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Sammanfattning 
Abstract 
The development of computer aided design tools for devices and circuits has increased the interest for 
accurate transistor modeling in microwave applications. In the increasingly expanding wireless 
communication market, there is a huge demand for high performance RF power devices. The silicon 
LD- MOSFET transistor is due to its high power performance is today widely used in systems such as 
mobile base stations, private branch exchanges (PBX), and local area networks (LAN) utilizing the 
bands between 0.9 to 2.5 GHz. In this research we simulated LD-MOSFET transistor characteristics of 
the structure provided by Infineon technology at Kista, Stockholm. The maximum drain current 
obtained in the simulation was 400 mA at a gate voltage of 8 V. This value is somewhat higher than the 
measured one. This difference can be attributed to the parasitic effects since no parasitic effects were 
included in the simulations in the beginning. The only parasitic effect studied was by placing the source 
contact at the bottom of the substrate according to real commercial device. The matching between 
simulated and measured results were improved and maximum drain current was reduced to 300 
mA/mm which was 30% higher than the measured drain current The large signal RF simulations were 
performed in time-domain in our novel technique developed at LiU. This technique utilizes a very 
simple amplifier circuit without any passive components. Only DC bias and RF signals are applied to 
the gate and drain terminals, with the same fundamental frequency but with 180o phase difference. The 
RF signal at the drain acting as a short at higher harmonics. These signals thus also acted as an active 
match to the transistor. Large signal RF simulations were performed at 1, 2 and 3 GHz respectively. The 
maximum of drain current signal was observed at the maximum of drain voltage signal indicating the 
normal behavior of the transistor. At 1 GHz the output power was 1.25 W/mm with 63% of drain 
efficiency and 23.7 dB of gain. The out pout power was decreased to 1.15 W/mm and 1.1 W/mm at 2 
and 3 GHz respectively at the same time the efficiency and gain was also decreased to 57% and 19 dB at 
2 GHz and 51% and 15 dB at 3GHz respectively.  
Nyckelord 
Keyword 
Si-LDMOS, TCAD-Simulation, Large Signal, RF power transistor 
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Abstract 
 The development of computer aided design tools for devices and 
circuits has increased the interest for accurate transistor modeling in 
microwave applications. In the increasingly expanding wireless 
communication market, there is a huge demand for high performance RF 
power devices. The silicon LD-MOSFET transistor is due to its high 
power performance is today widely used in systems such as mobile base 
stations, private branch exchanges (PBX), and local area networks (LAN) 
utilizing the bands between 0.9 to 2.5 GHz. 

In this research we simulated LD-MOSFET transistor characteristics of 
the structure provided by Infineon technology at Kista, Stockholm. The 
maximum drain current obtained in the simulation was 400 mA at a gate 
voltage of 8 V. This value is somewhat higher than the measured one. 
This difference can be attributed to the parasitic effects since no parasitic 
effects were included in the simulations in the beginning. The only 
parasitic effect studied was by placing the source contact at the bottom of 
the substrate according to real commercial device. The matching between 
simulated and measured results were improved and maximum drain 
current was reduced to 300 mA/mm which was 30% higher than the 
measured drain current 

The large signal RF simulations were performed in time-domain in our 
novel technique developed at LiU. This technique utilizes a very simple 
amplifier circuit without any passive components. Only DC bias and RF 
signals are applied to the gate and drain terminals, with the same 
fundamental frequency but with 180o phase difference. The RF signal at 
the drain acting as a short at higher harmonics. These signals thus also 
acted as an active match to the transistor. Large signal RF simulations 
were performed at 1, 2 and 3 GHz respectively. The maximum of drain 
current signal was observed at the maximum of drain voltage signal 
indicating the normal behavior of the transistor. At 1 GHz the output 
power was 1.25 W/mm with 63% of drain efficiency and 23.7 dB of gain. 
The out pout power was decreased to 1.15 W/mm and 1.1 W/mm at 2 and 
3 GHz respectively at the same time the efficiency and gain was also 
decreased to 57% and 19 dB at 2 GHz and 51% and 15 dB at 3GHz 
respectively. 

 

 

  
 
 



 vi 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 



 vii  

Acknowledgements  

 
First of all I would like to thank the Almighty Allah who gave me the 
abilities and opportunity to reach this stage, and fulfill this task. Peace be 
upon Muhammad and his Progeny. 
 
I would like to thank the people who have supported and participated 
both in my work and studying time. 
 
Special thanks to Doc. Qamar ul Wahab, the best supervisor, who has 
given me an opportunity to participate in the process of technology 
development and helped a lot during my work. 
 
Prof. Torkel Arnborg  and Dr. Ted Johansson who have kindly 
provided me with Si-LDMOS parameters and also provide significant 
support and beneficial advises throughout the whole work. 
 
Rolf Jonsson for advice, keeping track on my work, endless 
encouragement and support for solving simulations problems. 
 
Professor Christer Svensson for sharp ideas and advices and open eyes 
at LD-MOS transistor. 
 
I would like to thank to my family specially my parents and my wife who 
supported me to reach this stage. 
 
Finally, I would like to thank all my friends, colleagues and relatives for 
support and believe in me. 
 
 

This work is devoted to my 
lovely mother and father... 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 viii  

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 ix 

Table of contents 
 

Chapter 
Number 

Chapter Name Page 
No. 

Chapter 1 – Introduction   

1.1 Introduction 2 
1.2  Silicon RF Technology 2 
1.3  Silicon LDMOS 3 
1.4 Application in Power Amplifier 5 
1.5 Commercial aspects of LD-MOSFET 5 

Chapter 2 – Physical models and parameters  

2.1 Software 7 
2.1.1 Simulator 7 

2.1.2 Device Solver (DESSIS) 7 
2.2 Carrier Concentration, Mobility 7 
2.3 Concept of Life Time 11 
2.4 The Quasi Fermi Potential 13 
2.5 Diffusion 14 
2.6 General breakdown characteristics 16 
2.6.1 Edge effects 16 
2.6.2 Avalanche breakdown 16 
2.7 Interfaces, Contacts and Boundaries 17 
2.8 Poisson Equation 20 
2.9 Recombination 20 
2.9.1 Shockley–Read–Hall recombination 21 

Chapter 3 –  Properties of MOSFET   

3.1  Characteristics Properties of MOSFET 23 
3.1.1  Regions of operation. 23 
3.2 RF Properties of LDMOS Transistor 24 
3.2.1 Power. 25 
3.2.2 Gain. 25 
3.2.3 1 dB Gain compression point. 26 
3.2.4 Efficiency 27 
3.2.5 Linearity 27 
3.2.6 Intermodulation distortion (IMD) 28 
3.2.7 Intercept point 29 



 x

Chapter 
Number 

Chapter Name Page No. 

Chapter 4 – Design and Simulation  

4.1 Simulation steps 30 
4.2 LD-MOS Device Simulation 31 
4.3 Design flow 32 
4.4 Physical Design 32 
4.4.1 Reference Structure 33 
4.4.2 Infineon Structure 34 
4.5 Structure with back side contact  36 
4.6 DC analysis  36 
4.7 Large signal Time-domain Analysis 37 

Chapter 5 – Results   

5.1  DC Results 39 
5.1.1 DC Simulation with Source contact at the top 39 
5.1.2 DC Simulation with Source contact at the bottom 42 
5.2  Large signal  time domain (RF) Results 45 
5.2.1 Results obtained at 1GHz 45 
5.2.2 Results obtained at 2 GHz 46 
5.2.3 Results obtained at 3 GHz 47 
5.2  Conclusion 49 

References 
 

50 

Appendix  – Terminology 
 

51 

  

 

   

   

 

 
 



 xi 

List of figures and tables 
 

 Figures Description Page No. 
Figure 1.1 Cross Section of LDMOS Transistor 4 

Figure 3.1  Pout versus Pin, 1dB compression point 26 

Figure 3.2 Two tone intermodulation distortion. 28 

Figure 3.3 Third order intercept point. 29 

Figure 4.1 
The flow chart shows roadmap of the task from the 
beginning 

30 

Figure 4.2 A typical design flow with DESSIS device simulation 32 

Figure 4.3 
Reference structure together with the doping profile at 
different regions of the reference transistor structures 

33 

Figure 4.4 
Structure and doping profile of the different regions of the 
Infineon transistor structures 

35 

Figure 4.5 
Structure and doping profile of the Infineon transistor 
structures with source contact at the bottom of the wafer. 

36 

Figure 4.6 
Schematic diagram of the large signal TCAD simulation 
technique 

37 

Figure 5.1 Current voltage characteristics of Reference structure. 39 

Figure 5.2 
Measured DC drain characteristics of Infineon’s transistor. 
The transistor showed a breakdown at about 50 V. The 
maximum drain current was 190 mA. 

40 

Figure 5.3 
Measured Threshold Voltage of Infineon’s transistor at 
14V drain voltage 

40 

Figure 5.4 
Simulated DC drain characteristics of Infineon’s transistor. 
The transistor showed a breakdown at about 60 V. The 
maximum drain current was 500 mA. 

41 

Figure 5.5 
Threshold Voltage of Infineon’s transistor with top side 
source contact at 14V drain voltage 

41 

Figure 5.6 
Simulated drain current voltage characteristics of LD-MOS 
transistor with source contact at the bottom. 

42 

Figure 5.7 
Simulated Threshold Voltage of Infineon’s transistor with 
bottom side source contact at 14V drain voltage 

43 

Figure 5.8 I-V Waveform at 1 GHz. 45 

Figure 5.9 
Fourier coefficient of voltages current and power at drain 
and gate at 1 GHz 

45 

Figure 5.10 Load Line at 1 GHz 45 
Figure 5.11 I-V Waveform at 2 GHz. 46 

Figure 5.12 
Fourier coefficient of voltages current & power at drain 
and gate at 2 GHz 

46 

Figure 5.13 Load line at 2 GHz 46 
Figure 5.14 I-V Waveform at 3 GHz. 47 

Figure 5.15 
Fourier coefficient of voltages current and power at drain 
and gate at 3 GHz 

47 

Figure 5.16 Load line at 3 GHz 47 

 



 xii  

Table Description Page No. 
Table 1.1 

Comparison of LD-MOS transistor produced by some of 
the famous industries 

6 

Table 4.1 Doping Profile of the reference structure 34 
Table 4.2 Doping Profile used in the Infineon transistor structure: 35 
Table 5.1 DC parameters of Measured and Simulated models 39 
Table 5.2 Comparison of simulated and measured DC results 42 

Table 5.3 
Comparison of measured DC results with simulated results 
with bottom contact 

43 

Table 5.4 
Comparison of simulated DC results with top and bottom 
side source contact 

44 

Table 5.5 
RF Large Signal time domain results on different 
frequencies 

48 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xiii  

 



 1

 

 

 

 

 

Submission to Allah's Will is the best companion; wisdom is the noblest 
heritage; theoretical and practical knowledge are the best signs of 
distinction; deep thinking will present the clearest picture of every 
problem.  

Ali Ibn Abi Talib (AS),  
Nahj al-Balagha, saying 4. 

 

 

There is no greater wealth than wisdom, no greater poverty than 
ignorance; no greater heritage than culture and no greater support 
than consultation.  

Ali Ibn Abi Talib (AS), 
Nahj al-Balagha, saying 54. 

 

 

 

 

 

 

 

 



 2

Chapter 1 – Introduction 

1.1 Introduction 

Silicon Laterally Diffused MOSFET transistor (LDMOS) is nowadays widely used 

for RF power amplification in mobile base stations at 0.9, 1.8 and 2.6 GHz, due to its 

high output power. This higher RF output power is obtained due to a higher DC 

breakdown voltage of around 100V and is today the highest compared to the GaAs RF 

devices [1]. 

These results are approaching to what is predicted to achieve in wide band gap 

semiconductor technology (SiC and GaN). Due to high breakdown voltage of 100 V, 

these devices are typically operated around 70 V supply voltage. At this high drain 

voltage, a power density of more than 2W/mm is obtained for a 1-mm device with a 

linear gain of 23 dB and maximum efficiency of 40% at 1 GHz [1]. 

Though the transistor power performance is impressive, there still remain problems. 

The most important among them are the linearity, combining with the bandwidth and 

gain. By reducing these problems, the application can be extended for commercial 

communications as well as for military devices such as radar, beam formers etc. 

1.2 Silicon RF Technology 

RF transceivers have been successfully implemented on printed circuit boards for 

years. This mature technology combines discrete transistors [2]. It is simple to 

combine devices which were fabricated by using very different materials to achieve 

an optimum performance, and thus post-assembly trimming is easier due to large size 

of RF systems. 

These features are well suited for the traditional market which is largely focused on 

military applications. The new emerging consumer and commercial markets drive 

other system aspects. The ideal RF transceiver for cellular systems, wide- (WAN), or 

local-area (LAN) networks should be low cost, small in size, has lower power 

consumption and can be fabricated in large volumes. These requirements make silicon 

the pre-eminent technology of choice and foster a fully monolithic. 

The silicon technology is now well developed for all types of devices plus the 

material properties are well suited for RF substrate. The dielectric constant is high and 
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changes little with frequency and temperature, the thermal conductivity is three times 

than that of GaAs, the surface smoothness is excellent, and device integration is well 

matured. The maximum resistivity of Czochralski-grown silicon, however, is only 

about 10 Ω-cm which is several orders of magnitude lower than that of semi 

insulating GaAs. At frequencies beyond 1 GHz, the skin depth for 10 Ω-cm silicon 

exceeds the typical substrate thickness so that RF losses extend over the entire 

substrate. But resistivities about two orders of magnitude higher can be achieved with 

Float- Zone (FZ) silicon, and the previous difficulty in preserving the resistivity after 

heat treatment was recently minimized [3]. The wide space-charge regions associated 

with a low substrate doping, however, limit the integration density significantly if 

junction isolation is utilised.  

1.3 Silicon LDMOS 

The lateral diffused metal-oxide-semiconductor transistor (LDMOS) was developed 

for RF applications in 1972 by Sigg. Today it has replaced the conventional bipolar 

transistors in most telecommunication applications, due to several advantages. Some 

of the important one’s are listed below [4]. 

● For high drain current, the MOSFETs have a high input impedance, and a low 

negative temperature coefficient.  

● Thermally more stable, FET cells combine better with each other than cells of 

bipolar transistors. This makes it easier to scale the active area when designing for 

high output power. In addition, the good thermal stability of the MOSFET causes 

superior load-mismatch tolerance in comparison to the BJT.  

● The MOSFET devices have lower inter-modulation distortion (IMD), specially for 

the high order IMD products. 

● Due to quite low source inductance, achieved using a single backside bulk-source 

connection, MOSFETs have a higher power gain. 

● There are two general disadvantages. First, the gate is sensitive to electrostatic 

charges, that can lower the threshold voltage and also risk to destroy the device due 

to electrostatic discharge. Second, at higher temperature the output power is 

reduced due to decreasing of transconductance [4]. 
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The LDMOS is a representative of the Enhancement mode Metal Oxide 

Semiconductor FET group. A typical transistor structure in cross section is shown in 

Figure 1.1 

 

 

 

 

 

 

 

 

 

Figure 1.1 Cross Section of LDMOS 

The LDMOS could be seen as a transformation of a low power MOSFET transistor. 

There are additional features, which improve RF properties and produce higher 

power. The LDMOS has a slightly lower doped and long n type drift region, which 

enhances the depletion region thus increases the breakdown voltage. On the other 

hand the on-state drain resistance, is higher which degrades RF performance, thus 

there is always a trade-off between RF output power and on-resistance. The short 

channel length is typically created by the lateral diffusion of a p-type implantation (p-

base in Figure 1.1).  

The sinker principle is used for lateral power devices, and obvious advantage is in 

decreasing number of contacts on the surface that makes LDMOS easier to integrate. 

The single source contact made on the backside of bulk substrate, eliminates the extra 

surface bond wires. Therefore device integration is much easier since there are only 

two contacts left on the surface namely, drain and gate. The RF performance using 

such connection is better, because the source inductance is reduced. 

The high-frequency properties of Si-LDMOS transistor is usually determined by the 

length of the channel region. The shorter channel length improves the linearity since 

the transistor always works in velocity saturation [5]. 
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1.4 Application in Power Amplifier 

The application of LDMOS technology is increasing continuously being offered by 

the principal suppliers as a cost-effective solution for high power amplifiers. This 

technology is already employed in RF power amplifiers for the third generation 

mobile base stations and transmitters for digital television and radio broadcasting.  

In Class AB mode of operation, LDMOS transistors have superior inter-modulation 

performance over bipolar transistors due to a softer high power saturation 'knee' and 

improved linearity at low power levels. Unlike some other FETs, the die are 

fabricated with a grounded internal source connection, which removes the need for the 

insulating layer of toxic beryllium-oxide. This offers the benefits of reduced package 

cost and lower thermal resistance. The devices have generally higher power gain and 

are more Voltage Standing Wave Ratio (VSWR) tolerant. VSWR is the ratio of the 

maximum/minimum values of standing wave pattern along a transmission line to 

which a load is connected. VSWR value ranges from 1 (matched load) to infinity for a 

short or an open load. 

Recent advances in the performance of silicon-based LDMOS have given RF power-

amplifier (PA) designers a viable alternative to create competitive solutions for 

infrastructure equipment in 0.9 to 2.5 GHz. Besides improvements in efficiency, 

linearity, peak-power capability, and cost/Watt, the developers have licked the bias 

current drift and aging issues that plagued this transistor for some time. Consequently, 

it has replaced bipolars and is going head-on against gallium-arsenide (GaAs) FETs 

and other heterostructures [6-7]. 

1.5 Commercial aspects of LD-MOSFET 

In the increasingly expanding wireless communication market, there is a huge demand 

for high performance RF power devices. The silicon LD-MOSFET transistor is due to 

its high power performance is today widely used in systems such as mobile base 

stations, private branch exchanges (PBX), and local area networks (LAN) utilizing the 

bands between 0.9 to 2.6 GHz.  

The transistor is today produced by several commercial sources. Table 1 is describing 

the parameters and performance of some of the most popular commercial source. 

We have started our work by collecting information available about various LD-MOS 

transistors in the market.  
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Table 1.1 Comparison of LD-MOS transistor produced by some of the famous industries 
 

 

 

Manufacturer 
 Unit 

Infineon Motorola Philips APT CREE ST 
Supply Voltage V 28 26 26 32 26 28 

Output Power  W 180 120 90 300 90 45 

Operating Frequency GHz 2.17 2 2 1.09 2.17 1 

Gain  dB 14 12.5 12 14 12 13 

Efficiency  % 25 36 32 43 34 36 

Gate-Source Voltage  V -0.5 to +12 -0.5 to +15 + 15 + 20 -0.5 to +15 + 20 

Drain-Source Breakdown Voltage  V 65 65 65 75 73 65 

Gate Leakage  Current  µA 1 1 0.04 2 1 1 

Operation Junction Temperature °C 200 200 200 200 200 200 

Thermal Resistance junction to case   °C/W 0.4 0.97 0.81 0.11 0.9 1.4 

Gate-Source Threshold Voltage V 4 4 5.5 5 5  

Forward Transconduction S  4.7 6.2 6 1 2.7 

Power Dissipation @ TC=25°C W 437.5 180   195  

Inter-modulation Distortion dBc -40 -28 -40  -27.5  



 7

Chapter 2 – Physical models and parameters 

2.1 Software 

2.1.1 Simulator: 

We have utilized a commercial device simulator ISE-TCAD (GENESISe). The 

simulator provides facility for performing simulation in both 2D and 3D. The software 

provides a convenient framework to design, organize, and automatically run complete 

TCAD simulation projects. It provides a graphical user interface (GUI) to drive a 

variety of ISE simulation and visualization tools, and to automate the execution of 

fully parameterized projects. GENESISe also supports design of experiments (DoE), 

extraction and analysis of results, optimization, and uncertainty analysis [8]. 

2.1.2. Device Solver (DESSIS):  

DESSIS is a multidimensional, electro-thermal, mixed-mode device and circuit 

simulator for one-, two-, and three-dimensional semiconductor devices [8]. It 

incorporates advanced physical models and robust numeric methods for the 

simulation of most types of semiconductor devices ranging from very deep submicron 

Si MOSFETs to large bipolar power structures. 

In rest of this chapter I shall define physical models, parameters and characteristics 

properties of transistors and presents a somewhat deeper understanding of a Si-

LDMOS. Furthermore it will give some explanation of the contemporary Si-LDMOS 

together with its features and RF properties. 

2.2 Carrier Concentration, Mobility 

Fermi Energy and Carrier Concentration: In "perfect" semiconductor, doping has 

been achieved by replacing some lattice atoms by suitable doping atoms without – in 

the ideal world - changing anything else. The sharp allowed energy levels in the band 

gap, belonging to electrons of the doping atoms, or since electrons can not be 

distinguished, to all electrons in the semiconductor. These levels may or may not be 

occupied by an electron. If it is not occupied by an electron, it is by necessity 

occupied by a hole; the Fermi distribution will give the probability for occupancy as 

before. 

 pos. charges  =  neg. charges ∑ ∑∑ ∑∑ ∑∑ ∑  
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This equation can be used to calculate the exact position of the Fermi energy. Since 

most everything else follows from the Fermi energy. 

The negative charges - always relative to the perfect semiconductor at zero Kelvin, 

where all electrons are in the conduction band and charge neutrality automatically 

prevails. 

There are, first, the electrons in the conduction band. Their concentration as spelled 

out before was 

 
 
 

-
.exp -

k
C Fe

eff

E Een = N
T

 

More generally and more correctly, however, we have 

= . ( , ,T)e
eff C F

en N f E E  

The Fermi energy EF is now included as a variable in the Fermi function, because the 

density of electrons depends on its precise value which we do not yet know. In this 

formulation the electron concentration comes out always correct, no matter where the 

Fermi energy is positioned in the band gap. 

Then there are, second, the negatively charged acceptor atoms - ions in fact. Their 

concentration N-
A is given by the density of acceptor states (which is just their density 

NA) times the probability that the states are occupied, and that is given by the value of 

the Fermi distribution at the energy of the acceptor state, f(EA, EF,T). We have 

accordingly 

· ( )-
A A A FN  = N f E , E ,T  

The Fermi distribution in this case should be slightly modified to be totally correct. 

The difference to the straight-forward formulation is slight. 

Now let us count the positive charges. 

First , we have the holes in the valence band. Their number is given by the number of 

electrons that do not occupy states in the valence band; in other words we have to 

multiply the effective density of states with the probability that the state is not 

occupied 

The probability that a state is not occupied is just 1 minus the probability that it is 

occupied, or simply  
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1 - Ff(E, E , T) 

This gives the density of holes to 

1 exp
k

    = − −= − −= − −= − −    
    

h h F V
eff

E - E
n N

T
 

The better general formula for any value of the Fermi energy is 

(((( )))). 1    = −= −= −= −    
h h

eff V Fn N f E ,E ,T  

Second, we have the positively charged donors, i.e. the donor atoms that lost an 

electron. Their concentration ND
+ is equal to the density of states at the donor level 

which is again identical to the density of the donors themselves times the probability 

that the level is not occupied;  

(((( ))))1    = −= −= −= −    
+
D D A FN N f E ,E ,T  

we have charge equilibrium thus demands 

[[[[ ]]]] [[[[ ]]]]. ( , , ) . ( , , ) 1 ( , , ) . 1 ( , , )+ = − + −+ = − + −+ = − + −+ = − + −e h
eff C F A A F eff V F D D FN f E E T N f E E T N f E E T N f E E T

 

If we insert the expression for the Fermi distribution 

1
( , , ) = 

exp 1
k

    
++++    

    

F
n f

f E E T
E - E

T

 

where En stands for EC,V,D,A, we have one equation for the one unknown quantity EF, 

and the following expressions define NA and ND will be  

(bulk) = == == == =h -
p A An N N  

(bulk) = == == == =e -
n D Dn N N  

Solving this equation for any given semiconductor (which specifies EC,V) and any 

concentration of (ideal) donors and acceptors, will not only give us the exact value of 

the Fermi energy EF for any temperature T, i.e. EF(T), but all the carrier 

concentrations as specified above. 
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Mobility: Finding simple relations for the mobility of the carriers is just not possible. 

Calculating mobilities from basic material properties is a far-fetched task, much more 

complicated and involved the carrier concentration business. However, the carrier 

concentrations (and their redistribution in contacts and electrical fields) is far more 

important for a basic understanding of semiconductors and devices than the carrier 

mobility. 

Here we will only give a cursory view of the essentials relating to the mobility of 

carriers. The mobility µ of a carrier in an operational sense is defined as the 

proportionality constant between the average drift velocity vD of a (ensemble of) 

carriers in the presence of an electrical field E: 

D  = µ · Ev  

The average (absolute) velocity v of a carrier and its drift velocity vD must not be 

confused; the simple linear relationship between the drift velocity and the electrical 

field as a driving force is pretty universal - it is the requirement for ohmic behaviour - 

but not always obeyed. In particular, the drift velocity may saturate at high field 

strengths, i.e. increasing the field strength does not increase vD anymore.  

As we know, the prime factor influencing mobility is the average time between 

scattering processes. In fact, the mobility µ may be written as 

= se.τ
µ

m
 

With τs = mean scattering time. We thus have to look at the major scattering 

processes in semiconductors. 

There are three important mechanisms: 

The first (and least important one) is scattering at crystal defects like dislocations or 

(unwanted) impurity atoms. Second, we have the scattering at wanted impurity atoms, 

in other word at the (ionized) doping atoms. This is a major scattering process which 

leads to decreasing mobilities with increasing doping concentration. The relation, 

however, is non-linear and the influence is most pronounced for higher doping 

concentration, say beyond   1017 cm–3 for Si. 
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As a rule of thumb for Si, increasing the doping level by 3 orders of magnitude 

starting at about 1015 cm–3 will decrease the mobility by one order of magnitude, so 

the change in conductivity will be about only two orders of magnitude instead of three 

if only the carrier concentration would change. The scattering at dopant ions decreases 

with increasing temperature; the mobility due to this process alone would decrease 

with a factor of T 3/2. 

Third we have scattering at phonons - the other important process. Phonons are an 

expression of the thermally stimulated lattice vibrations and the strongly dependent on 

temperature. This part must scale with the density of phonons, i.e. it must increase 

with increasing temperature. It is thus not surprising that it dominates at high 

temperatures (while scattering at dopant atoms may dominate at low temperatures). 

Scattering at phonons and dopant atoms together essentially dominate the mobilities. 

The different and opposing temperature dependencies almost cancel each other to a 

certain extent for medium to high doping levels, again a very beneficial feature for 

technical applications where one doesn't want strongly temperature dependent device 

properties [9]. 

The µµµµn electron mobility  measure of electron scattering in semiconductor; 

proportionality factor between electron drift velocity and electric field as well as 

carrier concentration and conductivity of semiconductor; unit cm2/V s; the same way 

as effective mass of an electron. Electron mobility is different for different 

semiconductors, electron mobility at 300 K for three key semiconductors, are namely 

Si - 1500 cm2/V-s, GaAs - 7500 cm2/V-s, 4H-SiC - 900 cm2/V-s. Higher mobility of 

charge carriers makes semiconductor better suited for all type of applications. 

The µµµµp hole mobility is the parameter which is a measure of hole scattering in a 

semiconductor, proportionality factor between hole drift velocity and electric field as 

well as conductivity and hole concentration in semiconductor; due to the higher 

effective mass of a hole, hole mobility is typically significantly lower than electron 

mobility.  

2.3 Concept of Life Time 

So far we looked at (perfect) semiconductors in perfect equilibrium. The 

concentration of holes and electrons was given by the type of the semiconductor (as 
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signified by the band gap), the doping and the temperature. The only other parameter 

of interest was the carrier mobility; a quantity that is determined in a comparatively 

complex way by properties of the semiconducting materials in question. 

In reality, however, we have a dynamic equilibrium: Electron-hole pairs are generated 

all the time and they recombine all the time, too but their average concentration in 

equilibrium stays constant. The easiest way to include this dynamic equilibrium in the 

formal representation of semiconductors is to introduce the concept of the minority 

carrier life time, or life time in short. 

Here we look at it in a extremely simplified way - Consider a p-doped semiconductor. 

The majority carriers then are holes in the valence band; their concentration is 

essentially given by the concentration of the acceptors put into the material. The 

electrons in the conduction band are the minority carriers, their concentration ne is 

given via the mass-action-law (nh · ne = ni
2) and by equating the majority carrier 

density with the density of the doping atoms to 

AN
= = == = == = == = =

2 2
i i

e min
h

n n
n n

n
 

Now consider some light impinging on the material with an energy larger than the 

band gap, so it will be absorbed by generating electron-hole pairs. Let assume that 

Ghν electron hole pairs will be generated every second (the index "hν" refers to the 

photons via their energy to distinguish this generation rate from others yet to come). 

The concentration of both electrons and holes will now increase and no longer reflect 

the equilibrium values. The deviation from equilibrium is much more pronounced for 

the minority carriers - here the electrons. If, for example, the concentration of the 

electrons is 0.1 % of the hole concentration; an increase of the hole concentration of 

0.1 % due to the light generated holes would increase the electron population by 100 

%. 

Evidently, the concentration of minority carriers can not grow indefinitely while light 

shines on the semiconductor. Some of the excess electrons will disappear again due to 

recombination with holes. 

If the recombination rate is proportional to the concentration of the minorities, 

an equilibrium will be reached eventually, where the additional rate of recombination 
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equals the generation rate Ghν, and the concentration will then be constant again at 

some higher level. 

If we now to turn off the light, the minority carrier concentration will decrease 

(in the usual exponential fashion) to its thermal equilibrium value. The average time 

needed for a decrease of 1/e is the minority carrier life time τ [9]. 

2.4 The Quasi Fermi Potential 

Electron and hole densities can be recomputed from the electron and hole quasi-Fermi 

potentials, and vise versa, using the well known formulas given below. If Boltzmann 

statistics is assumed, then these formulas read: 

    
    
    

Fn C
C

E - E
n = N exp

kT
 

    
    
    

V Fp
V

E - E
p = N exp

kT
 

Here, NC and NV are the effective density of states, EFn = -qΦn and EFp = -qΦp are the 

quasi-Fermi energy for electrons and holes, and Φn and Φp are electron and hole quasi 

Fermi potentials, respectively. EC and EV are conduction and valence band edges, 

which defined as: 

(((( ))))C g,C refE = -χ +∆E -q ψ -ψ  

(((( ))))V g g,V refE = -χ - E  + ∆E  -q ψ -ψ  

where, χ denotes the electron affinity and Eg the band gap. Possible band gap 

narrowing is described by ∆Εg,C/V. Electrostatic potential Ψ is computed from an 

arbitrarily defined reference potential Ψref. For pure materials, and, in particular, for 

silicon, the standard approach is to set reference potential equal to the Fermi potential 

of an intrinsic semiconductor. Then above equations can be written as: 

(((( ))))n-q -ψ
 

φ
i,effn = n e

kT
 

(((( ))))pq -ψ
 

φ
i,effp = n e

kT
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where ni,eff is the effective intrinsic density. 

In unipolar devices, such as MOSFETs, it is sometimes possible to assume that the 

value of quasi-Fermi potential for the minority carrier is constant in certain regions. In 

this case the concentration of the minority carrier can be computed from the last two 

equations directly. In many cases, for example, if avalanche generation becomes 

important, the one carrier approximation can not be applied even for unipolar devices 

[7, 9]. 

2.5 Diffusion 

For modern Si technology we must be able to have exactly the right concentration of 

the right dopant at the right place - with tolerances as small as 1% in critical cases. 

And it is not good enough to assure the proper doping right after the doping process - 

what counts is only the dopant distribution in the finished device. 

Annoyingly, every time a high temperature process is executed after one of the doping 

steps, all dopants already put in place will diffuse again, and this must be taken into 

consideration. Even more annoying, the diffusion of the dopants may depend on the 

process - it may, e.g., be different if other dopants are present. 

The only way to master diffusion in making devices is an extensive simulation of the 

concentration profiles as a function of all parameters involved - always in conjunction 

with feed-back from measurements. This requires a mathematical framework that can 

be based on three qualitatively different approaches: 

In any case, diffusion in Si (and also in the other semiconductors) is complicated and 

an issue of much research and debate. It has become extremely important to include 

all possible "classical" effects usually neglected because very high precision is needed 

for very short diffusion times (or penetration depth), but the atomic mechanisms of 

diffusion in Si are still not entirely clear. 

In what follows a few basic facts and data will be given; in due time some advanced 

modules with more specific items may follow. 

Basic equations are the two phenomenological laws known as "Ficks laws" which 

connect the (vector) flux j of diffusion particles to the driving force and describe the 

local change in particle density, ρ(x,y,z,t) and the Einstein-Smoluchowski relations 
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which connect Ficks laws with the atomic mechanisms of diffusion. Ficks first and 

second law are 

First law: 

· c∇∇∇∇j = - D  

With c = concentration of the diffusing particles, D = diffusion constant and ∇= 

Napla operator. We have 

∂ ∂ ∂∇
∂ ∂ ∂
c c c

vector , ,
    

= == == == =     
    

c
x y y

 

Second law: 

∂  ∆
∂

.====
c

D c
t

 

An atomic view of diffusion considering the elementary jumps of diffusing atoms (or 

vacancies) over a distance a (closely related to the lattice constant) yields not only a 

justification of Ficks laws, but the relations 

2D = g.a .v 

0 . exp - 
ME

v = v
kT

 

With g = geometry factor describing the symmetry of the situation, i.e. essentially the 

symmetry of the lattice, and ν = jump frequency of the diffusion particle, EM = 

activation enthalpies of migration. If the diffusion mechanisms involves intrinsic point 

defects as vacancies (V) or self-interstitials (i), their concentration is given by 

FE
nV,i = exp - 

kT
 

With EF = formation enthalpy of the point defect under consideration. 

The problem may get complicated if more than one atomic mechanism is involved. A 

relevant example for Si is the so-called "kick-out" mechanism for extrinsic point 

defects (= impurities): A foreign atom (most prominent is Au) diffuses rather fast as 

interstitial impurity, but on occasion "kicks out" a lattice atom and then becomes 
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substitutional and diffuses very slowly. However, the substitutional Au atom may also 

be kicked out by Si interstitials and then diffuses fast again. 

The "kick-out" process is not adequately described by the simple version of the Fick 

equation given above. Since even the simple Fick equations are notoriously difficult 

to solve even for simple cases, not to mention complications by more involved atomic 

mechanisms, only the two most simple standard solutions shall be briefly discussed 

[7, 9]. 

2.6 General breakdown characteristics 

Breakdown is characterized by the rapid increase of the current; the breakdown 

voltage is a key parameter for power devices. The breakdown of logic devices is 

equally important as one typically reduces the device dimensions without reducing the 

applied voltages, thereby increasing the internal electric field.  

Two mechanisms can cause breakdown, namely avalanche multiplication and 

quantum mechanical tunneling of carriers through the bandgap. Neither of the two 

breakdown mechanisms is destructive. However heating caused by the large 

breakdown current and high breakdown voltage causes the transistor to be destroyed 

unless sufficient heat sinking is provided. 

2.6.1 Edge effects 

In typically gate-drain regions where the breakdown field is reached first, one has to 

take into account the radius of curvature of the metallurgical junction at the edges. 

Most doping processes including diffusion and ion implantation yield a radius of 

curvature on the order of the junction depth, xj. The gate-drain interface can then be 

approximated as having a cylindrical shape along a straight edge and a spherical at a 

corner of a rectangular pattern. Both structures can be solved analytically as a 

function of the doping density, N, and the radius of curvature, xj [9]. 

2.6.2 Avalanche breakdown 

Avalanche breakdown is caused by impact ionization of electron-hole pairs. When 

applying a high electric field, carriers gain kinetic energy and generate additional 

electron-hole pairs through impact ionization. The ionization rate is quantified by the 

ionization constants of electrons and holes, an and ap. These ionization constants are 
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defined as the change of the carrier density with position divided by the carrier 

density.  

The ionization causes a generation of additional electrons and holes. Assuming that 

the ionization coefficients of electrons and holes are the same, the multiplication 

factor M, can be calculated from: 

1

1
====

−−−− ∫∫∫∫
2x

1x

M
xdx

 

The integral is taken between x1 and x2, the region within the depletion layer where 

the electric field is assumed constant and large enough to cause impact ionization. 

Outside this range, the electric field is assumed to be too low to cause impact 

ionization. The equation for the multiplication factor reaches infinity if the integral 

equals one. This condition can be interpreted as follows: 

For each electron coming to the high field at point x1 one additional electron-hole pair 

is generated arriving at point x2. This hole drifts in the opposite direction and 

generates an additional electron-hole pair at the starting point x1. One initial electron 

therefore yields an infinite number of electrons arriving at x2, hence an infinite 

multiplication factor [7, 9]. 

The multiplication factor is commonly expressed as a function of the applied voltage 

and the breakdown voltage using the following empirical relation: 

1

1

====

−−−−
n

a

br

M
V
V

  

where 2 <n <6 

2.7 Interfaces, Contacts and Boundaries 

Practically all Si devices and all other solid state devices have properties that are 

"interface controlled".  

The "pn-junction" is an interface and so is the MOS contact. The latter, in fact, 

involves two interfaces: Si-oxide and oxide-metal. But there are many more 

interfaces: Metal-Si contacts are needed to connect the device to the outside world and 

there are many interfaces between the various layers in integrated circuits. In the case 
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of the pn-junction we certainly want the "metallurgical junction" (the area of actual 

contact between the p and n-type Si) to have no structural properties - it should be 

impossible to find it analytically as far as the Si is concerned. Of course, the 

metallurgical junction of a pn-junction formed by diffusion is not really definable; but 

we also could make a pn-junction by epitaxy and then the metallurgical junction is 

wherever the surface of the substrate was. 

On the other hand, it would not be too far fetched to assign all the electronic 

properties of a pn-junction to the interface (one certainly would do this for a metal-

metal junction). 

Usually we would like a metal - Si contact to be ohmic - and not of the Schottky type. 

For both electronic properties mentioned we would like them to be as independent 

from structural properties as possible. In other words, the precise arrangement of the 

atoms in the interface, the presence of interface dislocations, etc., should not matter 

much. 

Then we have structures where we hope that the interface does not have any 

properties relevant to the device function. Oxide-semiconductor interface states play 

very important role in MOSFET. Oxide charges are also important for controlling 

threshold voltage. 

Interfaces for a MOS contact, e.g., are not really required for the function. 

Theoretically we could remove the dielectric and run the device in vacuum with 

somewhat changed parameters because of the changed dielectric constant. The 

question now is if there are interface properties that interfere with the device 

operation. We certainly would tend not to worry about the properties between some 

insulating dielectric layers or call for "no" properties - but that is not correct, we 

definitely want that the stick together solidly, or, in other words, we want some 

bonding or adhesion. So we should know, what are the properties an interface can 

have and how do those properties influence or even enable device operation. 

Interface states in the band gap are an interface property in this sense, but not the 

space charge region of a pn-junction, or the junction properties themselves. In 

principle, all these properties are then given by the exact structure of the interface, i.e. 

the exact location of all atoms and their interaction with their neighbours, i.e. the 

bonding situation. 
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Interface energy: A few numbers give an idea of the magnitudes encountered: 

� Coherent twin boundary in Si (smallest interface energy for Si grain 
boundaries): ≈60 mJ/m2 

� General grain boundary in Si: ≈ 600 mJ/m2    

� Silicon - SiO2 interface? 

Electrical Boundary Conditions: For ohmic contacts charge neutrality and 

equilibrium is assumed at the electrodes, i.e.: 

D An - p = N - N  

2
i,effnp = n  

In the case of Boltzmann statistics this system of equations can be easily solved: 

    
ψψψψ         

    

D A
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N - NkT
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For gate contacts, the electrostatic potential is simply taken as: 

ψ φψ φψ φψ φapplied MS= V -  

where, φMS=φM - φS is the work-function difference between the metal and 

semiconductor relative to an intrinsic semiconductor, given by the user in the barrier 

parameter. For Schottky contacts the following boundary conditions hold: 

    
ψ φψ φψ φψ φ         

    

C
applied B

i,eff

NkT
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where φB is the barrier height (the difference between the metal work function and 

the electron affinity of the semiconductor), vn and vp are the thermo-ionic emission 

velocities, and n0 and p0 are the equilibrium densities. The default values for the 

recombination velocities vn and vp are 2.6 x 107 cm/s and 1.9 x 107 cm/s respectively 

[7, 9]. 

2.8 Poisson Equation 

The three governing equations for charge transport in semiconductor devices are the 

Poisson equation and the two electron and hole continuity equations. The Poisson 

equation is stated as: 

(((( ))))D Aq p n N N+ −+ −+ −+ −∇ε.∇ψ = − − + −∇ε.∇ψ = − − + −∇ε.∇ψ = − − + −∇ε.∇ψ = − − + −  

where ε is the electric permittivity, q is the elementary electronic charge, n and p are 

the electron and hole densities, and ND
+

 and NA
-
 are the number of ionized donors and 

acceptors, respectively. The keyword for the Poisson equation is Poisson. The 

electron and hole continuity equations (Selected with the keywords Electron and 

Hole, respectively, in, e.g., the Coupled statement) are written as follows: 

∇ n

n
.J qR q

t
∂∂∂∂= += += += +
∂∂∂∂

������������

 

−∇ p

p
.J qR q

t
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∂∂∂∂

������������

 

where R is the net electron-hole recombination rate Jn and Jp and are the electron and 

hole current densities. 

2.9 Recombination  

Recombination of electrons and holes is a process by which both carriers annihilate 

each other: electrons occupy - through one or multiple steps - the empty state 

associated with a hole. Both carriers eventually disappear in the process. The energy 

difference between the initial and final state of the electron is released in the process. 

This leads to one possible classification of the recombination processes. In the case of 

radiative recombination, this energy is emitted in the form of a photon. In the case of 
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non-radiative recombination, it is passed on to one or more phonons and in Auger 

recombination it is given off in the form of kinetic energy to another electron [9, 11]. 

2.9.1 Shockley–Read–Hall recombination 

Recombination through deep levels in the gap is usually labelled Shockley–Read–Hall 

(SRH) recombination. 
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where Etrap is the difference between the defect level and intrinsic level. The variable 

Etrap is accessible in the parameter file. The silicon default value is Etrap = 0. The 

minority lifetimes τn and τp are modeled as a product of a doping-dependent, field-

dependent and temperature-dependent factor: 
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(((( ))))dop =
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τ ττ ττ ττ τc

f T
= ,c n, p
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where c = n or c = p for holes. For an additional density dependency of the lifetimes 

[9, 11].  

For simulations that use Fermi statistics or quantization needs to be generalized. The 

modified equation reads: 

(((( )))) (((( ))))
2
,eff

1 1

γ γγ γγ γγ γ
====

τ γ  + τ γτ γ  + τ γτ γ  + τ γτ γ  + τ γ
n p  iSRH

net

p n n p 

np - n
R

n+ n p + p
 

where γn and γp are the function of ηn and ηp and are given by 
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where ηn and ηp is define as 

ηηηη nF C
n

n

E - E
 = 

kT
 

ηηηη pV F

p
p

E  - E
 = 

kT
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 23

Chapter 3 –Properties of MOSFET 

In this chapter characteristic properties of MOSFET are presented. 

3.1 Characteristics properties of MOSFET  

In p-type silicon, the minority carrier electrons are the channel charge. This is due to 

the need to separate electrically the MOSFET device from the silicon bulk. 

In an n-channel MOS structure, fabricated on a p-type silicon substrate, a Gate +ve 

bias Vg greater than Vt will create an inversion n-channel under the gate oxide. The 

inversion layer charge, QN, is given by 

N ox g t g tQ  = - C  (V  - V ) , for V    V≥≥≥≥  

where Cox is the capacitance of the oxide layer.  

The Threshold voltage of a MOS structure depends on the physical properties of the 

MOS structure such as the kind of Gate metal, oxide thickness, and silicon doping 

level. It also depends on any fixed charge that may be present between the Gate metal 

and the oxide [9-10]. 

3.1.1. Regions of operation. 

Charge carriers in MOSFET originate in Source and flow into Drain. The total 

amount of charge that flows depends on how much charge is injected into channel 

from Source. This is controlled by the Gate-Source bias, Vgs.  The drain current may 

or may not depend on the voltage drop between Source and Drain.  

The inversion channel at the Source-end is controlled by Vgs, and at the Drain-end by 

Vgd.  For an n-channel MOSFET, the inversion channel is present at the Source-end of 

channel if Vgs > Vt, and is present at the Drain-end of channel if Vgd > Vt. 

Triode: If V gs > Vt and Vgd > Vt, then the n-channel is continuous all the way from 

Source to Drain. The source and drain are connected by a conductor (or a resistor) of a 

given resistance. The drain current increases if the voltage between source and drain 

increases. The channel resistance depends on how much charge is injected at the 

source end, which in turn is controlled by Vgs. The Drain current Id depends on both 

Vgs and Vgd (or Vds), and thus we call this region of operation a Triode. 
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Saturation: In saturation if Vgs > Vt and Vgd < Vt, then n-channel is presen (or 

induced) at the S-end, but the channel is depleted at the D-end. That is, the n-channel 

is pinched off at the Drain-end. Once the drain-end of channel is pinched off, the 

current no longer depends on the voltage drop between S and D, actually there is a 

small dependence of Id on Vds.  

Cut-off: in this state if Vgs < Vt (and of course, Vgd < Vt), then the no n-channel is 

present and no current flows. 

3.2 RF Properties of LDMOS Transistor 

The high-frequency properties of a Si-LDMOS transistor is usually determined by the 

length of the channel region. The shorter channel length improves the linearity since 

the transistor always works in velocity saturation. GaAs based HEMT and MESFET 

are used in high frequency operation e.g. telecommunication applications. GaAs has 

higher saturation velocity compared to Si [6]. 

 The typical design aspects of an LDMOS are listed below: 

� High gain and gain flatness (dB) 

� High output power (Watts or dBm) 

� High frequency operation and bandwidth (Hz) 

� Power efficiency requirements (V, A) 

The beneficial method is to characterise the properties through its two dimensional 

scattering parameters matrix (S-parameters), which is widely used in RF/microwave 

theory. The importance of this method is derived from the fact that practical system 

characterisation can no longer be accomplished through simple open- or short- circuit 

measurement, as it is done for low-frequency applications (Z-, Y-, h-, and ABCD-

parameters). This approach works very well under steady state and small-signal 

approximation. Here the signal amplification is largely restricted to the linear region 

of the transistor.  

When the power of the input signal reaches a certain level, the transistor saturates and 

starts clipping the output signal. The consequence is the generation of spurious 

frequencies that invokes distortion the fundamental signal and power losses. As a 
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result, the specific properties for evaluation of transistor as well as typical properties 

must be considered. 

3.2.1 Power. 

There are two concepts of power for RF/microwave circuits: available and dissipated 

power. Available or transferable is the maximum power, which is accessible from a 

source. The maximum available power is obtained from the source if the input 

impedance of the device equals the conjugate of the source impedance (Zin = Zs*) 

[10]. Therefore, for maximum available power as a function of frequency can be 

expressed as: 
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where VS(ω) is a peak value of a sinusoidal voltage applied on input. Re{ZS(ω)} is the 

real part of the source impedance. 

The dissipated or transferred power is the power dissipated in a load [10]. It can be 

expressed as: 
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where VL(ω) is a peak value of a sinusoidal output voltage. Re{ZL(ω)} is the real part 

of the load impedance. 

It is important to consider the value for different application requirements. For 

example, for IEEE802.11a,b,c the maximum linear output power must be 23-24 dBm. 

To characterize a Power Amplifier the so-called power density parameter is frequently 

used. It is ratio between the power and transistor gate width (W/mm). The best results 

are achieved in [10] which shows 1-2 W/mm power density for Si-LDMOS. 

3.2.2 Gain.  

There are different definitions of the gain. The most useful is transducer gain, which 

is the ratio between the power delivered to the load and the power available from the 

source. Transducer gain can be expressed by: 
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Where PS is the RF drive power and PL is the output RF power. The typical value of 

the transducer gain for a RF PA is 10-15 dB (assumed one-stage structure). The other 

useful definition is maximum available gain (MAG). Available gain is a ratio between 

the power available from the output of the transistor and the power available from the 

source. The maximum value is occurred when the input of the transistor is conjugate-

matched to the source. The MAG is the highest possible value of transducer gain in 

case when both the input and output ports are conjugate-matched. MAG can be 

defined only if the transistor is unconditionally stable. It is also useful to evaluate the 

MAG versus swept frequency. It gives, so called, maximum frequency of oscillation 

(fmax), which shows the frequency when MAG reaches magnitude of 1 (0 dB).  

For the same reason, the current gain is evaluated versus frequency. The current gain 

is the short-circuit output current gain, which is a function of the swept gate voltage 

and the swept frequency. The value of the frequency, when the current gain drops to 

the magnitude of 1 (0 dB), is called cut-off frequency (fT). 

3.2.3 1 dB Gain compression point. 

One of the crucial characteristics of power amplifiers is the so-called gain 

compression point. As the input signal to the amplifier approaches the saturation 

region, the gain begins to fall off or compress. The typical relationship between input 

and output power is shown in Figure 3.1. At low drive levels, the output power is 

proportional to the input power. 

 

 

 

 

 

 

 

 

 

Figure 3.1 Pout versus Pin, 1dB compression point 
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However, as the power goes beyond a certain point, the gain of the transistor 

decreases, and eventually the output power reaches saturation. The point where the 

gain of the transistor deviates from the linear, or small-signal gain by 1 dB (about 1% 

distortion) is called the 1 dB compression point and it is used to characterize the 

power handling capability of transistor. 

The gain corresponding to the 1 dB compression point is referred to as G1dB and is 

computed as G1dB = G0-1dB, where G0 is the small-signal gain (or S21). Pout,1dB at the 1 

dB compression point can be expressed in dBm if it is related to the corresponding 

input power Pin,1dB as: 

out,1dB 1dB in,1dB 0-1dB in,1dBP  (dBm) = G (dB)+ P (dBm) = G + P (dBm) 

3.2.4 Efficiency. 

The operational efficiency of the LDMOS can be estimated by the output efficiency 

(drain efficiency): 

1

dc

P
η = 

P
 

where P1 is fundamental output power expressed by P1=1/2VdcI1; Pdc is DC power 

consumption: Pdc=VdcIdc. 

In addition, one of the frequently used parameter is Power Added Efficiency (PAE) 

expressed by: 

1 IN

dc

(P -P )
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P
 

This parameter is particularly important from power-consumption and power 

dissipation point of view. It is usually quantified in percentages. For example, for a 

class-A amplifier the transistor conducts during the whole wave period with an 

efficiency of 50% (in real life even less). It means that more than 50% of the energy 

dissipates as heat. It is not an acceptable condition for many telecommunication 

applications due to heating and battery lifetime issues. 

3.2.5 Linearity. 

Since a transistor is a nonlinear active device, the contemplation of its linearity 

characteristics must be taken into account. There are two well-known nonlinear 
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effects. One is the weakly nonlinear effect and the other is the strongly nonlinear 

effect. For example, during analysis the linearity of LNA it is usually considered only 

weakly nonlinear effect [1]. However, this assumption is not acceptable for the 

LDMOS due to relatively strong input signal. Therefore, both the nonlinear effects 

should be taken into consideration to obtain a successful design [12-13]. 

3.2.6 Intermodulation distortion (IMD) 

The linearity of a transistor and hence a PA is typically characterized with 

intermodulation distortion (IMD). The IMD is a phenomena of generation of 

undesirable harmonics, which distort the fundamental tone(s). The nonlinear effects 

give rise to intermodulation products and can easily be seen by applying two 

fundamental tones. The third order intermodulation products have major impact on 

the useful signal and introduce gain compression and clipping of the output signal. 

The assumptions in some literature tend to neglect intermodulation products higher 

than third order, the odd harmonics (fifth, seventh) are important to consider when 

Pout exceeds the 1dB compression point [11]. In case only one tone is applied it is 

necessary to consider second order IMD as well. 

The frequency domain representation shows a two-tone case for transistor’s third 

order IMD in Figure 3.2. 

 

Figure 3.2 Two tone intermodulation distortion. 

The formal description of third (second) order IMD is given by: 

out1dB outIMDIMD[dBc] = P  - P  

where PoutIMD is output power of third(second) order intermodulation product.  

Pout1dB is output power at 1 dB gain compression point. 
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One of the ways to analytically represent nonlinear behaviour is by series. For 

example power series for two-tone signal (This is known as weakly non-linear 

representation by Taylor series expansions). 

2 3 4 5
0 1 i 2 i 3 i 4 i 5 iv = a v + a v + a v + a v + a v + ... etc., 

where  

υi= V1cos(ω1t)+ V2cos(ω2t) is the input waves Figure 3.2. an is the gain for a certain 

order (the linear gain representation) 

Hence the third order intermodulation terms can be defined as: 

2 23
3 1 2 1 2

3a
= cos(2 ) cos(2 )

4 1 2 2 11 2 2 11 2 2 11 2 2 1    ++++    IMD V V V Vω − ω ω − ωω − ω ω − ωω − ω ω − ωω − ω ω − ω  

3.2.7 Intercept point 

The other parameter to characterize linearity is the intercept point (IP). The point is 

shown in Figure 3.3. If the 1:1 slope Pout versus Pin and the 3:1 slope IM3 versus Pin 

are extended, they will intersect at a point called IP3, the third order intercept point. 

IP3 is an approximation because the slope assumption is not truly valid outside the 

linear region. It is very useful to consider this point during design by component 

performance because the higher IP3 point, the less distortion at higher power levels. 

 

 

 

 

 

 

 

 

 

Figure 3.3. Third order intercept point. 
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Chapter 4– Design and Simulation 

In this chapter the physical design and structure of LDMOS of both reference and 

Infineon’s transistor structure is described. The boundary and doping profiles and the 

DC and large signal analysis are presented. 

4.1 Simulation steps 

We started our work by building the transistor structure. In simulation stage first we 

perfomed DC analyse. The large signal RF analyses started after obtaining reasonably 

good match in simulated and measured DC characteristics. Large signal RF 

simulations were performed in time domain. The resulting drain and gate voltage & 

current signals obtained from the simulations were then Fast Fourier Transformed 

(FFT) using Matlab. The flow chart below is showing the roadmap of our work from 

the beginning.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: The flow chart shows roadmap of the task from the beginning 
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4.2 LD-MOS Device Simulation 

In the device solver, currents [A], voltages [V], and charges [C] are computed based 

on a set of physical device equations that describes the carrier distribution and 

conduction mechanisms. 

A real semiconductor device, such as a transistor, is represented in the simulator as a 

‘virtual’ device whose physical properties are discretized onto a nonuniform ‘grid’ (or 

‘mesh’) of nodes. 

Therefore, a virtual device is an approximation of a real device. Continuous properties 

such as doping profiles are represented on a sparse mesh and, therefore, are only 

defined at a finite number of discrete points in space. 

The doping at any point between nodes can be obtained by interpolation. Each virtual 

device structure is described in the ISE TCAD tool suite by two files: 

1) The grid (or geometry) file contains a description of the various regions of the 

device, that is, boundaries, material types, and the locations of any electrical 

contacts. This file also contains the grid (the locations of all the discrete nodes 

and their connectivity). 

2) The data (or doping) file contains the properties of the device, such as the 

doping profiles, in the form of data associated with the discrete nodes. By 

default, a device simulated in 2D is assumed to have a ‘thickness’ in the third 

dimension of 1 µm. 

In ISE-TCAD device structures can be created in various ways, including 1D, 2D, or 

3D process simulation (DIOS), 3D process emulation (DEVISE), and 2D (MDRAW 

and DEVISE) or 3D (DIP and DEVISE) structure editors. For our simulation we have 

used 2D process simulation in MDRAW  

For maximum efficiency of a simulation, a mesh must be created with a minimum 

number of vertices to achieve a desired level of accuracy. To create the most suitable 

mesh, the mesh must be densest in those regions of the device where the following are 

expected 
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4.3 Design flow 

Our device ‘design flow’ involves the creation of a device structure by a process 

simulation followed by meshing using MDRAW. In this scheme, control of mesh 

refinement is handled automatically through the file _mdr.cmd (created by MDRAW). 

MDRAW is used to build the device structures (using analytic doping profiles) and 

create a suitable mesh.  

DESSIS is used to simulate the electrical characteristics of the device. Such a 

seamless flow through ISE-TCAD tools, with the associated file types, is represented 

in Figure 4.2 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 A typical design flow with DESSIS device simulation 

Then INSPECT is used to plot the electrical characteristics. Finally, Tecplot is used to 

visualize the output from the simulation in 2D 

4.4 Physical Design. 

The important geometrical parameters in the MOSFET are the gate oxide thickness, 

tox; the channel length, L; and the channel width, W. The value of tox is set in the 

fabrication, to obtain suitable threshold voltage and better drain current. The channel 

length and width, are determined by the layout of the transistor, and are the primary 

design variables. The important parameters of MOSFET for RF application is to 
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Gate  

Source 
Drain  

N+  N- resurf  N+  

Si - Substrate 

achieve lower capacitance, higher drain current and higher drain source breakdown 

voltage. 

The device simulation work was started on two transistors structure. 

1) Reference structure 

2) Infineon structure 

4.4.1. Reference Structure. 

We built a simple device structure of MOSFET as a reference by using the physical 

models and parameters available in ISE-TCAD software. Reference structure has been 

built to check and correct errors of the simulators and to keep it on track by 

controlling convergence problem and calculation. 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Reference structure together with the doping profile at different regions of 

the reference transistor structures 

The reference transistor consists of source, drain, resurf and bulk regions only. The 

structure consists of a p type substrate, a highly doped n+ source and drain regions. A 

low doped n- region on the drain side was added as resurf for obtaining higher 

breakdown voltage. Figure 4.3 is showing the reference structure in cross sectional 

view.  
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The structure is simple and similar to the Infineon's transistor structure. Channel and 

resurf length is kept smaller in order to keep simulation time minimum. The impact 

ionization model for this transistor was not turned on; the transistor was thus 

simulated to the same drain voltage as of Infineon's transistor. The doping profile is 

shown in the figure 4.3 and is explained in Table 4.1.  

Table 4.1: Doping Profile of the reference structure: 

The purpose of the this reference transistor is to understand the problems in the 

simulations that generate often due to structure complexity like in the case of LD-

MOSFET transistor structure that has several ion-implanted regions. 

4.4.2. Infineon Structure. 

We built LD-MOSFET structure with all the parameters like doping concentrations 

and thicknesses of various regions of the transistor, provided by Infineon Technology 

(Prof. Torkal Arnborg) and are defined here. 

Boundary Profile of Infineon Structure: The structure consists of a p-type Si 

substrate, a low-doped p-type epitaxial layer. Drain and source regions are highly 

doped n-type (n+ drain and source). On the drain side a low doped n- region (resurf) 

was added for obtaining higher breakdown voltage. On the source side, a high doped 

P-well region was established by ion-implantation which modifies the channel. 

 

 

Region 
Profile 
Type 

Doping Type 
Value at 

Peak 
Value at 
Depth 

Default Constant Boron Active Concentration 3E15 3E15 

n+ Drain Gaussian Arsenic Active Concentration 5E20 3E19 

n+ Source Gaussian Arsenic Active Concentration 5E20 3E19 

n- Drain Gaussian Arsenic Active Concentration 8E19 5E17 

n- Source Gaussian Arsenic Active Concentration 8E19 5E17 

Channel Unifine Boron Active Concentration 2E17 1E17 
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Figure 4.4: Doping profile of the different regions of the Infineon transistor. 

 

 Table 4.2: Doping Profile used in the Infineon transistor structure:  

Region Profile 
Type 

Doping Type Value 
at Peak 

Value on 
Depth 

n+(Drain) Gaussian Phosphorus Active Concentration 6.5E18 1E16 

Drain Gaussian Arsenic Active Concentration 2.35E20 1E16 

n-(resurf) Gaussian Arsenic Active Concentration 5.6E16 9E14 

Source Gaussian Arsenic Active Concentration 2.35E20 1E16 

p-well Gaussian Boron Active Concentration 2E18 1E16 

epi Constant Boron Active Concentration 6E14 6E14 

Deep p+ Gaussian Boron Active Concentration 2.8E19 1E16 

Bulk Constant Boron Active Concentration 6.5E18 6.5E18 

Gate oxide thickness was 30 nm, the Channel length was 0.45 µm, the source to gate 

and gate to drain contact spacing were 2.65 µm and 3.25 µm respectively. The total 

length and height of the simulated structure was 12.7 µm and 19 µm respectively. The 

structure built in the simulation is shown in Figure 4.4 together with the doping 

profiles of the different regions in Table 4.2. 
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4.5 Structure with back side source contact  

Typically in LD-MOS transistors, the source contact is placed at the backside of the 

substrate. By this way the number of bond wires on the top surface is reduced. The 

simulations (both in DC and RF) were performed on the intrinsic transistors without 

any parasitics and since the source resistance always play very important role in 

microwave properties, we then simulated the transistor by placing source contact at 

the bottom of substrate also. The backside source contact is established by creating a 

highly doped, p-type (deep p-well) region by ion implantation as shown in Figure 4.5. 

The matching in the results between simulations and measurements was improved. 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Structure and doping profile of the Infineon transistor structures with 

source contact at the bottom of the wafer 

4.6 DC analysis. 

The first step in the current work is to simulate the DC current-voltage (I-V) 

characteristic. 

Set-up: The DC simulation was performed to depict the drain current-voltage (I-V) 

characteristics. The I-V curves help to see, for example, the operation region of a 

transistor, the maximum drain currents, threshold voltage, knee region etc. 
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� For Reference structure VGS = [0→2.5]V and VDS= [0→10]V. The results of 

simulation, I-V curves, are shown in Figure 5.1 (Chapter 5). 

� For Infineon’s structure VGS = [0→8] V and VDS= [0→50] V. The results of 

simulation, I-V curves, are shown in Figure 5.2 and Table 5.1 & 5.2 (Chapter 5).  

4.7 Large signal Time-domain Analysis 

The physical large signal simulations were performed in time domain to investigate 

the RF properties such as output power, output and input impedance and power added 

efficiency (PAE). These simulations were performed in a novel way by utilising a 

simple amplifier circuit in the ISE-TCAD circuit analysis module. The schematic 

diagram of the simulation circuit is shown in Fig. 4.6 [8]. 

The simulations were performed at frequencies 1, 2 and 3 GHz. The gate bias points 

were selected for class-AB amplifier operation.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Schematic diagram of the large signal TCAD simulation technique 

We applied a DC bias and RF input signal to the gate while a DC bias and RF output 

signal simultaneously was applied to the drain terminal, with the same fundamental 

frequencies on both terminal, but with 1/ƒ time delay to achieve 180o phase 

difference. The RF source at the drain delivered a sine wave at the fundamental 

I(t),V(t) 

Matlab 
 

 FFT  V(ƒ),I(ƒ)        P(ƒ),Z(ƒ) 

Simulation Parameters:  
•Transistor structure 
•Physical model in ISE-TCAD 
•Circuit parameters 
  f= 1-3 GHz 
  Class AB mode 
  DC(gate)   = 2 V     
  AC (gate)   = 8 V 
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  AC (drain)   = 35 V 
  Delay AC (gate)  
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frequency thereby acting as a short at the higher harmonic frequencies. These signals 

thus also acted as an active match to the transistor. 

The simulation time was selected to be three full periods of the carrier frequency. We 

applied 8 and 30V AC signal at gate and drain terminals respectively and 2 and 35V 

DC on gate and drain terminals. It is interesting to note that the transistor is stable 

even from the first cycle and drain current was the same in 2 or 3 cycles. We selected 

third cycle to analyze by FFT. The resulting signals (voltages and currents in time 

domain) were then Fourier transformed using Matlab [11]. 
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Chapter 5 – Results 

5.1 DC Results. 

First DC simulation was performed on reference structure to handle the errors. 

Current voltage characteristics of reference structure are shown in figure 5.1. We 

applied 10 voltages at drain and 0 to 2.5 V range at gate, the maximum drain current 

obtained is 0.15 A/mm at 2.5V gate voltage.  
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Figure 5.1 Current voltage characteristics of reference structure 

After adjusting simulation parameters we continued simulation work on Infineon’s 

structure.  

Table 5.1: DC parameters of Measured and Simulated models 

Parameters Gate 
Voltages 

Drain 
Voltage 

Max Drain 
Current 

Breakdown 

Measured 3 V → 8 V 50 V 190 mA 45 V 

Simulated 3 V → 8 V 70 V 500 mA 65 V 
 

5.1.1 DC Simulation with Source contact at the top. 

The simulated results show DC behavior. Measured transistor has small drain current 

and threshold voltage, simulated drain current and threshold is a bit higher. The 

measured DC drain characteristics of Infineon transistor structure are shown in Figure 

5.2 for the gate voltages from 0 to 8 V. The transistor showed a breakdown around 50 

V and the maximum drain current was 190 mA at a gate voltage of 8 V. 
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 It can be seen that the threshold voltage is higher in simulation result than 

measurement, it can be explained for the high channel resistance. Drain current 

saturation was better achieved in simulated results since the doping profile was tuned 

in order to obtain the same slope as of the measured transistor and can be seen in 

figure 5.4. 

 

 

 

 

 

 

 

 

Figure 5.2: Measured DC drain characteristics of Infineon’s transistor. The transistor 
showed a breakdown at about 50 V. The maximum drain current was 190 mA. 

Measured threshold voltage was 3.2V, figure 5.3 shows the measured threshold 

voltage of Infineon’s transistor at 14V drain voltage and 3 to 8V gate voltages. 

 

 

 

 

 

Figure 5.3: Measured Threshold Voltage of Infineon’s transistor at 14V drain voltage 
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Figure 5.4: Simulated DC drain characteristics of Infineon’s. The transistor showed a 
breakdown at about 60 V. The maximum drain current was 500 mA. 

Simulated threshold voltage of Infineon’s transistor at 14V drain voltage and 3- 8V 

gate voltage with top side source contact is 4.3V and is shown in figure 5.5  

 

 

 

 

 

 

Figure 5.5: Simulated Threshold Voltage of Infineon’s transistor with top side source 

contact at 14V drain voltage 

It is difficult to compare two results, since the source contact is at the top of the wafer 

in simulated transistor and in measured parameters the source contact is at the bottom, 

the source resistance play very important role in microwave transistors. Furthermore 

no parasitics effects are included in the simulations, so is difficult to compare.  
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Table 5.2: Comparison of simulated and measured DC results 

 Measured Simulated 

Gate Voltages Max Drain 
Current 

Breakdown 
Voltage 

Max Drain 
Current 

Breakdown 
Voltage 

4 V 0.04 A/mm 50 V 0.005 A/mm 60 V 
5 V 0.09 A/mm 50 V 0.06 A/mm 60 V 
6 V 0.13 A/mm 42 V 0.16 A/mm 60 V 
7 V 0.17 A/mm 35 V 0.32 A/mm 60 V 
8 V 0.19 A/mm 35 V 0.5 A/mm 60 V 

 

5.1.2 DC Simulation with Source contact at the bottom. 

The DC drain current voltage characteristics were simulated by placing the source 

contact at the bottom and are shown in Figure 5.6. The matching in the results 

between simulations and measurements was improved.  

Table 5.3 shows the comparison between measured and simulated result where in 

simulated result the source contact is at the bottom of the wafer.  

 

 

 

 

 

 

 

 

 

Figure 5.6 Simulated drain current voltage characteristics of LD-MOS transistor with 

source contact at the bottom. 
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Figure 5.7 shows the simulated threshold voltage of Infineon’s transistor at 14V drain 

voltage and 4 to 8V gate voltages with back side contact. Simulated threshold voltage 

with back side source contact was obtained is 4.2 V which showed slightly change 

than the top side source contact. 

 

 

 

 

 

 

Figure 5.7: Simulated Threshold Voltage of Infineon’s transistor with bottom contact 

at 14V drain voltage 

Table 5.3: Comparison of measured DC results with simulated results with bottom 

contact 

 

 Measured Simulated 

Gate Voltages Max Drain Current Max Drain 
Current 

4 V 0.04 A/mm 0.01 A/mm 
5 V 0.09 A/mm 0.07 A/mm 
6 V 0.13 A/mm 0.15 A/mm 
7 V 0.17 A/mm 0.24 A/mm 
8 V 0.19 A/mm 0.33 A/mm 

The comparison between simulated DC results with contact at the top and the 

simulated DC results with contact at the bottom are given in table 5.4. The maximum 

drain current is 330 mA at 8V gate voltages with bottom contact, whereas 500 mA 

was obtained while the contact was at the top. The simulated results with bottom 

contact are more closer to measured results. 
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Table 5.4: Comparison of simulated DC results with top and bottom contact 

 

Contact Top Bottom 

Gate Voltages Max Drain Current Max Drain 
Current 

4 V 0.005 A/mm 0.01 A/mm 
5 V 0.06 A/mm 0.07 A/mm 
6 V 0.16 A/mm 0.15 A/mm 
7 V 0.32 A/mm 0.24 A/mm 
8 V 0.5 A/mm 0.33 A/mm 
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5.2 Large signal  time domain (RF) Results. 

After obtaining reasonable DC characteristics, we started RF large signal simulation. 

Large signal simulation technique is describe in section 4.6 

5.2.1 Results obtained at 1 GHz 

Figure 5.1 is showing the drain and gate 

voltage wave form as well as drain current 

waveforms. The biasing conditions were: 

Vgate(DC) 2 V, Vin(AC) 8 V (amplitude), 

Vdrain(DC) 35V and Vdrain(AV) 30 V 

(amplitude). From Fig.5.1 it can be seen that 

the maximum and minimum of the drain 

current is lying just opposite to the drain 

potential as expected.  

The upper graphs of figure 5.2 show the drain 

current and voltage extracted by Fourier 

transforming the time domain signals. The 

DC component is shown at 0 while the RF 

component is shown at 1 GHz in fig (a). the 

current graph is shown in Fig (b) where we 

obtained very low current on higher 

harmonics as we shorter the voltage source 

not the current source. Fig (c) shows the 

power both at DC and RF at zero and 1 GHz. 

The DC power at f = 0, corresponds to the 

DC input power to the device, which is 2W. 

We further note the negative power at the 

carrier frequency (at 1 GHz), corresponding 

to the power delivered by the device (Pout) 

and here Pout is 1.25 W/mm which is much 

better then the measured parameters where 

Figure 5.8 I-V Waveform at 1 GHz. 

Figure 5.9 Fourier coefficient of voltages 
current and power at drain and gate 

Figure 5.10 Load Line 

(a) (b) 

(f) (d) (e) 

(c) 
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Figure 5.11 I-V Waveform at 2 GHz. 
 

Figure 5.13 Load line 
 

Figure 5.12 Fourier coefficient of voltages 
current & power at drain and gate 

 

the maximum power was 0.8 W/mm. Finally, no power is observed at higher 

frequencies since we by definition have short-circuited these. Corresponding 

calculations are shown for the gate, in lower graphs thereby estimating the input 

power (Pin). The power added efficiency obtained at 1 GHz was 63% and the 

transistor gain is 23.7 dB. Corresponding graphs for the gate are given in fig (d, e, f). 

Finally the load line is shown in figure 5.3, 

plotted for 1 GHz operating frequency. 

5.2.2 Results obtained at 2 GHz 

Figure 5.4 shows the current and voltages 

waveforms obtained at 2 GHz. The DC 

voltage sources and AC signal were kept at  

the same level as of 1 GHz.  

The transistor is functioning normal at this 

frequency, a slight shift in the peak of the 

drain current waveform was observed. No 

tuning of phase and amplitude between the 

two AC signal was performed. The current 

waveform is not prolonged with respect to 

voltage signal, thus the calculations were 

performed on the observed current and 

voltages waveforms. A small difference in 

the drain current waveform was also 

observed. 

Fourier coefficients at 2 GHz. Operating 

frequency are shown in figure 5.5 the output 

current at drain is almost the same as at 1 

GHz. but at gate it increased slightly. The 

output power was decreased to 1.15 W/mm 

but the input power was also increased. Both 

power added efficiency and gain has been 

reduced. The   PAE obtained is 57% while 

(a) (b) 

(f) (d) (e) 

(c) 



 47

Figure 5.14 I-V Waveform at 3 GHz. 

Figure 5.15 Fourier coefficient of voltages 
current and power at drain and gate 

 

Figure 5.16 Load line 
 

the transistor gain is around 19dB and is corresponding to the values obtained 

experimentally at Infineon laboratory. 

5.2.3 Results obtained at 3 GHz 

Current and Voltage waveforms obtained at 

3 GHz frequency is shown in figure 5.7, 

with Vgate 2 V, Vin 8 V (amplitude), Vdrain 35 

V and Vout 30 V (amplitude). At 3 GHz the 

output current waveform is broadened than 

what is obtained at 1 and 2 GHz indicating 

the behavior of the transistor at the higher 

operation frequency. Still the waveform of 

the output current at drain is normal but 

prolonged. The carrier transport for the 

complete cycle has not shown any abnormal 

behavior.   

Transformed voltage and current signals and 

output power at 3 GHz. are shown in figure 

5.8. Compare to 1 and 2 GHz the input 

power has increased. Now the output power 

has decrease to 1.1 W/mm. 

The power added efficiency calculated at 

3 GHz is 51% and the Gain is 15 dB. 

Figure 5.9 shows the load line at 3 GHz 

frequency. 
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The results of the simulations are showing the main properties for the considered 

frequencies in the table below (all data in the table are shown for bias condition: 

VDS=30V, VGS=8V). 

Table 5.5: RF Large Signal time domain results on different frequencies 

 

The table demonstrates the maximum values, which were achieved by optimisation of 

the matching networks designed PA for the maximum output power and gain. 

 

 

 

 

 

 

 

 

Frequency GHz 1 2 3 
Drain voltage (AC) V 30 30 30 
Gate voltage (AC) V 8.0 8.0 8.0 
Drain voltage (DC) V 35 35 35 
Gate voltage (DC) V 2.0 2.0 2.0 
Drain current A/mm 0.2 0.22 0.25 
Gate current A/mm 0.07 0.12 0.17 
DC output Power W 1.97 2.0 2.15 
Output Power W 1.25 1.15 1.10 
Input Power W 0.005 0.015 0.032 
Power Added Efficiency PAE % 63 57 51 
Gain dB 23.7 19 15 
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5.3 Conclusion 

The present investigations showed an improvement in RF characteristics of Si- 

LDMOS, which surpass BJT and even approaching to the future wide bandgap, based 

RF power electronic devices such as SiC-MESFETs performances. The simulated 

output power density was above 30dBm (1.1W) at 3 GHz with an efficiency of xx% 

and xx dB gain. This indicates that the LDMOS transistors can easily capture the 

market of 3 and 4G mobile telephone systems.  

RF performances can be improved further by lowering the on-state drain resistance. 

This can facilitate the transistor operation to 6 GHz and thus will cover the entire band 

between 2 to 6 GHz. At the same time the p-well region can be modified to reduce 

source inductance.  

The future work is planned to be performed the RF large signal simulations including 

parasitic effects. The self heating due to current flow in the device will also be 

modeled.  
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Appendix – Terminology 
 

BJT:    Bipolar Junction Transistor 
BN:    Bias Network 
CMOS:   Complementary Metal Oxide Semiconductor 
FET:   Field Effect Transistor 
GaAs:   Gallium-Arsenide 
GaN:   Gallium-Nitride 
HB:    Harmonic Balance 
HEMT:   High Electron Mobility Transistor 
IMD:   InterModulation Distortion product(s) 
IMN:   Input Matching Network 
IP:    Intercept Point 
LDMOS:   Laterally Defused Metal Oxide Semiconductor 
MAG:   Maximum Available Gain 
MESFET:   MEtal Semiconductor Field Effect Transistor 
MOSFET:   Metal Oxide Semiconductor Field Effect   
   Transistor 
OMN:   Output Matching Network 
PA:    Power Amplifier 
PAE:   Power Added Efficiency 
RF:    Radio Frequency 
Si:    Silicon 
SiC:    Silicon-Carbide 
UMOS:   U-shaped gate Metal Oxide Semiconductor 
VMOS:   V-shaped gate Metal Oxide Semiconductor 
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