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Abstract 

The great technological development we have achieved requires more efficient, 

small-scale, and low-power components .In this memory, a new analytical model for a 

Triple Material Gate (TM) GaAs MESFET has been proposed in order to suppress the 

short channel effects and improve the electrical behavior of the device. Therefore, the aim 

of this work is to demonstrate the improved electrical performances exhibited by (TM) 

GaAs MESFET over dual material gate and conventional single material gate MESFET. 

This approach is based on development of I-V characteristics, transconductance and cut 

off frequency of TM GaAs MESFET. The model is further extended to evaluate the I-V 

characteristic, transconductance and cut-off frequency including the effect of third region 

length for microwave frequency applications. The obtained results demonstrate that TM 

GaAs MESFET presents an alternative solution to designer for high frequency 

applications. 

 

Keywords: Triple-Material-gate, Modeling, GaAs-MESFETs, Short channel 

effects, cut off frequency. 



Résumé 

Le grand développement technologique que nous avons accompli nécessite des 

composants plus efficaces, à petite échelle et à faible puissance. Dans cette mémoire, un 

nouveau modèle analytique pour un GaAs MESFET de grille à Triple Matériaux (TM) a 

été proposé afin de supprimer les effets de canal courts et améliorer le comportement 

électrique de composant. Par conséquent, le but de ce travail est de démontrer les 

performances électriques améliorées présentées par (TM) GaAs MESFET par apport le 

GaAs MESFET de grille à double matériaux et le  MESFET conventionnel de grille à un 

matériel unique. Cette approche est basée sur le développement des caractéristiques I-V, 

la transconductance et la fréquence de coupure de TM GaAs MESFET. Le modèle est 

encore étendu pour évaluer la caractéristique I-V, la transconductance et la fréquence de 

coupure, y compris l'effet de la troisième longueur de région pour les applications de 

fréquence micro-ondes. Les résultats obtenus démontrent que TM GaAs MESFET 

présente une solution alternative au concepteur pour les applications de haute fréquence. 

 

Mots-clés: Triple-Matériaux-grille, Modélisation, GaAs-MESFETs, Effets de 

canal court, fréquence de coupure.



 صملخ

في ف وأخفض طاقة. وأصغر حجماأكثر كفاءة  عناصرإن التطور التكنولوجي الكبير الذي حققناه يتطلب 

ثار القناة آ خفضمن أجل  ،ذو بوابة ثلاثية المواد  GaAs MESFETـل ، تم اقتراح نموذج تحليلي جديدرسالةهذه ال

 GaAsاء مدى تحسن أد. ولذلك، فإن الهدف من هذا العمل هو إثبات كهربائيا تورأداء الترانزسالقصيرة وتحسين 

MESFET  دي أي ببوابة العا مقارنة مع نظيريه ذو البوابة ثنائية المواد، وأيضا ة المواد كهربائياثلاثيذو بوابة

ذو  GaAs MESFETنصر للعالكهربائية وتردد القطع  خصائصال تطويرعلى  تستند هذه المقاربةو أحادية المادة.

 المنطقة الثالثة تأثير طول وكذلكالقطع  ترددو الكهربائيةخصائص ال يتم تقييمالنموذج في هذا  بوابة ثلاثية المواد.

ذو  GaAs MESFET. أظهرت النتائج التي تم الحصول عليها أن العاليةترددات ذات التطبيقات من أجل ال للبوابة

 لتطبيقات عالية التردد.ا يبديلا لمصمم يقدم حلا بوابة ثلاثية المواد

 

، تردد القطع.آثار القناة القصيرة، GaAs MESFET بوابة ثلاثية المواد، تصميم،كلمات مفتاحية: 
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Introduction 

Driven by tremendous advances in lithography, the semiconductor industry has 

followed Moore’s law by shrinking transistor dimensions continuously for the last 40 

years. The big challenge going forward is that continued scaling of planar, silicon, CMOS 

transistors will be more and more difficult because of both fundamental limitations and 

practical considerations as the transistor dimensions approach ten nanometers[1], the 

solution was to use GaAs in the Si’s place. Since their introduction in 1970, GaAs field 

effect transistors have occupied an important niche in the microwave industry. GaAs FET 

amplifiers, oscillators, mixers, switches, attenuators, modulators, and limiters are widely 

used and high-speed integrated circuits based on GaAs FETs have been developed. The 

basic advantages of these devices include a higher electron velocity, leading to smaller 

transit time and faster response, and semi-insulating GaAs substrates, which allow one to 

decrease the parasitic capacitances and simplify the fabrication process [2]. 

In the submicron regime, GaAs MESFETs need to be shrunk to get a faster 

commutation speed and high performance devices. However, reduction in device 

dimensions degrades the gate control ability over the drain current and increases short 

channel effects (SCEs), making the device operating in the saturation regime more 

difficult and challenging. For further downscaling of the GaAs MESFETs-based 

technology, several novel geometrical structures have been proposed [1, 3-7]. Therefore, 

many studies have been carried out on GaAs MESFETs in order to minimize the SCEs 

and improve device reliability. Recently, many authors have reported the gate 

engineering, i.e. dual material (DM) [7, 8] as an alternative structure to reduce SCEs as 

compared with the conventional one.  

To get further enhancement against SCEs and improve gate controllability over 

the channel for analog and high frequency applications, triple material (TM) Gate 

MESFET-based design is proposed in order to show the enhanced electrical performances 

provided by this structure over dual material gate and conventional single material gate 

MESFET for the future high speed and high frequency applications. In this structure, the 

gate is made up of three different materials of different work functions permitting a better 

immunity to SCEs and also improves the reliability. 

To make the work understandable and more consistent this thesis is divided into 

three chapters. 
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Chapter I presents an overview of the conventional structure of the gallium 

arsenide metal semiconductor field effect transistor (GaAs MESFET) as well as the 

advantages of using GaAs, followed by an description detailed to MESFET operation and 

its I-V characteristics and small signal parameters. 

Chapter II describes a study of the dual material gate (DM) MESFET-based 

design. The comparison of its performance and characteristics with those of the single 

material gate (SM) MESFET by studying and presenting the analytical models of each 

structure will also be illustrated.  

An approach for the triple material gate (TM) MESFET to minimize the short 

channel effects and improve the device performance will be presented in chapter III. 

Therefore, the effect of the third region length on various parameters such as 

transconductance and cut-off frequency for TM-based design is also described.
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Chapter I 

Study of the conventional structure of 

MESFET 

 

1. Introduction 

In the innovative years of electronics i.e., before the 1940s, electron tubes were 

commonly used in the electronic systems, such as radio and television, but they had some 

serious limitations pertaining to their performance. Then a better discovery was made in 

1947, when Bardeen and Brattain invented the transistor by using a slice of germanium 

with a few carefully placed wires [9]. Since its inception, the transistor brought a 

revolution to the industry and in day-to-day life through its use in automation, control and 

communication equipment. The diverse industrial demand eventually led to different 

types of transistors currently available in the market [10]. 

The MESFET has been used since the beginning of the 1970’s when it showed 

promising properties of low noise amplification. The demand for the lowest possible 

noise figure at higher frequencies has encouraged research on the physics of the device 

and has had a great impact on its technology. Fabrication of MESFETs is also compatible 

with the industry of monolithic circuitry. This advantage reinforced the development and 

interest of the MESFET technology; it also ensures that MESFET devices will continue 

to serve the communication industry for some time [11]. 

This chapter will start with an overview on MESFETs and especially GaAs 

MESFET, in which we will indicate the advantages offer by GaAs over the silicon. After 

this, we will describe the operation of MESFETs where the I-V characteristics and small 

signal parameters will be presented. 
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2. MESFET’s Overview 

The acronym MESFET stands for "Metal-Semiconductor Field-Effect 

Transistor". It is widely used in gallium arsenide technology since it does not require the 

growth of a quality oxide nor the tailoring of complex diffusion patterns, which are 

fabrication techniques that are much harder to achieve in GaAs than in silicon. MESFETs 

can be operated at very high frequencies (> 100 GHz) because they are based on high-

mobility semiconductor materials and on fast-recovery Schottky diodes [12]. 

A MESFET is a three-terminal device like any other transistor [13]. These 

terminals are named as Source, Drain and Gate as shown in Figure I.1 Charge carriers 

(electrons) flow from the source to the drain via a channel. The channel is defined by 

doping the epitaxial layer grown on semiconductor and offers good conduction. The flow 

of charge carriers in the channel is controlled by a Schottky barrier gate. The main 

advantages of a MESFET compared to its counter parts are: 

(a) high electron velocity inside the channel; 

(b) smaller transit time leading to faster response and 

(c) fabrication of active layer on semi-insulating GaAs substrates to decrease the 

parasitic capacitances [10]. 

 

 

Figure I.1: Cross section of a GaAs MESFET device. 

 

  



Chapter I                                                   Study of the conventional structure of MESFET 

 

5 

 

3. GaAs MESFET 

For microwave and millimeter wave frequencies, the MESFET devices are 

fabricated using GaAs material [11]. 

The substantial improvement in FET performance by using GaAs substrate over 

the Silicon is mainly attributed to the fact that: 

a. The conduction band electrons in GaAs have approximately six times 

higher mobility and twice the peak drift velocity as that of Silicon. This 

leads to low parasitic resistances, large transconductance and shorter 

transit time. 

b. The larger band gap in GaAs devices allows higher working temperature. 

This is particularly important in the small geometry of power devices 

which are used at microwave frequencies and dissipates a lot of heat. 

Furthermore, due to the relatively large band gap, GaAs devices 

operating at room temperature offer low thermal leakage current and thus 

provide a low noise figure[10]. 

A thin layer of n-type GaAs is deposited on top of a semi-insulating GaAs 

substrate. The back face of the substrate is covered with a metal Au/Ge alloy [14], which 

is usually connected to the source terminal during measurements. Both drain and source 

are connected to the n-type layer through n+ ohmic contacts. The metal of the source and 

drain electrodes can be made of Au/Ge alloy, which is coated with Ti, Pt, and Au layers, 

respectively. The gate is a thin layer of metal, usually aluminum coated with Au, 

deposited on top of the n-type layer between drain and source. The metal semiconductor 

junction of the gate represents a Schottky barrier junction. This junction is used to control 

the height of the active channel layer beneath the gate by applying a bias voltage to the 

gate. The area just beneath the gate is charge depleted as per the applied bias. 

The most important dimensions of a MESFET device are the gate length “L” and 

width “W”. Those dimensions usually characterize the device. For example, a device can 

be referred as 0.3x300 μm2 when the gate length is equal to 0.3 µm and the gate width is 

equal to 300 µm. A typical value of gate length ranges from 0.1 to 1 µm. The gate length 

determines the maximum frequency of operation. As the gate length decreases, the 

maximum frequency increases . On the other hand, the gate width determines the 

performance of the device such as the maximum current capability [11]. 
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Figure I.2: Actual GaAs MESFET layouts: (a) interdigitated-gate, (b) π-gate. 

 

The actual layout of a MESFET device is more complex than that shown in 

Figure I.1. Figure I.2 shows two different examples of actual layouts: interdigitated-gate 

and π-gate layout. Those layouts are usually used to increase the gate width while 

decreasing the parasitic gate resistance. The patterns shown in Figure I.2 can be repeated 

to achieve the required gate width. This layout implies crossover areas between 

metalization traces, which should be filled with either silicon dioxide or air [14]. 

 

4. MESFETs operation 

The operation of a GaAs MESFET is similar to Si JFET, but the only difference 

is, in GaAs MESFET a metal semiconductor rectifying contact is used at the gate instead 

of a pn junction of a JFET [15]. 

A MESFET device is biased by applying two voltages: Vgs between gate and 

source and Vds between drain and source. These voltages control the channel current 

between the drain and source by varying the height of the gate-depletion region and the 

longitudinal electric field. The operation can be explained qualitatively without going into 

deep physical analysis. Three cases can be recognized for the Ids-Vds characteristic curve 

of the MESFET, if Vgs is larger than the pinch-off voltage,: low Vds voltage where Ids is 

linearly proportional to Vds, high Vds where the current is almost constant, and moderate 

Vds where Ids has nonlinear relationship of Vds. 

Imagine first that Vgs=0 and Vds is raised from zero to some low value as shown 

in Figure I.3(a). When Vgs=0, the depletion region under the Schottky-barrier gate is 

relatively narrow, and as Vds is raised, a longitudinal electric field and current are 

established in the channel. Because of Vds, the voltage across the depletion region is 
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greater at the drain end than at the source end, so the depletion region becomes wider at 

the drain end. 

The narrowing of the channel and the increased Vds increase the electric field 

near the drain, causing the electrons to move faster. Although the channel depth, and in 

turn channel’s conductive cross section, is reduced, the net effect is increased current. 

When Vds is low, the current is approximately proportional to Vds. However, if the gate 

reverse bias is increased while the drain bias is held constant, the depletion region widens 

and the conductive channel becomes narrower, reducing the current. When Vgs=Vp, the 

pinch-off voltage, the channel is fully depleted and the drain current is zero, regardless of 

the value of Vds. Thus, both Vgs and Vds can be used to control the drain current. When 

the MESFET is operated under such bias voltages, where both Vgs and Vds have a strong 

effect on the drain current, it is said to be in its linear or voltage controlled resistor region. 
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Figure I.3: GaAs MESFET operation under different Vds biasing with Vgs ≤ 0: (a) 

Linear region (Vds is very low), (b) Vds at the onset of saturation, (c) Vds is 

big. 

 

If Vds is raised further, as shown in Figure I.3(b), while Vgs is larger than the 

pinch-off voltage, the channel current increases, the depletion region becomes deeper at 

the drain end, and the conductive channel becomes narrower. The current clearly must be 

constant throughout the channel. As a result, and as long as the conductive channel near 

the drain becomes narrower, the electrons must move faster. However, the electron 

velocity cannot increase indefinitely; the average velocity of the electrons in GaAs cannot 

exceed a velocity called the saturated drift velocity. 

If Vds is increased beyond the value that causes velocity saturation (usually only 

a few tenths of a volt), the electron concentration rather than velocity must increase in 

order to maintain current continuity. Accordingly, a region of electron accumulation 

(a) 

(b) 

(c) 
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forms near the end of the gate. Conversely, after the electrons transit the channel and 

move at saturated velocity into the wide area between the gate and drain, an electron 

depletion region is formed. The depletion region is positively charged because of the 

positive donor ions remaining in the crystal. As Vds is increased further, as shown in 

Figure I.3(c), progressively more of the voltage increase is dropped across this region to 

enforce the electrons to cross it and less is dropped across the unsaturated part of the 

channel. This region is called a dipole layer or charge domain. Eventually, a point is 

reached where further increase in Vds is dropped entirely across the charge domain and 

does not substantially increase the drain current. At this point, the electrons move at 

saturated drift velocity over a large part of the channel length. When the MESFET is 

operated in this manner, which is the normal mode of operation for small-signal devices, 

it is said to be in its saturated region. 

Accurate models may include the effect of the charge domain in some way. 

Therefore, some models include a capacitor between the drain and the gate-source 

equivalent circuit to account for the charge domain [11]. 

 

5. MESFET characteristics 

5.1 I-V characteristics 

The I-V characteristic curves of a MESFET device are shown in Figure I.4 for 

an ideal and actual MESFET. The curves are plotted for different values of Vgs. It is 

obvious that the actual I-V curve exhibits finite positive slope in the saturation region. 

Many reasons may be responsible for this phenomenon. One of the most dominant 

reasons in a short gate device is the carrier injection into the semi-insulating substrate. 

This finite slope is the source of the finite output conductance in a MESFET model [11]. 
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Figure I.4: I-V Characteristic curves for a MESFET device for different values of Vgs; 

ideal current is drawn in solid curve while dashed curve indicates the actual 

current. 

 

5.2 Transconductance & output conductance 

 The 

transconductance gm is a measure of the incremental change in the output current Ids for 

a given change in the internal input voltage Vgs. The internal input voltage is the voltage 

across the gate source junction. In other words, the device transconductance is defined as 

the slope of the Ids-Vgs characteristics with the drain-source voltage held constant. The 

mathematical statement of this definition can be expressed as: 

𝑔𝑚 =
𝜕𝐼𝑑𝑠

𝜕𝑉𝑔𝑠
|

𝑉𝑑𝑠=𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

 (I.1) 

The transconductance of the device is one of the most important indicators of 

the device quality for microwave and millimeter wave applications. When all other 

characteristics are equal, a device with high transconductance will provide greater gains 

and superior high frequency performance. The transconductance suffers from what is 

called low frequency dispersion. The low frequency dispersion is the phenomenon of a 

parameter variation at low frequencies. The low frequency dispersion takes place as a 

result of the deep levels in the device structure. So, it significantly depends on the 

semiconductor material quality and fabrication processes [11]. 

The output resistance Rds is the incremental resistance between drain and source, 

and it is more convenient to be explained in terms of its reciprocal, the output conductance 

gds. 
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The output conductance is a measure of the incremental change in output current 

Ids with the output voltage Vds. So, it can be defined as the slope of the Ids-Vds 

characteristics with the gate-source voltage held constant. Mathematically, the output 

conductance and resistance can be defined by: 

𝑔𝑑𝑠 =
1

𝑅𝑑𝑠
=

𝜕𝐼𝑑𝑠

𝜕𝑉𝑑𝑠
|

𝑉𝑔𝑠=𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
 (I.2) [11] 

The output conductance of the device is an important characteristic in analog 

applications. It plays a significant role in determining the maximum voltage gain 

attainable from the device and is extremely important for determining optimum output 

matching properties. In general, for a device to have a low value output conductance is 

desirable, or, equivalently, an extremely high output resistance.  

For devices with equivalent gate widths, short gate lengths typically result in 

lower output resistances. The output resistance can also be reduced by increasing channel 

doping concentrations, Nd, or the device epi-thickness. The device transconductance is 

defined as the slope of the Ids-Vgs characteristics with the drain-source voltage held 

constant [16]. 

 

5.3 Cut off frequency 

The cut-off frequency fT is defined as the frequency when the current gain is 

unity, and is related to the transconductance gm. 

𝑓𝑇 =
𝑔𝑚

2𝜋𝐶𝐺𝑆
 (I.3) 

Where CGS is the gate-source capacitance. As with other transit time devices, the 

MESFET will operate up to a frequency which is related to the finite time it takes for a 

charge carrier to flow under the gate to the output. In order to see how this dictates the 

cut-off frequency fT, we assume the gate length is L and the electron travels at a speed v. 

Let the time it takes to travel under the gate be τ. The phase change of the gate voltage 

has to be small in order for amplification to be useful, thus 

2𝜋𝑓𝑇𝜏 =
2𝜋𝑓𝑇𝐿

𝑣
< 1  (I.4) 

Or  

𝑓𝑇 <
𝑣

2𝜋𝐿
 (I.5) [17]. 



Chapter I                                                   Study of the conventional structure of MESFET 

 

12 

 

6. Conclusion 

The GaAs material is prominent for optoelectronic applications and electronic 

devices. In addition, it has a potential for higher speed operation than silicon and 

Germanium in electronic applications. In this chapter, we have discussed about the GaAs 

MESFET, its operation and its different characteristics have been presented. Important 

parameters such as cut off frequency and transconductance, which are determined the 

figure of merit for analyzing the MESFET at high frequency are also illustrated.
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     Chapter II 

Study of DM GaAs MESFET-based design  

 

1. Introduction 

In today’s world, high frequency communication and power applications are 

possible because of the superior electrical properties offered by III-V based MESFETs 

both in analog as well as in digital applications. Although III-V based MESFETs have 

good performances for high frequency and speed circuit applications, potential ways to 

enhance them for high frequency, high power and microwave applications is still worth 

investigating. Numerous III-V based MESFET structures have been reported and 

investigated to have reached this goal and optimized over the last few years [18-21]. 

In this chapter, we investigate the performance of the Dual-Material-gate (DM) 

GaAs MESFET-based design. This latter will be studied and analytical models are 

presented in order to improve the electrical behavior of the device for analog applications. 

Moreover, drain-current characteristics of both structures (single material and dual 

material) are compared in order to show the advantages provided by the DM GaAs-

MESFET design.  
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2. Device structure and Models formulation 

A schematic cross section of a DM GaAs-MESFET and the definition of the 

geometrical and electrical characteristics are shown in Figure II.1. As shown in the figure, 

a  is the GaAs film thickness, L is the channel length, 
1L  is the length of the first region 

and ND/S represents the doping level of the drain/source region respectively. Using an 

equivalent circuit analogy, a DM GaAs-MESFET device can be represented as a series 

combination of two GaAs-MESFETs with different material-gate work functions as 

shown in FigureII.1(b). 

 

(a) 

 

 

(b) 

Figure II.1: (a) Cross-sectional view of the analyzed DM GaAs-MESFET (b) equivalent 

circuit representation for a drain current modeling. 

 

In submicron GaAs-MESFETs, quite often, there is a finite density of interface 

states and the ideal device pinch-off is usually not observed [6]. The Schottky interfacial 

layer, which is a probable cause of the threshold voltage shift, is assumed to be of finite 

thickness that can hold potential across it and, on the other words, it is transparent enough 

to allow the flow of electrons [6]. Devices with interfacial layers exhibit relatively higher 
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gate leakage and consequently the effect of gate potential to control the channel thickness 

is poor. The loss of finite amount of gate voltage due to the interfacial layer has not been 

incorporated in most models presented in literature [6]. They assumed an ideal Schottky 

interface of a GaAs-MESFET and as a result these models are not accurate enough to 

simulate Current-Voltage characteristics of a device having finite Schottky barrier 

interfacial layer. In this study, a comprehensive drain current model is proposed which is 

an extension to N.M. Memon model capable to simulate drain current behavior of Single 

Material Gate (SM) GaAs-MESFETs irrespective of the Schottky barrier response [6].  

Based on the drain current model proposed by Memon et al for a Single Material 

Gate (SM) GaAs-MESFET, the analytical expression of the drain current, including the 

interface states effects, can be given as 

)V1)(Vtanh(
VVV

V
1II dsds

2

dsthth

eff

dssds 














 ,          (II.1) 

where dssI is the saturation drain current, dsV is the applied drain voltage, thV

represents the threshold voltage, thV is the threshold voltage shift caused by the interface 

state effects, effV  represents the effective applied gate voltage given [6] by 

bigs VV

bigs

eff
e1

VV
V








, with biV  represents the schottky-barrier built-in potential, which 

mainly depends on material gate work function, and   represents a constant which 

simulates quality of schottky barrier. In Eq. (II.1) there are four fitting parameters which 

describe the short-channel effects on the electrical characteristics [6].     

In a SM GaAs MESFET, the gate consists of only one material, but in the proposed 

design (DM), we have two different materials with work functions 1M and 2M , 

respectively. Therefore, the schottky-barrier built-in potential biV  at the gate, for each 

region, would be different. From the equivalent circuit in Figure II.1, dppds VVV   is 

obtained. Therefore, the drain current for each transistor can be derived using Eq. II.1 and 

the boundary condition which satisfies the continuity of the channel potential and the 

drain current at the interface of two dissimilar gate-materials of the gate. Therefore, we 

have: 

2ds1dsds III   (II.2a) 
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)V1)(Vtanh(
VVV

V
1I)V(I pp

2

p1th1th

1eff

1dssp1ds 


















      (II.2b) 

 

))VV(1))(VV(tanh(
)VV(VV

V
1I)V(I pdspds

2

pds2th2th

2eff

2dssp2ds 















 
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 (II.2c) 

where the threshold voltage and shift in threshold due to submicron geometry of 

the both devices are defined, respectively, as: 

For the first region: 

1bi

2

1th
2

qNa
V 


  (II.3a) 

1

1

1
3

4
thth V

L

a
V    (II.3b) 

For the second region: 

2bi

2

2th
2

qNa
V 


    (II.4a) 

2th

1

2th V
)LL(3

a4
V


  (II.4b) 

Based on the boundary conditions and the drain current expression for each region 

(given in (II.2)), the interfacial potential (Vp) can be calculated numerically, and therefore, 

a new drain current model which includes the dual-material gate aspect can be obtained 

[22].  

The values of the small signal parameters (transconductance, mg , and out 

conductance, dg  ) are derived by differentiating dsI , given in Equation (II.2), with respect 

to gsV  and dsV  respectively. 
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 (II.5b) 

In order to fully benefit from the expected performance of the coming 

technology nodes, all the parasitic components have to be reduced as much as possible. 

In particular, the parasitic device resistances, which are the drain resistance in series with 

the source one, will have to be drastically decreased as we will reduce the device length. 

In addition, the channel resistance can be considered as the most important parameter 

which affects the device power consumption. Hence, the minimisation of this parameter 

should be taken into account by the circuits designer [22].            

The equivalent MESFET resistance can be represented as a series combination of two   

parasitic resistances and output resistance as      

1

dDs

1

dPareq gRRgRR    (II.6) 

With: 
nd

gs

S
WaqN

L
R


 , 

nd

gd

D
WaqN

L
R


 . 

 where sR and DR  represent the source and drain resistances, respectively, gsL  and dsL

represent the gate-source and gate-drain lengths, respectively, and n represents the low 

electron mobility for the GaAs material [23]. 
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3. Results and discussion 

In order to investigate the effectiveness of the proposed DM GaAs-MESFET 

design, the DM and SM structures are studied, compared and results are presented. 

Further the DM device results are compared with the simulated results of ATLAS 2D 

device simulator [24]. Figure II.2 shows the calculated output characteristics for a channel 

length of a 
22002.0 µm  ( µm1.0L1  ) DM GaAs-MESFET compared with that of the 

conventional SM GaAs-MESFET. The device parameters for both designs, DM and SM, 

are: 
317

d cm105N  ; µm1.0a  ; VVbi 3.11  ; VVbi 21.02  . It is shown that the model 

calculations are in good agreement with the simulation results for a wide range of channel 

lengths. It can be observed that the DM GaAs-MESFET exhibits a better drain current 

behavior in the saturation regime. Due to the discontinuity in the channel potential of the 

DM GaAs-MESFET, the peak electric field at the drain is reduced substantially when 

compared with that of the SM GaAs-MESFET that leads to a reduced hot carrier and 

electron saturation velocity effects in the channel. These effects are considered as the 

main failure parameters which affect the device performances for analog circuits 

applications. The obtained results for both designs, SM and DM, show that the proposed 

structure offers significant improvement especially at low applied gate voltage. 

Therefore, as device dimensions penetrate into the submicron regime, the improved 

obtained performances make DM GaAs-MESFET a better choice for future submicron 

MESFET-based devices.  
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Figure II.2: Output characteristics for a channel length of a 
2µm2002.0  ( µm1.0L1  ) 

DG GaAs-MESFET compared with that of the conventional SM GaAs-

MESFET. Device parameters used for calculating are 
317

d2bi1bi2M1M cm10.5NV21.0V,V3.1V,eV28.4,eV3.5,µm1.0a  

. 

 

Figure II.3 plots the variation of the saturation drain current, DMdsatI , , as function 

of metal gate work function near the drain end, 2M , for a fixed 

µmLandeVVVVV Mdsgs 1.03.5,6,0 11   . It is clear shown that as gate metal 

work function near the drain end increases, DM,satI , decreases; this is due to the increase 

in the threshold voltage. This also implies that higher value of 2M  results in higher 

threshold voltage that is unsuitable and poses a trade off with power supply requirements 

[22]. 
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Figure II.3: variation of the saturation drain current, dsatI , as function of metal gate 

work function near the drain end, 2M , for a fixed 

µmLandeVVVVV Mdsgs 1.03.5,6,0 11   . 

 

Figure II.4(a) shows the variation of the transconductance as a function of 

increasing work function of the metal gate near the drain end at fixed , 2M , for a fixed 

µm1.0LandeV3.5,V4V,V0V 11Mdsgs   . It is shown that as the 2M  is increased 

the mg  keeps on decreasing due to a reduced gate overdrive. This effect can be explained 

by the effect of the increasing in the work function of the metal near the drain on the 

increasing of the threshold voltage. Figure II.4(b) plots the variation of output 

conductance, dg , with the increase in the work function of the gate metal near the drain 

end. It is clear shown that dg is increased with the increase in 2M . This is due to the fact 

that with the increase in 2M , the region near the drain is screened from any variations in 

the drain bias. This reduces the influence of drain bias on the drain current in the 

saturation regime [22]. 
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(b) 

Figure II.4: (a) Variation of the transconductance as a function of increasing work 

function of the metal gate work function for a fixed

µmLandeVVVVV Mdsgs 1.03.5,4,5.0 11   . (b) Variation of the 

output conductance with the increase in the work function of the gate metal 

near the drain end.  



Chapter II                                                         Study of DM GaAs MESFET-based design 

 

22 

      

4. Conclusion  

In this work, the concept of Dual-Material Gate has been applied to the GaAs-

MESFET structure and the features exhibited by the resulting new device have been 

investigated and analyzed by developing new analytical models, which describe the 

device behavior for analog applications. It has been demonstrated that Dual-Material Gate 

design offers superior characteristics in terms of drain current and transconductance 

enhancement and reduced output conductance. Moreover, the improvement of these 

parameters will also enhance the device performance for high frequency and high power 

applications.
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Chapter III 

Modeling of TM GaAs MESFET-based 

design 

 

1. Introduction 

III–V based metal semiconductor field effect transistors (MESFETs) have 

received a great deal of attention both in high frequency and high power applications [20]. 

GaAs MESFETs technology is used due to its superior characteristics such as large 

bandgap, high breakdown voltage, large saturation velocity and high thermal 

conductivity, which makes it suitable for high frequency, high temperature, and high 

power applications [3-6]. 

In this chapter, we have developed a new analytical compact model for I –V 

characteristics with the effect of gate-engineering in order to suppress the short channel 

effects for deep submicron GaAs MESFET-based circuits. The model is further extended 

to evaluate the transconductance and cut-off frequency including the effect of third region 

length. The results so obtained are verified using the ATLAS 2D device simulation 

software [24]. 
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2. Device structure and Models formulation 

A schematic cross-sectional view of the proposed TM GaAs-MESFET is 

presented in Figure III.1(a). As shown in Figure III.1, the gate consists of three materials 

M1, M2 and M3. L1, L2 and L3 represent the lengths of the first, second and third regions 

of the channel layer with work functions ØM1, ØM2 and ØM3, respectively. The work 

functions are chosen in such a way that ØM1 > ØM2 > ØM3 and L = L1 + L2 + L3 [8]. The 

gate material of the first region (near the source end) is with the highest work function 

called the control gate, the material of the second region is with the intermediate work 

function called the first screen gate and the material of the third region (near the drain 

end) is with the lowest work function called the second screen gate[25]. ND/S represents 

the doping level of the drain/source region, respectively. The channel region is bounded 

by source and drain spacing at x = 0 and L, respectively, where L is the gate length and a 

is the thickness of the active layer. At y = 0 and y = a, it is bounded by the interface of 

gate metal and the n-GaAs active region and the bulk, respectively. 

The equivalent circuit of the TM GaAs-MESFET design can be represented as a 

series combination of three GaAs MESFETs with different material-gate work functions 

as shown in Figure III.1(b). 
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(a) 

 

(b) 

 Figure III.1: (a) Cross-sectional view of the analyzed TM GaAs MESFET. 

(b) Equivalent circuit representation for a drain current modeling.  

 

To simulate the output characteristics of submicron GaAs MESFETs having a 

finite interfacial layer, where the latter is assumed to be of finite thickness that can hold 

potential across it and, in other words, it is transparent enough to allow the flow of 

electrons [6], a complete analytical drain current model is proposed which is an extension 

of the Memon and Djeffal models. These models are used to investigate and to study the 

drain current behavior of both single material gate (SM) and dual material gate (DM) 

GaAs-MESFETs. The modeling of the gate-engineering device characteristics is based 

on models proposed by Memon et al.[6] and Djeffal et al.[7] for single and dual material 

gate GaAs MESFETs. The analytical model of the drain current for SM can be given as 

𝐼𝑑𝑠 = 𝐼𝑑𝑠𝑠(1 −
𝑉𝑒𝑓𝑓

𝑉𝑡ℎ+∆𝑉𝑡ℎ+𝛾𝑉𝑑𝑠
)2tanh (𝛼𝑉𝑑𝑠)(1 + 𝜆𝑉𝑑𝑠), (III.1) 

where Idss is the saturation drain current, Vds is the applied drain voltage, Vth represents 

the threshold voltage, ΔVth is the threshold voltage shift caused by the interface state 

effects, and Veff represents the effective applied gate voltage given [6] as a function of the 

Schottky-barrier built-in potential, Vbi, by 
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𝑉𝑒𝑓𝑓 =
𝑉𝑔𝑠 − 𝑉𝑏𝑖

1 + 𝜂𝑒𝑉𝑔𝑠−𝑉𝑏𝑖
 

The latter is mainly dependent on material gate work function. There are four fitting 

parameters in Equation (III.1) which describe the short-channel effects on the electrical 

characteristics [6, 7]. These parameters are α; λ; γ and η. 

In SM and DM structures, the gate consists of only one material (for the first 

case) or two materials (for the second structure), whereas in the proposed design (TM), 

the gate consists of three different materials with different work functions ØM1, ØM2 and 

ØM3, respectively. So, the Schottky-barrier built in potential at the gate, for each region, 

would be different. According to the equivalent circuit presented in Figure 1(b), the 

electric field and potential in the channel is continuous at the junction between the gate 

materials M1 and M2 as well as between M2 and M3. Therefore, the drain current model 

for each transistor incorporating the gate material aspect can be derived using Equation 

(III.1) and it can be written as 

𝐼𝑑𝑠 = 𝐼𝑑𝑠1 = 𝐼𝑑𝑠2 = 𝐼𝑑𝑠3, (III.2) 

𝐼𝑑𝑠1(𝑉𝑝1) = 𝐼𝑑𝑠𝑠1(1 −
𝑉𝑒𝑓𝑓1

𝑉𝑡ℎ1+∆𝑉𝑡ℎ1+𝛾𝑉𝑝1
)2tanh (𝛼𝑉𝑝1)(1 + 𝜆𝑉𝑝1), (III.3) 

𝐼𝑑𝑠2(𝑉𝑝1, 𝑉𝑝2) = 𝐼𝑑𝑠𝑠2 (1 −
𝑉𝑒𝑓𝑓2

𝑉𝑡ℎ2 + ∆𝑉𝑡ℎ2 + 𝛾(𝑉𝑝2 − 𝑉𝑝1)
)

2

 

× tanh (𝛼(𝑉𝑝2 − 𝑉𝑝1))(1 + 𝜆(𝑉𝑝2 − 𝑉𝑝1)), (III.4) 

𝐼𝑑𝑠3( 𝑉𝑝2) = 𝐼𝑑𝑠𝑠3 (1 −
𝑉𝑒𝑓𝑓3

𝑉𝑡ℎ3 + ∆𝑉𝑡ℎ3 + 𝛾(𝑉𝑑𝑠 − 𝑉𝑝2)
)

2

 

× tanh (𝛼(𝑉𝑑𝑠 − 𝑉𝑝2))(1 + 𝜆(𝑉𝑑𝑠 − 𝑉𝑝2)), (III.5) 

Where the threshold voltage and shift in threshold due to the submicron effect 

of the three transistors are given for each region, respectively, as 

𝑉𝑡ℎ1 =
𝑞𝑁𝑎2

2𝜀
− 𝜙𝑏𝑖1, (III.6) 

ΔV𝑡ℎ1 =
4𝑎

3𝐿1
𝑉𝑡ℎ1, (III.7) 

𝑉𝑡ℎ2 =
𝑞𝑁𝑎2

2𝜀
− 𝜙𝑏𝑖2, (III.8) 

ΔV𝑡ℎ2 =
4𝑎

3𝐿2
𝑉𝑡ℎ2, (III.9) 
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𝑉𝑡ℎ3 =
𝑞𝑁𝑎2

2𝜀
− 𝜙𝑏𝑖3, (III.10) 

ΔV𝑡ℎ3 =
4𝑎

3(𝐿−𝐿1−𝐿2)
𝑉𝑡ℎ3, (III.11) 

In order to find the drain current model of GaAs MESFET incorporating the 

gate-engineering aspect, the interfacial potentials (Vp1 and Vp2) can be calculated 

numerically using the boundary conditions and the obtained drain current expressions for 

each region, and thus it can be developed. 

The values of the small signal parameters can be derived by differentiating Ids in 

function of Vgs and Vds to calculate the transconductance, gm and the output conductance, 

gd. 

𝑔𝑚 = 2𝐼𝑑𝑠𝑠1 [1 −
𝑉𝑒𝑓𝑓1

𝑉𝑡ℎ1 + ∆𝑉𝑡ℎ1 + 𝛾𝑉𝑝1
] × [

𝑉𝑒𝑓𝑓1

𝑉𝑔𝑠 − 𝑉𝑏𝑖1
(1 − 𝜂𝑉𝑒𝑓𝑓1𝑒𝑉𝑔𝑠−𝑉𝑏𝑖1)] 

                     × [
−1

𝑉𝑡ℎ1+Δ𝑉𝑡ℎ1+𝛾𝑉𝑝1
] × [tanh(𝛼𝑉𝑝1) (1 + 𝜆𝑉𝑝1)], (III.12) 

 

𝑔𝑑 = 2𝐼𝑑𝑠𝑠1 [1 −
𝑉𝑒𝑓𝑓1

𝑉𝑡ℎ1 + ∆𝑉𝑡ℎ1 + 𝛾𝑉𝑝1
] × [1 −

𝛾𝑉𝑒𝑓𝑓1

(𝑉𝑡ℎ1 + ∆𝑉𝑡ℎ1 + 𝛾𝑉𝑝1)2
] 

    × 𝑡𝑎𝑛ℎ(𝛼𝑉𝑝1) (1 + 𝜆𝑉𝑝1) + 𝐼𝑑𝑠𝑠1 [1 −
𝑉𝑒𝑓𝑓1

𝑉𝑡ℎ1 + ∆𝑉𝑡ℎ1 + 𝛾𝑉𝑝1
]

2

 

                   × [1 − 𝑡𝑎𝑛ℎ2(𝛼𝑉𝑝1)] (1 + 𝜆𝑉𝑝1) + 𝜆𝐼𝑑𝑠𝑠1 [1 −
𝑉𝑒𝑓𝑓1

𝑉𝑡ℎ1 + ∆𝑉𝑡ℎ1 + 𝛾𝑉𝑝1
]

2

 

                      × 𝑡𝑎𝑛ℎ(𝛼𝑉𝑝1), (III.13) 

Cut off frequency is a figure of merit for analyzing TM GaAs MESFET 

performance at microwave frequency, it is important to understand the cut off frequency. 

It is given by 

𝑓𝑡 =
𝑔𝑚

2𝜋(𝐶𝑔𝑠+𝐶𝑔𝑑)
 (III.14) 

Cgs and Cgd are the gate–source and gate–drain capacitance, respectively, 

𝐶𝑔𝑠 = 𝜀𝑠𝐿𝑊(𝑎 −
𝐼𝑑𝑠

𝑞𝑁𝑑𝑣𝑠𝑎𝑡𝑊
)−1, (III.15) 

𝐶𝑔𝑑 =
𝜀𝑠𝜋ℎ𝑠𝑊

2ℎ𝑑
 (III.16) 
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hs and hd are the depletion widths at the source and drain ends, respectively [26]. 

 

Table 1. Parameters used for the calculation of results shown in Figures III.(2-

5). 

Parameter Value 

L  

W  

A  

L1  

L2  

Nd  

ØM1  

ØM2  

ØM3  

vsat  

εs0  

Rg  

Rs  

k 

 α 

λ 

γ 

η 

0.2 µm 

200 µm 

0.1 µm 

0.06 µm 

0.06 µm 

5 × 1023 m-3 

5.3 eV 

5 eV 

4.28 eV 

0.72 × 105 m/s 

12.91ε0 

6Ω 

90Ω 

0.5 

1 

0.01 

-0.01 

2 

 

  

  



Chapter III                                                  Modeling of TM GaAs MESFET-based design 

 

29 

 

3. Results and discussion 

In this work, the calculated results for different structures TM, DM and SM are 

compared and verified using simulation results from ATLAS. The parameter values used 

for calculation are given in Table 1. 

Figure III.2 shows the comparisons of output characteristics for the channel 

length of  0.2 × 200 µm2 TM, DM and SM GaAs MESFET structures. Good agreement 

between the model results and numerical simulation ones is obtained. It is noticed that 

the TM GaAs-MESFET demonstrates a better drain current behavior. It is evident that as 

compared to a single step change in channel potential in the DM design, there are two 

step changes in channel potential profile of the TM structure. This additional step change 

for TM GaAs-MESFETs can effectively reduce the peak electric field near the drain side 

compared with that of the DM and SM GaAs MESFETs that leads to a reduced electron 

saturation velocity effect in the channel, and therefore, the electron effective mobility in 

the channel will be increased. The obtained results for the different designs show that the 

TM structure exhibits significant improvement, particularly at a low applied gate voltage. 

Therefore, as the device dimensions penetrate into the submicron regime, the improved 

obtained performance makes TM GaAs-MESFET a better choice for MESFET-based 

devices [27]. 

Figure III.3 plots the variation of drain current against the drain voltage of TM 

GaAs-MESFET with different lengths of third region at Vgs=-1V. It is observed from the 

figure that as the length of third region L3 (keeping the same channel length of the device 

i.e 0.2µm) decreases, the drain current degrades. This is due to the position of the second 

step change in channel potential profile of TM design which is closer to the drain side. 

However, as L3 increases, the drain current increases. In this case, the position of the 

second step change in channel potential profile is a little far from the drain side compared 

with that of the first case, the peak electric field is significantly reduced, therefore, the 

hot carrier effect is reduced and also electron mobility will be increased. Hence, the 

electrical behavior of the TM design can be enhanced by increasing the third region 

length. 
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Figure III.2: Output characteristics for a channel length of 0.2 × 200 µm2 TM GaAs 

MESFET compared with that of the SM and DM GaAs MESFETs. 

 

 

 

Figure III.3: Output characteristics for a channel length of 0.2 × 200 µm2 TM GaAs 

MESFET with deferent length of the third region for a fixed Vgs=-1V 
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In the figure III.4 the transconductance is calculated as a function of gate voltage 

with different lengths of third region. It is clearly seen that the transconductance is 

affected when L3 decreases. This is due to reduction of drain current with decreasing of 

L3. Therefore, This reduction in current can be explained by the degradation of the 

mobility which is affected by the elevated electric field when L3 decreases. The 

microwave performance degradation is evidently observed (shown in figure III.5) when 

minimizing L3. This is due to the influence of third region on transconductance, which 

affect the cut off frequency. Moreover, the modification of the third region length of TM 

design can significantly vary the cut off frequency. Thus, it is necessary to choose the 

optimal third region length for microwave frequency applications. 

 

 

Figure III.4: Variation of Transconductance with gate to source voltage for a channel 

length of 0.2 × 200 µm2 TM GaAs MESFET with deferent length of the third 

region for a fixed Vds=5V 
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Figure III.5: Variation of cut-off frequency with drain to source voltage for a channel 

length of 0.2 × 200 µm2 TM GaAs MESFET with deferent length of the third 

region for a fixed Vgs=-0,5V 
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4. Conclusion 

In this work, an approach of a Triple Material Gate (TM) GaAs MESFET has 

been proposed, modeled and analyzed to suppress the short channel effects and improve 

the electrical behavior of the device. It has been found that the device performance can 

be greatly improved by incorporating the gate- engineering aspect. The influence of the 

length of third region on various parameters like I-V characteristic, transconductance and 

cut off frequency has been illustrated. It is clearly shown that a significant improvement 

in electrical performance is evidenced in TM design compared to DM and SM designs. 

Therefore, a noticeable enhancement in microwave performance is showed as a length of 

third region increased. Thus, in the submicron domain, the TM GaAs MESFET provides 

substantial enhancement in the performance which makes it suitable for microwave 

frequency applications.
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Conclusion 

Modern technology depends almost entirely on the transistor. ICs manufacturing 

use III-V based FET in forms of MOSFETs or MESFETs, due to their proprieties. GaAs 

in MESFET’s fabrication grants large transconductance, shorter transit time and large 

band gap compared to silicon. However, the usage of MESFET devices in wireless 

communications and microprocessors encountered many problems with scaling low 

power. 

Today’s, researches try to immunize the GaAs MESFET against the short 

channel effects in order to enhance the scaling capability and the device performance for 

microwave frequency applications.  

In this memory, the conventional GaAs MESFET has been described, we also 

talked about its operation, different characteristics and parameters such as cut off 

frequency and transconductance. The concept of Dual-Material Gate has been applied to 

the GaAs-MESFET structure and it has been analyzed by developing new analytical 

models. The found results demonstrates that Dual-Material Gate design offers superior 

characteristics in terms of drain current and transconductance enhancement and reduced 

output conductance. Moreover, the improvement of these parameters will also enhance 

the device performance for high frequency and high power applications. With a view to 

further improving the previous characteristics a Triple Material Gate (TM) GaAs 

MESFET has been proposed, modeled and analyzed. The obtained results show that the 

additional material gate improves the device performance. The influence of the length of 

third region on various parameters like I-V characteristic, transconductance and cut off 

frequency has been illustrated. It is clearly shown that a significant improvement in 

electrical performance is evidenced in TM design compared to DM and SM designs. 

Therefore, a noticeable enhancement in microwave performance is showed as a length of 

third region increased. The obtained results make the proposed design suitable for 

microwave frequency applications. 
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