs bias. It

should adequately address the influence of ambient temperature and self-heating

on the device characteristics. Moreover, the model should also explain changes

in Ids with varying device physical parameters; such as gate length, gate width,

threshold voltage and ns etc. It should also have the flexibility to be employed in

simulation software, to extend the device knowledge into circuits involving GaN

HEMTs.

As a second part of this research work, we have developed a technique, which

predicts temperature dependent AC parameters of submicron GaN HEMTs using

DC characteristics. The technique by employing the device physical parameters

generates, initially, the DC characteristics, and once a good degree of accuracy

is achieved between the modeled and the observed DC characteristics, AC small

signal parameters of the devices are then assessed. In the proposed technique, a

relatively simplified approach is adopted to evaluate ns(T ) of a HEMT. Ambient

and self-heating effects are incorporated in ns(T ) and in other parameters for the

improved assessment of the device characteristics. Modeled DC data is then en-

gaged to predict intrinsic AC parameters of the device. Validity of the proposed

technique is established using experimental data of AlGaN/GaN HEMTs at vary-

ing temperatures. The technique was further extended and S-parameters of GaN

HEMTs were calculated by using assessed AC small signal parameters. Assessed

and the experimental S-parameters were compared and a good degree of accuracy
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was demonstrated to ensure the validity of the developed technique. The tech-

nique, thus developed could be used as a tool to assess temperature dependent

intrinsic AC parameters of GaN HEMTs.

There are very few models reported in literature, which can simulate GaN HEMT

characteristics for power related applications. Physics based models are too com-

plicated to be employed in a circuit simulation software. Semi-physics or numerical

techniques are usually used to predict fundamental characteristics of the device in

computer aided design (CAD). Numerical models developed for GaAs MESFETs

are being used to simulate I −V characteristic of GaN HEMTs. GaAs MESFETs

models are bound to lose their accuracy when the device characteristics exhibit

noticeable self-heating effects. It is, therefore, pertinent to have a numerical model

for GaN HEMTs which can simulate the I −V characteristics as a function of Vds

and Vgs, with a good degree of accuracy, and the model should be compact enough

to be employed in CAD.

As a third part in this research, an attempt has been made to develop a compact

model for submicron GaN HEMTs and to assess its accuracy comparative to other

such models reported in literature. In this respect, a non-linear single expression

based model is developed to simulate the DC characteristics of GaN HEMTs. The

model takes into account dependence of output conductance on Vds and Vgs and

simulates both positive and negative conductance to a good degree of accuracy.

Appearance of peak transconductance to a relatively higher negative gate bias is

a routinely observed phenomenon in GaN HEMTs, and the proposed model has

the ability to simulate such characteristics with improved accuracy. To check the

validity of the proposed model, a comparative study is carried out by selected

devices of varying lengths and widths. It has been established that the proposed

model offers at 17% improved performance for the output characteristics of GaN

HEMTs relative to other such models reported in literature. The accuracy of the

model is also checked at elevated temperature and was found significantly better

than its counterparts. As, the proposed model is based on a single expression, it

is therefore easy to handle with and can comfortably be used in CAD software to
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assess the temperature dependent performance of GaN HEMTs for their possible

integration into power circuitries.

6.1 Future Work

GaN HEMT is a futuristic device and it is assumed that it will stay in the industry

for decades to come. It has the ability to handle high power and frequency both

collectively and individually. Therefore, its potential in industrial applications is

phenomenal. To extend this work further, based on the understanding developed

in this research, following suggestions are proposed:

1. Degradation in the device performance at elevated temperature is primar-

ily associated with temperature dependent mobility, µT , which is assumed

to be reducing with increasing values of temperature. It would be funda-

mentally very valuable contribution to split the drain current density, Jd

into two components i.e. Jd = Jd1 + Jd2; such that Jd1 = qEns1µT1 and

Jd2 = qEns2µT2, where ns1 represents carriers having mobility µT1 and de-

fines current Jd1, and ns2 represents carriers having mobility µT2, and defines

current Jd2. Such a split could possibly facilitate in understanding the basic

cause of negative conductance in the saturation region of operation, which

eventually dies down with increasing values of Vgs. If it could be established

that ns = ns1 + ns2, where ns1 and ns2 are bias dependent, then another

possible cause of negative output conductance, which is not considered in

this thesis, could be the reduction in µT due to changed quantized locations

of corresponding carriers. In that case, it would be the electron popula-

tion controlled phenomenon, in a given quantized state, rather something

associated entirely with the lattice vibration.

2. Shift of gm peak towards higher negative Vgs, which is considered an adverse

effect in the device performance could possibly be avoided by tailoring the

2-DEG layer of the device and the quality of the Schottky barrier with the
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surety that there does not exit any parasitic FET. Experimentation in this

respect may be carried out by designing devices with etch stop layer and

controlling the surface stated density of the Schottky barrier to assess the

cause of this shift; originated either from the layer structure or an intrinsic

nature of the device which could be associated with other parameters such

as ns etc.

3. Evaluation of GaN HEMT ns variation because of the impact ionization and

its subsequent affect on the device Jd would be another interesting research

avenue which can be pursued.

4. In our numerical model we have proposed a single non-linear expression to

simulate I−V characteristics of the device both at room as well as at elevated

temperature. This work can be further extended to develop AC model of

the device on similar approach for its comprehensive utility in CAD.

5. The developed numerical model could be extended to incorporate breakdown

region of operation of the device; to enable a designer to study the reliability

of the device under extreme scenario.

6. Finally, it is also suggested that the analytical model developed in this thesis

could take into account substrate trapping effects, which could be a signif-

icant contributory factor at elevated temperature. These effects might be

investigated for the completeness of the model.
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model for Schottky barrier height and threshold voltage of AlGaN/GaN

HEMTs with piezoelectric effect,” IEEE Transactions on Electron Devices,

vol. 65, no. 3, pp. 901–907, 2018.

[112] R. Sun, Y. C. Liang, Y.-C. Yeo, Y.-H. Wang, and C. Zhao, “Design of power

integrated circuits in full AlGaN/GaN MIS-HEMT configuration for power

conversion,” Physica Status Solidi (A), vol. 214, no. 3, pp. 1–9, 2017.



Bibliography 150

[113] A. Ahmed, S. S. Islam, and A. Anwar, “A temperature-dependent nonlinear

analysis of GaN/AlGaN HEMTs using Volterra series,” IEEE Transactions

on Microwave Theory and Techniques, vol. 49, no. 9, pp. 1518–1524, 2001.

[114] J. Albrecht, R. Wang, P. Ruden, M. Farahmand, and K. Brennan, “Electron

transport characteristics of GaN for high temperature device modeling,”

Journal of Applied Physics, vol. 83, no. 9, pp. 4777–4781, 1998.

[115] D. A. Neaman, Semiconductor physics and devices. Irwin Chicago, 1992.

[116] J. Zolper, “A review of junction field effect transistors for high-temperature

and high-power electronics,” Solid-State Electronics, vol. 42, no. 12, pp.

2153–2156, 1998.

[117] G. Greco, F. Giannazzo, and F. Roccaforte, “Temperature dependent for-

ward current-voltage characteristics of Ni/Au Schottky contacts on AlGaN/-

GaN heterostructures described by a two diodes model,” Journal of Applied

Physics, vol. 121, no. 4, pp. 1–6, 2017.

[118] T. Maeda, M. Okada, M. Ueno, Y. Yamamoto, T. Kimoto, M. Horita, and

J. Suda, “Temperature dependence of barrier height in Ni/n-GaN Schottky

barrier diode,” Applied Physics Express, vol. 10, no. 5, pp. 1–4, 2017.

[119] M. M. Ahmed, “Schottky barrier depletion modification-a source of output

conductance in submicron GaAs MESFETs,” IEEE Transactions on Elec-

tron Devices, vol. 48, no. 5, pp. 830–834, 2001.

[120] M. Shur, B. Gelmont, and M. A. Khan, “Electron mobility in two-

dimensional electron gas in AlGaN/GaN heterostructures and in bulk GaN,”

Journal of Electronic Materials, vol. 25, no. 5, pp. 777–785, 1996.

[121] N. Shigekawa, K. Shiojima, and T. Suemitsu, “Optical study of high-biased

AlGaN/GaN high-electron-mobility transistors,” Journal of Applied Physics,

vol. 92, no. 1, pp. 531–535, 2002.



Bibliography 151

[122] C. Oxley and M. Uren, “Measurements of unity gain cutoff frequency and

saturation velocity of a GaN HEMT transistor,” IEEE Transactions on Elec-

tron Devices, vol. 52, no. 2, pp. 165–169, 2005.

[123] A. S. Yalamarthy and D. G. Senesky, “Strain-and temperature-induced ef-

fects in AlGaN/GaN high electron mobility transistors,” Semiconductor Sci-

ence and Technology, vol. 31, no. 3, pp. 1–10, 2016.

[124] Y. P. Varshni, “Temperature dependence of the energy gap in semiconduc-

tors,” Physica, vol. 34, no. 1, pp. 149–154, 1967.

[125] N. DasGupta and A. DasGupta, “An analytical expression for sheet carrier

concentration vs gate voltage for HEMT modelling,” Solid-State Electronics,

vol. 36, no. 2, pp. 201–203, 1993.

[126] N. Dasgupta and A. Dasgupta, “A new SPICE MOSFET level 3-like model

of HEMT’s for circuit simulation,” IEEE Transactions on Electron Devices,

vol. 45, no. 7, pp. 1494–1500, 1998.

[127] C. G. Sodini, P.-K. Ko, and J. L. Moll, “The effect of high fields on MOS

device and circuit performance,” IEEE Transactions on Electron Devices,

vol. 31, no. 10, pp. 1386–1393, 1984.

[128] F. Schwierz, “An electron mobility model for wurtzite GaN,” Solid-State

Electronics, vol. 49, no. 6, pp. 889–895, 2005.

[129] M. Ahmed, M. Riaz, and U. Ahmed, “An improved model for the I − V

characteristics of submicron SiC MESFETs by evaluating the potential dis-

tribution inside the channel,” Journal of Computational Electronics, vol. 16,

no. 3, pp. 514–525, 2017.

[130] D. Bratton and J. Kennedy, “Defining a standard for particle swarm opti-

mization,” in 2007 IEEE Swarm Intelligence Symposium (SIS), 2007, pp.

120–127.

[131] M. M. Ahmed, H. Ahmed, and P. H. Ladbrooke, “Effects of interface states

on submicron GaAs metal–semiconductor field-effect transistors assessed by



Bibliography 152

gate leakage current,” Journal of Vacuum Science & Technology B: Micro-

electronics and Nanometer Structures Processing, Measurement, and Phe-

nomena, vol. 13, no. 4, pp. 1519–1525, 1995.
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