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MOIELS FOR VERY HIGH SPEED TRANS1STORS 

In recent years,the semiconductor electronic industry 

has entered the Very Large Scale. Integration(VLSI)era, in 

which individual integrated circuits are characterized by 

increasingly complex circuitry and technology.progress in 

the microelectronics area will continue .to be tied to the 
" 

ability to continue to put ever increasing numbers of 

smaller devices on a chip. In the submicron device size 

range , it is expe cte d that transport will be limite d by the 

saturation velocity.Therefore, the devices should be very 
, 

fast and be fabricated with very small dimensions.A new 

transistor which can meet these requirements bas appeared 

on the sce,ne., This transistor,called MODFET which is a device 

evolved from the work on GaAs-AlGaAs superlattices(tbin 

alternating layers of different materials sharing the same 

crystalline lattice) shows some superior properties because 

of high mobilities achieved in GaAs since electrons transfer 

from the doped wider band gap AlGaAs to an adjacent undoped 

GaAs layer,a process now called modulation doping. 

Models to predict the characteristics of MODFET are 

investigated and a new 'analytical model is introduced.This 

new model,called Mobility-Dependent Model and based on the 

field dependent velocity approximation, seems to be the be at 

model for-this type of device s9 far. 



v 

OOK HIZLl BIR TRANZISTOR lO!N MOIBLLER· 

Son y~llarda yar~ i1etken e1ektronik endustrisi gittik

ge karma§~k bir ttim1e§ik devre ve tekno1oji igeren gok bU

yUk gapta' tilih1e§ik devre1er (VLSl) gagJ.l1a u1a§m~§t~r. Mik

roe1ektronik a1andaki bu ~zl~ ge1i§me her gegen gtin daha 

gok say~da kUgUk devre e1emanJ.l1~ bir k~rm~ga yer1e§tirebi1-

me gereksinimindetl kaynak1anmaktad~r.Mikron a1t~ kUguk bo

yut1ara sahip e1eman1arda,u1a§~labi1ecek en yllksek ga1~§ma 

~z~ doyma ~z~ i1e sJ.l1~r1~d~r.O ha1de,ge1ecegin ihtiyag1a

r~ kar§~layabi1ecek e1eman1arJ.l1 gok ~zl~ ve gok kUguk 

bdyut1arda olmas~ gerekmektedir.Bu gereksinim1eri kar§~la

yacak GaAs-A1GaAs sUperyap~lar ( ayn~ krista1 yap~ iginde 

ince tabaka1ar ha1inde fark1~ ma1zeme1erin degi§im1i olarak 

yer1e§tirilmesiy1e olu§mu§ krista1 yap~) tekno1ojisine da

ya1~ yeni. bir tranzistor uretilmeye ba§lanm~§t~r. Bu tran

zistor baz~ usttin oze11ik1er gostermektedir gtinkU ku11and~g~ 

modu1asyon1u katk~lama tekno1ojisinin sonucu katk~lanm~§ 

geni§ enerji bant1~ ma1zemedeki e1ektron1arJ.l1 biti§ikteki 

katk~lanmam~§ dar bant1~ ma1zemeye gegmesiy1e gok yllksek 

e1ektron hareket kabi1iyeti oze11igine sahiptir. 

Bu te zde MODFET olarak isim1endiri1en bu tranzistorun 

karakteristik1erini be1ir1emek igin ge1i§tiri1en mode11er 
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s~ras~yla incelenecek ve Hareketlilige-Bag~l~ model diye 

isim1endirilen yeni bir analitik model onerilaoektir.Bu mo

del elektron sUrUklenme ~Z~~ elektrik alan~a bag~l~l~~ 

g1 Uzerine kuru1mu~tur ve ~imdiye kadar,bu tip bir tranzis

tor igin,geli~tiri1mi~ en iyi model gibi gortinmektedir. 
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I. INTRODUCTION 

Depending on their use,high speed devices can be grouped 

into two categories :analog and di.gital devices.In general 

the analog devices are much faster than the digital ones and 

both types l;1av~ different applications.This thesis will be 

concerned with only special high speed field effect transistors 

which can be best fabricated by a special manufacturing 

technology,called molecular beam epitaxy(MBE). 

Devices intended for high speed applications should have 

very short transit times between the input and the output. This 

can be obtained by choosing a semiconductor and/or a special 

structure which exhibits high carrier velocity and by reducing 

the distance that the carriers have to travel.In vertical 

devices,e.g.bipolar junction transistors ,the important distance 

is the base thickness.This means that the control of the base 

thickness is very import~nt. 

Lateral three terminal devices,such as FETs,must have 

correspondingly small lateral dimensions.Small lateral dimensionl 

also require small epitaxial layer thicknesses and larger doping 

The drawback of very high carrier. concentrations is that the 

electronic properties of semiconductor degrade with increased 

doping.The point should be made very clear that for current 

conduction one needs electrons or holes.In conventional 

structures, electrons and donors ,and holes and acceptors are 

present in the same space.Using the heterojunction concept that 

can be achieved by MBE it is possible to separate the electrons 

needed for current conduction from donors,minimizing their 

adverse effects. 
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Electrons associated ,with donors placed in the AlvGa As 
,. 1-)( 

layers of Al Ga As/GaAs heterojunction structures transfer to 
)C ~-lC 

the GaAs layers.The resulting space charge sets up a strong 

electric field at each interface and leads to the formation 

of a trianf,Ular potential well.Aided by the energy bandgap 

discontinuity,the electrons are ~onfined to the heterointerface 

and are spatially separated from the donors.This is a very 

convenient way of obtaining electron concentrations of over 
-\8 0 

10 crn essentially in a plane.Since the donors are separated 

from the electrons the electron transport properties of 

undoped GaAs are preserved. This phenomenon is called modulation , 

doping, the FET appl~cation of which will be the main topic of 

this thes is. 

In the' first chapter the two~dimensional phenomenon 

encountered in Si-SiOL interfaces and in heterointerfaces is 

summarized.Since the device operation of MOS:FET and MODFET is 

based on the two-dimensional phenomenon,at least,having a 

general idea about this concept is necessary.Many aspects of 

the two-dimensional electron gas(2-DEG) cannot be explained 

properly yet,therefore~onl! general properties will be given. 

Since a thorou~h consideration of two-dimensional transport 

phenomenon is beyond the scope of this study. 

In the second chapter,main properties which cause the 

differences between Si and GaAs characteristics and some 

physical material properties of them are given.Also,in this 

chapter,the devices fabricated utilizing the properties of 

compound semiconductors,especially ,the GaAs,and the devices 

incorporating heterojunctions are described and comparisons 
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between them are made.At the end of this chapter a comparison 

of today's available high-frequency,low-power device applications 

are given. 

The third chapter is devoted t·o the MODFBI' • A thorough 

explanation of modulation doping technique,which is the basic 

principle of obtaining MODFETs as a result givin~ i~s name to 

the dev .ice, is given. Then the I'abrication teChniques are given 

briefly preceding to tne lnvestigatlon of the modeis.The models, 

wnich are proposed to estilIlate the device characteristics and 

to be used as guides in device designs,are given in the order 

in which they appear in the international Ii ter'ature .Comparisons 

between them and between experimental data are made. 
" 

In the last chapter \'18 intro,?-uce a new model which is 

based on the field-dependent velo,ci ty formu'la of Lehovec and 

Zuleeg.At the beginning,high·field 'transport conditions ,which 

are frequently encountered in the submicrometer devices, are 

investigated. Then the model predictions about the device 

behavior are given.It is shown that very good agreement with 

experimental data is obtained.T,he AC and DC characteristics 

of the MODFET are obtained using the ~roposed model.Comparisons 

of the results with the present models and the introduced model 

are made.The high frequency performance,switching properties and. 

the circuit applications of the MODFET are discussed.At the very 

end,the noise performance of the device is given. 
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II. TVlO-DlllIDNSIONAL EIECTRON GAS 

Our main inte're st in this chapter is dynamically-two 

dimensional system in which e le ctrons or hole s have quantize d 

energy levels for one spatial dimension,but are free to move 

in two spatial dimensions.Thus the wave vector is a good 

quantum number for two dimensions, but not for the. third. 

The best known two-dimensional systems are carriers 

cOnfined to the vicinity of junctions between insulators and 

semiconductors, between layers of 4i£ferent semiconductors, 

and between vacuum and liquid helium. 
, 

The most important example of a two-dimensional system is, 

a particular insulator-semiconductor heterojunction system-

the metal-insulator-semiconductor (MIS) and'more particularly 

the metal-oxide-semiconductor (MOS) structure .The silicon MaS 

field-effect transistor (MQSFET) developed in 1960s and 1970s 

as an amplifying and Switching device used in integrated circud 

It is the most succe ssful example of a device in which the CM] 

on the plates of a capacitor is changed by the application of 

a voltage in order to modulate the conductance of one of the 

plates,and is now one of the major electronic components of 

memory and logic circuits used in computers. 

The interest in MaS structures is enhanced because they 

show the electronic properties expected of a two-dimensional 

electron gas.lt was postulated by Schrieffer (1) that the 

electrons confined in narrow potential well of an inversion 

layer would not behave classically.Quantization of the motion 
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in this direction into discre,te levels is expected.When the 

free-electron behavior along the interface is included,the 

energy levels take the form 

(1.1) 

where k,e- and k~ are the wave vector components for the motion 

parallel to tha surface and the En are the electric quantum 

leve ls arising from the confinement in the narrow potential 

well.Each value of En is the bottom of a two-dimensional 

continuum called a subband. 

Fang and Howard (2) had observed a pronounce decrease in 

the electron mobi~~ty at high surface fields on a (100) surfac 

at 4. 2K. They postulate d that on a (100) surface the de gene rac~ 

of the six silicon conduction band energy minima located alo~ 

the [lOOJ axes in the Brillouin zone is removed by quantizatil 

in the surface potential well.The four valleys for which the 

effe cti ve mass for motion pe rpendicular to the surface is the 

light mass m-l::, are expe cte d to have highe r value s of the quant' 

levels E~ of Equation(l.l) than the two valleys whose long ax 

corresponding to the heavy effective mass mt,is perpendiculru:: 

to the surface.They assumed that the decrease in mobility 

appeared when the increasing carrier concentration carried 

the Fermi level into the subband associated with the higher 

energy levels,making scattering between the two set of valle~ 

energetically possible .This explanation was not a correct onE 

for the decrease in mobility but it gave the baSis for the 

mode ls of quantization in the se surface s and it s pre dictions 

as to the lifting of degeneracy of the valleys and of the 
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two-dimensional nature of the e1ebtrons were soon borne out 

by magnetoconductance measurements. 

A. Magnetocond:uctance 

A two-dimensional conduction band without spin or valley 

degeneracy bas a constant density of states equal to D=m/2ntt, 

where m is the effective mass,assumed to be isotropic.If a 

magnetic field H perpendicular to the surface is applied,the 
• I : 

I 

two-dimensional free electron motion is converted to a set 

of quantized Landau levels with spacing eHh/mc,()) .Neglecting 

spin,the energy states of the free electrons in the presence 

of the magnetic fiel~ H is given by the expression 

(1.2) , (4) 

where p is a positive integer, We- eH/D\c,i's the cyclotron frequen 

and k&is the component of the electron wave vector in the di-

re ction of the magne tic fie ld, which bas been assume d to be in 

direction perpendicular to the motion.The quantities me and m* 

are the cyclotron mass and effective mass respectively.As one 

can see from Equation (1.2) ,p and k~ are quantum numbers that 

characterize the energy state of an electron in a magnetic 
, ' 

field.The quantum number p can take only integral values 

or zero and characterizes which Landau level the electron 

belongs to,whereas,kivaries continuosly. ~his situation, 

is illustrated in Figure 2,is startingly different from the 
~ 

uniform distribution of electrons in k- space. 
... 

Viewed over a sufficiently large rang~ 'of energy or k-

space,the average density of states is not grossly affected 
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by a magnetic field;but the detailed distribution is certainly 

changed.It is this detailed distribution which explains various 

phehomena that show an oscillatory dependence on Bt.Tbe density 

of state s given by a series'of S- fun~tions is eH/mcll( p+l/2}tg~H/2 1 

where H is the magnetic field,p is the order,g the Lande g

factor,c the speed of light,and ~ is the Bohr magneton,(5). 

Each Landau level has.to conserve the states available in 
. 

an energy interval equal to the Landau energy at zero field. 

FIQURE 1 Electron energy as a function of k~ for the magnetic 

subbands,when the magnetic induction is B=,(6). 
B. 

H'- _4' 
~I'--I !::l~ .. 

~ ---- - " , ....... -- \ 

, "----.;. - : 
: ,- 1 .r-- _. 

'~Tlr 
FIGURE 2 The effe ct of magne tic fie ld H ~ on the regions of k

space which can be occupiedby electrons,according to Landau's 

model. 



So long as We is small, so is the magnetic fie ld, there 

is no important consequence of this stratification of the 

electron state s.But if ,AE=hwc:> kT so that the spacing is . . 

8 

greater than the thickness of the thermal layer,we may expect 

various phenomena to occur as we alter the magnetic field.As 

H cbanges,the ladder of levels passes through the Fermi level; 

we might expect the transport properties to depend on the ex

act position of the ring which is nearest to the Fermi surface. 

For example,the conductivity is suppressed if there were 

happened to be no allowed level within easy reach of where 

the Fermi surface would normally to come. 

(a) (b) (e) 

FIGUBE 3 Effects of quantization of orbits (a) 'f\wc{(kT; (b) f\wc:?k.' 

Fermi level between the orbits;(c)hUJ,,)k.i , Fermi level near 

the aliowed state. 

It is easy to see,qualitatively,that we should expect any 

such phenomena to repeat themselves for successive integral 

value s of p, whe re 

(1.3) 

in the effective mass approximation.If this is not smeared 

out by temperature effects,we should expect the conductivity 

or resistivity to show oscillations as the field is increased. 

As the strength (B~ = fiR) of magne tic induction incre ase s, the 
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set of Landau levels depicted as 'cylinders in Figure 3 expands 

outwards.At a series of critical B= values,these threshold 

energies for sub-bands coincide \vith the Fermi energy.Thus the 

Fermi energy oscillates as a function of magnetic field in 

response to the discontinuities in the density of states. 

The Sbubnikov-de Haas (SdH) effect is an oscillatory 

dependence of electrical res~stance on magnetic induction. 

Magnetocon~uctance oscillations in inversion layers are 
I 

unique that the number of electrons can be varied and counted' 

by changing the gate voltage.Number of free carriers in the 

inversion.layer 

(1.4) 

where,k is the SiOz.dielectric constant,VG and V-r are the gate 

and threshold gate voltage 'for free carrier induction,respective13 

and toJt is the oxide thickness.In the usual Shubnikov-de Haas 

experiments,oscillatory magnetoconductance is measured by 

varying the magnetic field with a fixed carrier concentration. 

In the inversion layer case ,variation of gate voltage,thus the 

the carrier concentration at fixed magnetic field leads to 

periodic changes in conductance .In Figure 4 the constant period 

was prima facie evidence of two-dimensionality.In the three~ 

dimensional systems each successively higher Landau level 

contains more electronic states,because the average density of 

states is preserved when the distribution is perturbed by 

magnetic field.In three-dimensional systems the density of 

states function is proportional to the energy in such a way 

that D«E~;in one-dimensional systems the density of states 
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-Y:z. 

function depends on energy as well,by Do(=E;tbe two-dimensional 

systems are the only bavi~ constant density of ~tates function. 

Therefore,the constant period in magnetoconductance oscillations 

with respect to gate voltage is an indication Qf two-dimen

sionality-

w 
u 
z 
~ 
U 
:::l 
Cl 
z 
8 

o 

3777T 
33kOe 
1.34 K 

100 

]lIGURE 4 Conduction on a (100) surface of an n-cbanne 1 

lVlOSFET in the presence of a magnetic field perpendicular to 

the interface. 

The magnetoconductance experiment made a two-dimensional 

model a necessity,at least at low temperatures. 

B. Properties of a Two":'Dimensional Electron Gas 

1. Density of States 

Because the density of states in n-dimensional wave vector 
-n. 

space is(21T) ,the two-dimensional density of electron states 

per unit area and unit energy is; 

D(E ) = 2g\1 .i27tk dcl~ 
(21\')2. ~ 

(1.5) 

where g~ is the valley degeneracy factor which gives the 

number of equivalent energy bands and where we have included 

a factor 2 for spin degeneracy.If the electron excitation 
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spectrum is given by 

(1.6) 

where m is the effective mass,here assumed to be isotropic, I 

we obtain 

D(I:) 

D(E) -~tn/nh'2. , for E> Eo 

D(E) -0 , for E .( ED 

O~------~~~---------------------+E "0 

FIGURE 5 Density of states for a two-dimensional system 

There will be 'additional step increases in the density of 

states if there are two-dimensional bands at bigher _energies. 

When only the lowest band is occupied,the number of electrons 

per unit area at absolute zero te~peratuxa is 

N - call- m (E - E ) 
S 7it12. F 0 

(1.8) 

where E~ is the Fermi energy.The Fermi surface for the two

dimensional electron system is a curve,also called the Fermi 

line.In the simplest case of isotropic effective mass,it is a 

circle whose radius is the Fermi wave-vector 

%. 
k F - (2nlis/~,,) • 

2. Polarizability and Screening 

(1.9) 

The another important aspect of a two-dimensional 'electron 

gas is its response to electromagnetic fields. 

When the external charge is a point charge at the origin 

the screened Coulomb potential seen by the electrons is given 

for three-dimensional case as 

I 



~ :::: (Z eli<. r) exp(-Qs r) 

12 

(1.10) 

where r is the distance between the f~ee electron and the 

extarnal charge .For the two-dimensional case, the average 

screened potential (8), 

(1.11) 

This inverse-cube dependence of potential on distance is 

much slower than tba exponential decay found in the three

dimensional case ,and is one of the principle qualitative dif

ferences between two-dimensional and three-dimensional screening. 
I ' : 

3. General Aspects of Transport in Two-Dimensional Systems 
" 

The basic machinery for transport properties of two-dimen

sional systems is quite similar to that used for three-dimen

sional systems,but some of the details are different. 

A very instructive example of scattering in two-dimensions 

that the scattering of electrons by an unscreened Coulomb 

potential energy,V(r)::::-Z e'l. I i'.r,produced by a charge located 

in the electron plane can be solved exactly.The scattering 

cross sections,one of which is obtained by exact solution of 

the Schrodinger equatio~he other which is obtained using Born 

approximation and the one which is obtained by classical 

methods,are different from each other.Each of them is valid 

according to the approaches used to obtain the solution. 

Whereas,the corresponding comparison cannot be made for 

three-dimensional Coulomb scattering;the Born apprOXimation, 

classical,and exact cross sections all agree in that case. 
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c. Energy Levels and Wave Functions 

1. Subband Structure 

In this section we will deal with the energy levels and 

wave functions of electrons in semiconductor inversion 'and 

accumulation layers.In this system,after some approximations 
, oJ 

(9) ,the envelope function, J«i!),is found to satisfy 

Ji~ d23i~+[E~ - V( z) J5t(~):::O (1.12) 
:Ltn'i! --ai2 

where mi! subject to the boundary conditions ,that '5iCz)goes to 

zero for z:::o and s:::oo, 55 being the direction perpendicular to 

the interface.The energy levels obtained are constant energy 

parabolas above an energy level.These energy levels are indi

cated as E~ in the 'Equation (1.12). 

The energy levels Ei for a given value of m~ constitute 

a series of subband minima called a subband ladder.For differe: 

orientations of the bulk constant energy surface s with re spe ct 

to the surface, there may be different value s of mi' ,and 

therefore different ladders.One way to name these levels is 

to number the 'lowest ladder O,1,2, ••• ,those of the second 
""" ",,~~ ladder O,1,2, ••• ,the third ladder O,1,2 •••• ,and so on.If all 

conduction band valleys have the same orientation with respect 

to the surface there will be only one ladder.Because of the 

kinetic energy term in the Schrodinger equation the valleys 

giving the' largest effective mass m~ for motion perpendicular' 

,to the surface will have the lowest energy. 

The potential energy V(z) which enters in Equation(1.12) 

can be written as the sum of the three terms as 

(1.13) 
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which represent,respectively,the contributions from fixed space 

charges,from induced charges in the space charge layer.and 

from the image charge s -at the semiconductor-insulator inte'rf.ace. 

Figure(6) shows the energy levels of a Si (100) inversion 
-, 

layer at absolute zero as the electron concentration is increased 

301' , (100) ~i-O K 

,_ NA -No = lo'4cm-3 

: Ndepl = 3.8 x 1010 cm-2 

20: 
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FIGURE 6 Energy level splittings and Fermi energy at QOK for 

a (100) inversion layer on a p-type silicon.All energies are 

me asur6 d from the bottom of the lowe st subband. 

The energy level increase with increasing surface carrier 

concentration (Ns ) shown in Fig~(6) occurs because the average 

electric field in too inversion layer increases as too total 

space charge increases.Another important aspect of Figure(6) 

is the pinning of the Fermi level to the bottom of the first 

excited subband after they cross,accompanied by a discontinuity 

in thairvariation with Ns.The pinning is simply a consequence 

of the increased density of states after the second subband 

is occupied. 

Quantum effects play an important role in the properties of 

the space charge layer,especially at low temperatures and high 

concentrations. 

One of the measures of the importance of quantum effects 
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is the population of subbands associated with the conduction 

band valleys. Classically all six valleys are equally occupied. 

The quantum model,on the other hand,predicts that at low tem

perat~s,all the electrons are in the subbands associated 

with the two-valleys whose heavy mass is perpendicular to the 

interface provided Ns is not too large. 

2. Triangular Potential Approximation 

The potential energy V( z) which e,ntered in the Schrodinger 

equation (1.12) bas been written as V(z)=Vd(z)+Vs(z)+V'!.(z). 

If the image potential is excluded,the remaining terms of the 

potential increase linearly at the semiconductor-insulator 

interface and then b~nd over to approach a constant value. 

In the triangular well approximation,the potential energy 

is given by an infinite barrier for z(O,and for Z)O it increases 

linearly with z. 

V( z) ~ 00 for z(O 

V( z) =q£,z for z)O, where E, =(Ndtle +fN ) q 
esc 

(1.14) 

E is the electric field and f is a numerical coefficient.Choosing ! 

f=l gives the field ~t the interface,f=O giVes the depletion 

contribution alone ,and f=1/2 gives the average field in the 

inversion layer. 

The Schrodinger equation is solved with the condition 

that the envelope wave function goes to zero at z=O and at 

infinity.The solution~ are called Airy functions 

'1;(iJ= Ai [ 2m~~ t: [i!, ~ ;~ J} ( 1.15) 

where too eigenvalues Ei are given asymptotically for large i 



by 

(1.16) 

3. Many-Body Effects 

, ' 
The Hartree approximation,for which each electron moves 

in the potential produced by all electrons neglecting many

body interactions,is valid when the electron concentration 

is sufficiently high,i~e. ,when the average kinetic energy 

of electrons is much larger than the average interaction en-

ergy. 

Exchange andcorrelat,ion effects are the many-body effects 

which greatly reduce the, effective repulsive potential for 

electrons.As a result,energies of the subbands are strongly 

lowered and the splitting between the lowest subband and the 

higher subbands is increased.The change in the density of 

states is also appreciable. 

4. Intersubband Optical Transitions 

Attempts have been made to measure the electron concentra

tion at which a higher subband st.arts to be occupied by elec

trons.The best way to study the subband structure is to observe 

intersubband optical transi tions.A re sonance occurs when the 

energy of the far infrared light is equal to the subband sep

aration.Three different methods have been employed to observe 

this phenomenon: infrare d absorption,emission and photoconduc-

tivity. 

In addition to the spectroscopic measurements of the 

intersubband transit.ions there is another way to get sonia in

formation on the subband energy separation"s.In principle one 

can detect "~".g.e threshold condition,at which a higher subband 
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starts to be populated by careful examination of the period 

of the Shubnikov-de Haas oscillation in magnetic fields 

perpendicular to the interface.Each period corresponds to the 

filling of one Landau level in the ground subband.When a 

higher subband starts to be pop~lated the period is expected 

to change.Such a period change has been observed experimentally, i 

but results do not agree with each other. 

D. Transport:Extended states 

1. Measurements 

The problem is to derive the fundamental properties-free

carrier concentration,mobility,-trap distributions , density of 

states,etc'.-from the measured quantities-conductance ,Hall-ef

fect,field-effect mobility,magnetoresistance,capacitance,etc~ 

The simplest measurable quantity is the sheet conductivity, 

(1.17) 

where q is the electronic charge ,N s is the areal free charge 

density,jA. the mobility,go the source-drain conductance ,L the 

length of the channel of ,the MOSFET structure ,and W its gate 

width •. 

For inversion layers a drift mobility measurement cannot 

be made,but there is additional information available as com

pared to solids.The number of carriers can be estimated from 

the gate voltage dependence of the capacitance and the 

conductance. 

Several mobilities are used to characterize MOSFETs.Tba 

effective mobility 



}\eff =--
Co~(vG - v-r) 

18 
(1.18) 

where cr is the small signal conductivity, COliC' is the capacitance 

per unit area across the oxide,VG is the gate voltage ,and VT 

is the threshold gate voltage.An overestimate of VT results :in 

low values for Ns and high values for~effas compared toj-t.The 

effective mobility can also differ from the mobilityft in the 

presence of trapping at the interface.A simple model gives 

( 1.19) 

where f is the fraction of induced electrons that are free, 

i.e.,not trapped or in the depletion charge.The field-effect 

mobility 

)-iF" = ~ 
Co~VD 

( 1.20) 

·is derived from the transconductance grn=clIo/ciV6lJowhere Ip is the 

drain current and VQ the drain voltage ,and gm is normalized 

for geometric factors then 

){FI: =~ =fr +(VG-V,. }·[r dt!· + f :rv~ 1 
Co,.VD , 

(1.21) 

which illustrate s the hazards of extracting information from 

the field-effect mobility.The Hall mobility also needs not 

equal the mobility/". 

(1.22) 

where r is the Hall ratio,and R\4 is the Hall constant.The Hall 

ratio needs not equal unity.It is expected to be unity for 

circular Fermi surfaces at low temperatures.Hall-effect 

measurements without an adequate theory of scattering cannot 

unambiguously give either the mobility or the carrier densi.ty. 
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In the absence of trapping the measured concentration 

1 N=- Ns =- (1.23) 

can reasonably be used to define a: tbre shold by extrapolation 

to zero carrier concentration.However Hall-effect measurements 

are moredifficult than conductance measurements,and the samples 

are more complex and larger. 

The C-V curves-capacitance measured as a function of gate 

voltage can be used to measure free-carrier,depletion,and 

suxface trapped carrier densities near threshold, at least above 

the temperature for freeze-out of the bulk(see,.ref'erence No 3 

for excellent overview) .The capacitance can be used to char

acterize the surface because the charge is not inducedw:lthin 

a few angstroms of the silicon-insulator interface as' it would 

be in a metal-insulator interface. 

Another teChnique for counting the number of free-electrons 

as a function of gate voltage is to measure the Shubnikov-de 

Haas oscillations in the magnetoconductance at moderate fields 

as a funQtion qf VG and magnetic field.Each oscillation contains 

the number of electrons in a Landau level which fortunately 

is independent of effective mass.The spacing of Landau levels 

gives a very accurate measurement of Co~.When the nth Landau 

leve 1 is filled 

where D(E) is the density of states function. 

2. Experimental Results 

I ' 

(1.24) 

In general at room temperature the electron mobility in 

the aurfaceis less than in the bulk because of increased scat-
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tering.However,at low temperatures it is higher,partly because 

the electrons"are in the lowest subband so that the effective 

mass parallel to the surface is light and partly because they 

are separated from their compensating positive charge in the 

gate,so that Coulomb scattering ,which is effective at low 

temperatures is reduced.The general characteristics are illus

trated in Figure (7).The· differences between the samples are 

moat striking at 4.2K,although the samples show the same gen

eral variation of mobility with Ns and T. 

3 

IOI~'';-;IO:---3'----IO-';-;II---'-3 --IO~12;::-----'-3--I-";OI~3 --' 
(ee RHrl - em-2 

FIGURE 7 Hall mobility as a function of N ;l/ecRK for two 

samples.The solid curves for a sample of less oxide charge. 

the dashed curves for a sample of more oxide charge. 

At 4.2 K there is a smooth rise in mobility.As N s increase 

the mobility increases as' well.This behavior can be ascribed 

to oxide charge scattering,which decreases as Ns increases.At 

high values of N$ the mobilities approach the same values and 
-~ . 

decrease as about Ns. ,this is due to the surface roughness 

scattering,which increases with Ns,although other mechanisms 

may affect the mobility to a lesser extent,especially near 

threshold. 
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3. Scattering Mechanisms at Low TemperatUX9s 

a. Coulomb Scattering 

It is known that any attractive potential has a bound 

state in two~dimensions,in contrast to that in three-dimensional 

case.Thus the potential of charged centers can have a bound 

state after being screened by free electrons. 

Many qharged centers can contribute to scattering at low 

electron concentrations,but only a small number of charge 

centers,especially ones which are located nearthe interface, 

contribute to it at high electron concentrations.Usually the 

charged acceptors in the bulk play little role as scatterers 

except at extremely., small electron concentrations. 

The net effective mobility increases with the increase 

of electron concentration at low temperatUX9s. , 

As has been shown before,the exchange-correlation effect 

is important in determining the subband structure.The same 

is expected to ho~d for the screening effect.If account is 

taken of the exchange and correlation,electrons do not 

experience so much repulsive force due to other electrons and 

consequently feel impurity potentials more strongly.Thus the 

mobility decre~ses.At extremely high electron concentrations 
-\~ _2-

like Ns> 10 cm,higher electric subbands are occupied by elec-
, 

trons and we have to consider the problem of multisubband 

transport. 

b. Surface Roughne~s Scattering 

Surface asperities at the interface are considered to be 

inherent to space charge layers and are expected to constitute 

a major cause of scattering,especially at high electron concen

trations.The exact nature of this scattering is not yet known. 
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Figur~(8) shows the mobility limited by the surface roughness 

scattering.The mobility decreases in proportion to N;2. at high 

electron concentrations. 

If We include the two scattering mechanisms,charged cen-
-, 

ters in the oxide and the surface roughness,we can explain 

the overall behavior of experimental mobility at low tem

peratures.The mobility increases first,takas a maximum value 
u. -2-

aroWld NSN 10 cm ,and then decreases with increase of electron 

concentration as shown in Figure(9).Quantitatively,however, 

the two mechanisms alone cannot reproduce the experimental 

behavior.The two mechanisms explain the behavior at both low 

and high electron concentrations,but are insufficient near 

the electron QonCBntration where the mobi3:ity has a maximum. 

-cr 
'1/'1 
:1.. 1 

6. = 4.3 A 

d = 15 A 

Experiments 
, Ndepl = 3.63X 10" cm-2 

o Ndepl = 1.92x1012 cm-2 
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(Ns+NdePI)2 (1026cm-4
) 

FIGURE (8) Calculated mobility limited by the surface 

roughness scattering. 5) _. ~ .~~:~Q~2K 
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FIGURE (9) Calculated mobility vs eUctron concentrat~on.Curve 

A is obtained by combining oxide charge scattering and surface 
roughne ss . scattering. Curve' ,B by' adding a third re laxation 
process,independent of electron concentration. 
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4. Multisubband Transport 

So far we have mainly been concerned with the transport 

problem in the electric quantum limit,where only the ground 

subband is occupied by electrons.At high electron concentration 

or at nonzero temperatures,higher subbands can be populated, 

and we have to deal with the problem of multisubband transport. 

This is also true in the presence of appropriate uniaxial 

stresses,where subbands associated with other valleys can have 

the same or lower energies and electrons are transferred from 

the usual two valleys to other valleys. 

Occupation of higher subbands leads to several effects. 

The transport now includes contributions from several subbands 

and one must also take into account intersubband scattering 

processes.Further,the screening effect becomes larger, since 

all the subbands contribute to the screening of scattering 

potentials. 

At low temperat~res intervalley scattering is expected 

to be suffiCiently weak and can be neglected.In this case 

electrons in the different valleys can be regarded as 

independent current carriers,a.tld there is no coupling 

between their distribution functions.Therefore,the mobility 

of ilth subband at zero temperatu~e is given by 
I 

(1.25) 

The effective mobility is given by 

- "".w Ni I'" = L-J.t-
.;. Ns 

( 1.26) 

where Ni is the electron concentration in the ilth subband. 

So far we have assumed that there is only a Single set 
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of subbands associated ~ith equivalent valleys.Ifdifferent 

set of subbands are occupied by electrons the total current 
-

becomes a sum of contributions of subbands of different valleys. 
I 

The mobility increases dramatically when the subband 0 

is occupied.When the excited subband is occupied,electrons 

in the sub band have very bigh mobility values because effective 

potentials for the electrons in the excited subband become 

very Vleak.Further,the screening effect itself also becomes 

stronger, since electrons in both subbands contribute to the 

screening of scattering potentials.These two effects cause the 
/ 

abrupt increase of the mobility when the subband 0 becomes 

occupied. 

In the case of subbands 0 and 1 are occupied by electrons, 

we have to treat the intersubband scatte'ring properly.In this 

case the mobility decreases discontinuously at some critical 

concentration and becomes smaller than that obtained by, 

neglecting the occupation of excited subband;this is because 

the intersubband scattering is crucial and reduces the mobility 

especially for the excited subband considerably. 

As we have seen,mobility behaves quite differently, 

depending on which subband is occupied by electrons first. 

Comparison with,experimental results seems to show that 
~ 

subband 1 is usually the lower than the subband 0 at bigh 

electron concentrations(in the absence of stresses).Mobility 

increases by more than one order of magnitude when the sub

bands of the different valleys are occupied by electrons at 

the same time .Experimentally such an anomalous increase of 

the mobility has not been observed,which seems to suggest 

the importance of other kinds of scattering mechanisms at 
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relatively low electron concentrations. 
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FiGURE (10) Calculated and experimental mobilities limited by 

surface roughness s,cattering for two different value s of NJctp • 

The solid lines are obtained with two subbands,Eo and Ej, • 

included.The dotted line is the case in which only the lowe st 
. 11 _'2. 

subband is assumed to be occupied for N, =3.6xlO cm.The dashed 
, D.rp 

line is obtained if intersubband,scattering is neglected. 

By applying an'appropriate uniaxial stress we can bring 

energies of bottoms of different valleys dovm and transfer 

electrons from the usual two valleys to the other set of val

leys.This causes the' Fermi level to come close to the bottom 

of subband O,which is higher in energy than the subband cf at 

low electron concentrations under sufficiently large stresse s. 

So far the experimental re sults seem to show that the valley 
, ~ 

degeneracy remains two in spite of the electron transfer effect. 

5. Fhonon Scattering at High Temperatures 

Lattice vibrations are an inevitable source of scattering 

and can dominate the scattering near room temperature.In the 
«2. _~ 

range of electron concentrations Ns~O.5-5xlO em and around 

BOGAZICl ijNIVERStTESI KUTUPHANESl 
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room temperature ,the mobility is known to behave like 
_(i/6-41:3) _ ('\-{.s) , 

~rJ.. Ns T .This behavior is generally believed to be 

determined by phonon scattering. 

Scattering by lattice vibrations can be expected to cause 

t~e different types of electonic transitions,i.e.,transitions 

between states within a single valley via acoustic phonons 

(called intcmvalley acoustic-phonon scattering) and optical 

phonons(intravalley optical-phonon scattering),and transitions 

between di~fev.ent valleys(called intervalley scattering).Tbe 

intravalley-acoustic phonon scattering involves phonons vdth ' 

low energies and almost is an elastic process.The intravalley 

optical phonon scat.~ering is induced by optical phonons of 

low momentum and high energy.The intervalley scattering can 

be induced by the emission and absorption of high-momentum, 

high energy phonons,wbich can be of either acoustic or optical 

mode nature.Intervalley scattering can therefore be important 

only for temperatures high enough that an appreciable number 

of s~table phonons is excited or fqr hot electons which can 

emit high energy phonons. 

Kawaji(lO) calculated the electron mobility limited by 

acoustic phonons.Because of the two" dimensional energy

independent density of states,no additional temperature 

dependence appears in the mobility,in contrast to the usual 

re sult for three-dimensional syst,ems.The phonon system was 

found to be essentially thr~-dimensional while the electron 

system is two-dimensional. 

The existence of the interface does not play an important 

. role in electron-phonon scattering in actual inversion layers 

e.g.,a Si-Si01 system,except that the electron motion is two

dimensional,i.e.,the change of direction of electrons after 
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collision wouldn't be in the direction perpendicular to the 

interface. 

In general,theoretical results for phonon scattering 

turned out to be much larger than the experimental ones.This 

indicates the possibility"that some other scattering mechanisms 

still contribute to the mobility even at room temperature and 

bigh electron concentrations.At room temperature excited 

subbands are occupied,intersubband scattering becomes very 

important and ~hould be taken into account properly.Occupation 

of excited subbands associated with the two-valleys which are 

located in the [lOOJ and [iDOl directions and which give the 

ground subband reduces the mobility because of the important 

intssubband scattering.The mobility of electrons occupying 

subbands associated with the other four valleys become smaller 

than that of electrons in the two valleys, because the decrease 

of scattering caused by a larger (z) is cancelled by the mass 

increase in the direction parallel to the surface.Consequently 
I 

the mobility decreases with higher subband occupation.The eff~ct 

is substantial and reduces the mobility to as low as the half 

of the value in the e 1er.tric quantum limit and also the tempe ra

ture dependence becomes steeper than the T-J. dependence found 

for the electric quantum limit.However the agreement becomes 

worst for Ns dependence;numerical calculations gave mobilities 

which were almost independent of Ns~' in contrast to the NS"3 
dependence in the electric quantum limit. 

The theory of phonon scattering is at an unsatisfactory 

stage.The calculated mobility limited by acoustic-phonon 

scattering is not only much larger than experiments,but does 

-~ . 11 not reproducef\olNs behavl.or as we • 

Intervalley phonon scattering is known to be necessary to 
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account for mobilities in the bulk at room temperature.As a 

matter of fact intervalley scattering reduces the mobility as 

much as a factor of three from the calculated only for acoustic 

phonon scattering in the bulk at 300 K.Tbis mechanism is also 
-, 

important in the inversion layer and will reduce the discrepancy 

between the the ory and the expe riments discusse d above. 

At lower temperatures,the phonon scattering is not import

ant to determine the resistivity.The charge and surface 

roughness scattering alone can approximately account for the 

most of the observed temperature dependence between 4.2 K 

and 50 K.Further,M~tthiessen's rule is invalid at elevated 

temperatures,which casts doubt on the separation of various 

scattering contributions at such high temperatures. 

E. Hot Electron Effects 

It was observe~ very early that especially at low tem

peratures the conductance of electrons depende.d on the source

drain field Eo .This result of electron heating adds the 

difficulty of making the conductivity or mobility measurements. 

As the field increases the carrier at first can give up 

the ene rgy acquire d by the fie ld by inte racting with the lattice 

giving up a phonon.If the field continues to increase the 

energy acquired become s more than the carrier can easily lose, 

therefore ,it retains some energy.It finds a new equilibrium 

at a higher potential energy-in other words it has risen in 
I ' 

the conduc.tion band.It is now a hot electron.Further field 

increase causes to rise more ,and one of two things happens: 

the carrier can ionize additional electron-hole pair,and 

eventually the semiconductor breaks down,or the carrier 

transfers to the other minima in the conduction band(ll). 
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In GaAs,since the conduction band has a large curvature the 

effective mass is very low and electron mobi'lity is high. 
. -

Hence the e le ctrons acquire a high drift momentum in an 

electrical field and there is a stFong energy transfer to 

the electron ensemble leading to pronounced hot electron 

effects.In GaAs the hot electron phenomenon occurs at 

relatively low field values because of high mobility of 

electrons. 

In silicon inversion layers,at very high electric fields 

even at 300 K,most of the electron energy is transferred to 

the lattice through optical phonons;eventually the electron 

velocity saturates as in the bulk.This has practical implications 

for device design and also allows for study of intervalley 

and intersubband scattering. 

The saturation velocity(6xl06 cm/s) for the (100) sur

face of silicon inversion layer at 300 K is somewhat lower 

than the bulk value of about 101 cm/s.At first glance.tbis may 

seem surprising,because at high electron temperatures(rvlOOO K) 

near saturation the electrons might be expected to look 

almostbulklike ,and they would be so far from the surface that 

surface effects should be minimal.Nonetheless,because of the 

varying potential perpendicular to the surface,the electron 

energy distribution averages perpendicular to the surface 

might be expected to be different than it would be in a 

constant potential. 

Experiments were carried out by.pulsing the. drain. voltage 

to avoid heating,and observing the drain current at a given 

time for different drain voltages ,asillustrated in Figure(ll). 
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FIGURE (11) The drain current,Iovs the drain voltage,Vp at 

4.2 K on (100) Si sampled at 70 ns from the pulse front. 

F. Heterojunctions Quantum Wells and Superlattices 

" . 

1. Structure s 

A superlattice arises when a periodic spatial modulation 

is imposed and lowers the effective dimensionality of a system. i 

The simplest example relevant to the present discussion is 

the superposition of a periodic po'tential,as produced by a 

sound wave ,a composition variation,or an impurity concentration 

modulation on an otherwise homogenous three-dimensional system. I 

The deve lopment of crystal growth te cbnique s such as 

molecular beam epitaxy(MlE) ,(12) ,and metal organic chemical 

vapor deposition have made possible the growth of semiconduc

tors with control.led changes of composition and doping on a 

very fine scale .Heterostructures which exbibit two-dimensional 

electron effects have also been made using liquid phase epitaxy, 

LPE, (13). 

Figure(12) shows the energy-band diagram of a GaAs-AIGaAs 

beterojunction,with the band-gap discontinuity that arises 

in the presence of an abrupt composition change.The quasi-
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triangular potential well can confine electrons and can lead 

to quantum effects similar to those seen in silicon inversion 

layers. 
300 200 100 

o 
100 200 300 A 

I Ef 
-------------.--------------~ I 

FIGURE (12) Schematic .dra'tVUl8 of the conduction band edge at· 
, 

a GaAs-A1GaAs heterojunction with an abrupt composition change 
\ , 

or a transition layer graded over 10 or 20 nm.The position of 

the lowest quantum level is indicated by the horizontal line 

for each of the three cases,(14). 

The combinations of materials from which heterojunctions 

and therefore quantum wel~s and superlattices can be made is 

limited by material constraints such as reasonable matching 

of lattice parameters and absence of large densities of 

interface state s. 

2. Energy Levels 

Energy levels can be calculated most easily for a quantum 

well-or for a thin film-if one assumes an abrupt interface and 

an infinite barrier height.Than,in effective-mass approximatiol 

the energy levels are given by 

. 'h2 rr2. 2. 1i" k~ 
E==· n+--

2m,d2. 2m 
(1.27) 

where d is the well width,m't is tha effective mass for motion 
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perpendicular to the walls,k and m are the wave vector and 

effective mass for motion parallel to the walls.This spectrum 

shows increasing level spacing with increasing quantum number 

n,which is opposite to the behavior in a triangular well. 

3. Transport Properties 

Transport properties, of carriers in superlattices are 

controlled in part by the same mechanisms that limit the 

mobility of electrons in silicon inversion layers.One important 

difference arises from the polar nature of most superlattice 

materials,such as gallium arsenide ,which enhances phonon 

scattering. 
" Coulomb scattering by impurities can be reduced in 

superlattices.lf the ~mpurities are placed in the layers 

with the higher energy gap and the carriers are confined 

in the layers with the lower energy gap.This technique, 

called modulation doping(15) ,(,16) ,(17) ,(18) ,allows the 

carriers and the impurities to be spatially separated and 
\ 

result's in higher mobilities than would be obtained for 
, ' 

uniform doping.Still higher mobilities can be obtained by 

separating the carriers from their parent ions by an undoped 

spacer layers,(19),(20).Low temperature mobilities considerab~y 

higher than those obtained for Si inversion layers have been 

obtained in this way.Part of the mobility in'crease can be 

attributed to the smaller mass of electrons, in GaAs (0.07mo) 

than in (001) Si inversion layers(O.19mo ) ,where m.o is electroni.~ 

rest mass. 

Since the mobility is greatly enhanced by modulation 

doping,moreover by an undoped spacer layer,apparently to near 
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the ion-free values,above about 100 K,as illustrated in Figure 

(13).The limiting mobilities,thus,obtained by assuming that 

the scattering between the electron states is only that 

because of absorption or emission of a lattice phonon. 

10' 10 
Temperature (K) 

FIGURE (13) Electron mobility versus lattice temperature of 

modulation doped structures having equivalent electron 
13 -'?/ 

concentrations larger than 10 cm in bulk GaAs.For comparison , 
,,~ _2. ( 

GaAs with ion concentration of 4xlO cm lowest obtained)is. 

also shown.,(2l). 

For acoustic mode scattering ~h.e ratio of two-to-three 

dimensional mobility is given,(22), 

-6 where b=a/),a being 10 cm. 
.. I I 

The mobility is given by the relaxation time, 

re' ='1./:;; 

(1.28) 

(1.29) 
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where 1 is the generalized mean free path,which is approxi~~ 

mately parallel to v,the electron ve~ocity.The ohmic drift 

mobility}.J, and the Hall mobility are 

11.0 JAIt =(e/m~) Z(rr.) E >1<iE> 

(1.30) 

(J..31) 

where the angle brackets signify the thermal average .For two

dimensional case, (23) , ' 

00 

(F(E) ;(l/kT)rexp(~E/k!.f) F dE (J..32) 

" In two_-dimansions tt'is indepe'ndent of energy E and 

consequently the mobilities JAl.,O ,and jA1t> are equaJ.; but in 

three-dimensions cr.' is proportional to 'E ,and hence)A3:~1> is 

equal to :lITIS. 

At J.ow temperatures the phonon scattering consists of 

acoustic-mode scattering due to the deformation-coupling and 

to piezzoelectric-coupling.Since the acoustic-mode scattering 

is virtually elastic,then the mobility equals the sum of the 

values it would have from each of the scattering contribution 

alone: 

(J..33) 

Then we obtain an instance of Matthiessen's rule. 

Intervalley scattering by optical phonons is very inelastj 

and ,in fact ,provides the fundamental energy transfer mechanisD 

between hot electrons and the lattice.Intervalley scattering 

occurs by the interaction with ~he large wave number phonons. 

Some comparisions,especially on the role of modulation 

doping and the use of undoped spacer layers,have already been 
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made and show .tbat phonon scattering is the limiting mechanism 

in the highest-mobility structures down to below 77 K,with 

Coulomb scattering dominance near liquid helium temperatures. 

4. Magnetotransport 

A magnetfc field perpendicular to a layer of two-dimen~ :. 

sional system quantizes the motion along the layer and leads' 

to the characteristic Shubnikov-de Haas oscillations in con~ 

ductance.Such experiments have been widely used .to probe two

dimensionality of carriers in superlattices,(24).Note,however, 

that a gate voltage cannot be used to control carrier concen

tration as easily ~s in ~ inversion or accumulation layer 

of silicon system.Thus,oscillatory magnetotransport measurement 

have been made by varying the magiletic field rather than the 

carrier concentration.One of the key tests of two-dimensional 

character is the behavior of the oscillations as the field 

is tilted from the normal to the layers.A strictly two

dimensional system will have oscillations that follow the 

normal component of the field. 
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III. IN'l'E,GRATE D CIRCUITS 

Today,latest large-scale gene.ral purpose computers,using 

silicon-based technology,have already achieved speeds as high 

as 30 Million Instructions ~er S~cond(MIPS).In 1990,the 

performance of 100 MIPS with the system delay per gate of 200 

ps will be required.It may be difficult for Si-based tech

nology to achive these values.GaAs Large Scale Integrated 

circuits (LSI)and Very Large Scale Integrated circuits(VLSI), 

however,seems the most promisi~ device candidate for Central 

~rocessor Unit (CPU) and memory requirements for the main" 

frames of future computers. 

Therefore ~the properties of GaAs and other compounds and 

devices designed by using these materials should be inVestigated 

and compared with one another;since they seem to be the most 

promising devices for the future high frequency electronic 

applications. 

A. Compound Semiconductors Versus Silicon 

1. Physics 

Silicon is a remarkable material with many interesting 

properties.It can'd'ulfill the requirements .for most semiconducto:r 

devices,and is the material selected for the overwhelming 

majority of them.But,in fact,silicon is a rather poor semi

conductor if judged on its physical properties alone,as shoval 

in Table 2.1. 



TABLE 2.1 A Comparison of Silicon and Gallium Arsenide 

Silicon 

GaAs 

Energy Gap 
(300K) 

1.12 eV 

1.40 eV 

Electron Mobility 

1500 crt;Vs 

2-9000 crO/Vs 
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Silicon owes its predominant position to its developed 

technology.Many millions of dollars have been spent on devising 

methods of producing silicon slices and silicon devices,and 

it is more economic to try variations of this technology to 

produce new devices rather then to exploit new materials. 

Fortunately for those who find silicon a rather dull 

semiconductor the re" are a numbe r of functions which it cannot 

fulfill.The exploitation of new semiconductors is always 

fascinating,but it is rewarding economically as well if we 

seek out these fields in which silicon operates poorly. 

2. Band Structure 

Most of the compound materials are direct gap materials, 

for example GaAs and InP, with ,valence band maximum and 

conduction band minimum being at the center of the Brillouin 

zone. 
Electron's can travel through GaAs faster than they do 

through silicon because of the shapes of their conduction 

bands .The minimum point of gallium arsenide's conduction 

band is near the zero point of crystal-lattice momentum,as 

opposed to silicon,whose conduction band minimum is at high 

momentum.Furthe rmore ,the rate at which the GaAs conduction

band ene rgy incre ase s with crystal momentum implie s ve ry high 

electron velocities because taking the slope of (1/2mv~) 
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versus (mv) yields a constant times v .The curvature of energy--

versus momentum profile determines the effective mass of 

electrons travelling through the crystal lattice ,that is 

1 _ 1 crE(k) -- (2.1) 
nfcJ tt G>k~ 'dkj 

where m!j is the effective mass which,in general,is tensoria1, 

and 'h is the re duce d Planck constant. 
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FIGUBE (14) Band structure of GaAs and 8i, (25); GaAs is a . 

direct gap semiconductor whereas 8i is an indirect gap 

semiconductor. 
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In a perfect lattice the carrier motion is determined by 

its mass and the carrier-lattice interaction.In compounds this 

interaction is particularly effective because, the lattice is 

made up from charge d dipole s.li'or example, the free gallium atom 

normally has three electrons with it,and the arsenic atom five. 

When these atoms are brought together to form GaAs there will 

be electron exchange.The, electron cloud surrounding the molecule 

moves so that negative charge is passed to the gallium atom. 

The GaAs assembly nmv be have s as a dipole. We say that the 

compounds show polar scattering. 

We should emphasize at this point the difference s between 
" 

an elemental semiconductor like Si and a compound like InPor 

GaAs.They can be summarized as in Table 2.2 • 

TABU; 2.2 Summary of Features of GaAs and Si 

Si 

GaAs 

Mass 

heavy 

light 

4.· other Properties 

Transition 

indirect 

direct 

Scattering 

acoustic and polar 

polar 

The choices of properties made available by the use of 

compound semiconductors was broadened still further by the 

discovery that many compounds can be mixed in pairs to give 

properties intermediate between those of the two primary 

compounds.For example ,a uniform material of composition A~G*s 

with x controlled anywhere between 0 and l,can be synthesized 

from the vapor phase.This ability to mix crystals is of particuls 
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advantage in optical applications where one may wish to specify 

a wavelength accurately,as for example in a filter with a 

defined cut-off. 

No account of compound semiconductors would be complete 

wi thout some mentions of the problems of doping.The III-V 

compounds behave normally on the introduction of impurities. 

Elements from the second group dope p-type,and those from the 

'sixth',group act as donors.The fourth group elements behave 
, ' ' 

in a more complex fashion since they can go on either lattice , 
site.A good example of this is silicon which if introduced into 

the crystal at low temperature acts as an acceptor,while a 

high temperatuxe doping gives donors.It is in fact possible 

to make a p-n junction in GaAs using 8i as the sole dopant. 

A diffe rent anomaly occurs in the doping of some III-V 

compounds,but this has proved extremely useful.A GaAs crystal 
. i6 ' ~ 

that has less than about 5xlO donors/cm is readily converted 

to a high-resistivity condition by doping )vith oxygen or 
16 

chromium.This material,though it contains over 10 impurity 

centers/c~ ,behaves in many ways like intrinsic GaAs with 
6 

a resistivity.of over 10 ohm-cm,and a carrier concentration 

less than 10T/c~ .In this form it is called 'semi-insulating' 

GaAs.lt is used as a substrate for the deposition of epitaxial 

layers,and finds application in certain device structures.' 

Similar effects occur in InP. 

5. Applications:Microwave Devices 

It might be thought that high mobility could be exploited 

directly in transistors intended for operation at high frequenc~ 

A unipolar transistor(or JFET) has a certain spacing between 
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source and drain,and the frequency response is dominated by 

the transit time of carriers.Suitable materials are Si and 

GaAs and one might think that since carriers in ~aAs are five 

or six times more mobile,the gap could be scaled accordingly. 

The assumption 'in this argument is that the carrier velocity 

is proportional to the electric field,and this is only true 

for velocities up to l06 cm/s.When we attempt to drive carriers 

in Si faster than this they meet extra re sistance from lattice, 

and their incremental mobility falls.In direct gap compounds 

stranger things occur. 

Since the conduction band mass at the center of the zone 

is low,the carriers can be accelerated to the velocities by 

easily attainable electric fields.As the field increases the .. 
i 

carrier at first can give up the energy acquired by the field 

by interacting with the lattice ,giving up a polar phonon.If 

the field contip.ues to increase the carrier retains some. _energy. 

It rises in the conduction band and becomes a hot electron. 

Then either the semiconductor breaks down or the carriers 

transfe r to" the othe r minima in the conduction band if the 

energy separation between the lower minimum and the upper 

minimum is less than the energy gap of the semiconductor. Since 

in" the Gais ,the curvature of the upper valley is less than 

that of lower valley,that i"s,the effective mass of the electrons 

in the upper valley is heavier,the mobility of electrons drops 

after they transfer to the upper valley even thoughthe density 

of states increases.This causes the current,which is proportional 

to the carrier velocity,to decrease with increasing electric 

field,that is,the negative resistance.An application of this 

phenomenon is the Gunn diode ,or Transferred Electron Oscillator. 
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B. GaAs Integrated Circuits 

Because of its energy-band structure,gallium arsenide 

is an ideal medium for achieving blinding speed in electronic 

devices and circuits.The speed advantage of field-effect 

transistors(FETs) for GaAs over Si has long been recognized. 

Electron velocities measured in GaAs transistor structures 
~ 

range up to 5xlO m/s -about five times those achieved in 3i 

devices.Furthermore,GaAs is readily available in a semi

insulating substrate form that substantially reduces parasitic 

capacitances,so it·s outstanding device speeds can be fully 

realized in integrated circuits. 

The high speed~plus power dissipation that tends to be 

substantially lower than that of high-speed Si devices,accounts 

for the growing interest in GaAs.ln a wide variety of applica

tions,such as -high data-rate communications,wide-bandwidth 

instrumentation,and high-speed computers, the -principle focus 

is on the capability of GaAs ICs to operate in a speed range 

that is simply not available elsewhere • Cryogenic Josephson

junction technology,which offers speed comparable to those of 

GaAs,appears some years away from practical application. 

-.. 
a. 

§ 100 
OJ 
"0 

Pow.er dissipation ( -IJ W ) 

FIGUEE(15) Speed and power performance of the GaAs devices. 
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In addition,for some military and space applications,GaAs 

ICs offer exceptional radiation hardness.For applications with 

wide operating temperatuxe ranges GaAs ICs made by standard 

processes can work between -200 to +200°C,and ranges up to 

3000 0r 400°C may be possible. 

1. Device Approache s 

Researchers have investigated a number of different 

devices as the basis for building GaAs integrated circuits: 

the depletion-mode metal-semiconductor FET(D-MESFET),the 

enhancement-mode mSFET (E-MESFET) ,self-aligned GaAs MESFET (26) , 

t.ba insulated-gate GaAs FET (27) ,and the modulation-doped 

FET (l'JIODFET) ,or high electron mobility transistor (HEMT) , 

or two-dimensional electron gas FET (TEGFET) ,and hetero-

junction bipolar transistor (EJBT).The most matuxe of these 

devices is the D-MESFET,wbich has been produced for ten years. 

Depletion region 

Semi-inaoating GIIAs Lateral ditfusion n + implant 

(a) 

.. '-., Deplelior. regioll , 

SemHnsuialing GaAs 

lb) 

FIGURE (l6) All GaAs MBSFETs use ion implantation in their 

fabrication. a) the D-MESFET ,b) self-aligned gate E-MBSFET. 
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In the D-MESFET (see Figure(16)-a)switcbing is controlled 

by the voltage on a one-micrometer-wide strip of gate metal

lization on the I semiconductor passing between the source and 

drain regions of the device:as the gate voltage is increased 

the width of the depletion region under the metal gate increases 

and so the width of the channel,through 'which current flows, 

decreases;at the pinch- off voltage,current flow essentially 

stops.For logic circuits,typical pinch-off voltages are on 

the order of one volt.The ~ost important difference between 

GaAs and Si FETs is that ,GaAs transconductance is very high, 

and the input capacitance is very 10w.As a result,GaAs MESFETs 

have a very high gain-bandwidth product,typically 15 to 20 

gigahertz,leading to circuit-switching speeds in the 50ps range. 

D-~S~:illTs .have been used to build a number of different 

circuits,including buffered FET logic (BFL),Schottky-diode 

FET logic (SDFL),capacitor-coupled FET logic (CCFL) ,and source

coupled logic (SCL).Circuits as many as 1000 gates have been 

fabricated with SDFL.D-MESFET random~access memories with 

reported access times as short as one nanosecond and capacities 

of 256 bits have been fabricated using a tbree-FET cell.Efforts 

are in progress to build l-,4-,and 16-kilobit versions. 

D-lliESFET-based ICs give excellent performance,but they 

typically require two power supplies for proper ope ration ,and 

they also must contain some kind of voltage-level shifting 

built into the logic gates to generate the negative voltages 

for switching from the positive drain voltages of the n-
. 

channe 1 ME SFE T s. 

The E-MESFET,usually used in direct-coupled FET logic 

circuits (DCFL) ,avoids the requirement for a dual power supply 

and level-shifting circuitry by having slightly positive pinch-
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off voltages.Its structure is similar to that of the D-MESFET 

except that the implanted channel depth and n-type doping are 

designe ~ so that the built-in potential of the metal·Schottky 

barrier gate normally cuts off the channel conduction.Thus,a 

positive gate potential of about O".lV must be supplied for 

source-drain conduction to begin. 

E-MESFETs are restricted to very limited logic voltage 

swings (typically about 0.5V) because they begin to draw 

excessive gate currents for gate voltages greater than about 

O.7V.Because the difference between voltages representing 

logical 0 and 1 states must be 20 'times the standard deviation 

of pinch-off(threshold) voltages to allow"adequate margins 

for building LSI circuits,E-MESFET pinch-off voltage must be 

uniform to within 25 millivolts.This degree of control has 

proved exceedingly difficult to achieve consistently,particularly 

since the mean pinch-off voltage for each wafer must be correct 

within 50 or 100 mV as ,yell. 

The use of insulated-gate FET (IGFET) technology would 

eliminate this basic limitation and allows more flexibility 

in circuit design.A variety of dielectrics and techniques have 

been studied to find a suitable dielectric for the fabrication 

of GaAs IGFETs,including pyrolytically silicon dioxide ,silicon 

nitride etc.But,because of high density of surface states, 

with a continuum of time constants ,the inversion-mode GaAs 

IGFETs are not feasible at present.Therefore ,most development 

efforts on GaAs IGFETs are directed towards depletion-mode 

devices which operate in deep depletion-mode with a conducting 

bulk channe l.Tha transconductance of GaAs IGFETs are frequency 
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dependent and this restricts the usefulness of deep depletion-

mode GaAs IGFETs in certain applications.On the other hand 

the use of InP instead of GaAs proved -that the InP-and InGaAsP 

based IGFETs can operate in inversion and/or deep deple~ion

modes,seeming to be 'superior to GBAs IGFETs for digital appli

cations requiring full frequency re sponse. 

An additional complication in the manufacture of 'E-MESFETs 

is their need for more complex device processing than D-MESFETs. 

The problem is that the substantial depletion region at the 

surface of the GaAs,between the source or drain and gate 

regions,tends to pinch-off the very lightly doped channel. 

This leads to high-sometimes almost infinite-source resistances 

that degrade FET transconductance.One solution is to recess 

thagate slightly by etching dovm into thicker-than -usual 

channel, but this approach can reduce the uniformity of pinch

off voltages.Fujitsu Ltd. in j~panbas demonstrated a self

aligned fully implanted planar GaAs MESFET approach for· the 

source-gate and gate-drain regions,in which the gate metal-
, 

lization se'rves as a mask to define areas implanted with 

dopants to increase conductivity (see Figure(16)-b).The 

performance of such self-aligned implant device with short 

channel lengths is degraded by diffusion of some of the 

implanted atoms into the region under the gate, but a number 

of laboratories are working on programs to avoid this. 

a. ,Manufacturing GaAs h'lE SFETs 

Planar implanted D-Mi5S'..I!'ETs are fabricated by implanted 

patterns of dopant ions directly into the semi-insulating 
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GaAs substrate.The substrate also provides electrical isolation 

between devices.Alternatively,devices can be isolated by local 

implants of protons, or boron or oxygen ions,which form high 

resistivity damaged regions near the surface of the GaAs. 

Metallizations are standard microwave-developed gold-

germanium ohmic contacts and titanium-platinum-gold Schottky 

barriers. Circuits are fabricated using high-resolution 

photolithography,with dry etching and enhanced lift-off 

techniques to produce device patterns. 

Because D-MESFETs have large logic voltage swings, 

adequate control of pinch-off'voltages is not difficult in 

thistechnology.Furthermore,because the channel region,is 
, 

relatively thick compared with E-MESFETs,channel resistance 

between source and gate is not a serious problem,and so 

complex process steps to lower channel resistance are not 

required.The implanted regions of the source and drain can 

be placed sufficiently far from the gate electrode so that 

lateral diffus~on does not extend under the gate depletion 

.region,and thus the threshold voltage depends primarily on 

the characteristics of the channel active layer.Because of 

its Simple processing requirements,D-MIDSFET technology has 

matured rapidly;GaAs LSI was first demonstrated with D

MillSFETs in 1980. 

D-MESFET circuits have bigh performance and large noise 

margins,both important for high-speed systems applications, 

but their power dissipation and device area are somewhat 
, , 

larger than those of E-MillSFETs,which implie s that the latter, 

devices may form a better basis for GaAs VLSI circuits.The 

ultimate range of D-N~SFET applications will depend on the 
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size of chips that can be economically fabricated and the 

acceptable power dissipation that can be achieved.Even though 

D~SFET technology may not be universally applicable,its 

relative maturity ensures' that it will be the -basis for ,the 

first commercial GaAs ICs. 

Although enhancement-mode MESFETs offer many advantage s 

over depletion-mode devices-including the use of single power 

supply,simpler logic gates,and lower supply voltages that can 

ultimately lead to denser chips with lower power dissipation~ 

they also require the development of complex,expensive process 

technology to make them work.The 'normally-off' condition of 

E-MBS]'ETs requires an extremely thin,lightly doped channel 

region.Such thin active layers are extremely surface-sensitive, 

highly resistive,and difficult to control. 

Probably the most serious problem is the high serie s 

re sistance of the channe 1 between the gate and the source or 

drain.Potential solutions include recessed gates-metal gates 

place d physically be low the GaAs surface or junction-FET-like 

p-type gates below the surface-or regions of enhanced doping 

next to the edges of the gate.Early E-IvESFET approaches, 

with the exception of JFETs,used etching to reCeSs gates. 

This technique does not permit fine control of threshold 

voltages so it has not been successful in making ICs with 

significant scales of integration. 

Recently many te,chnologies have been developed to overcome 

these problems associate d with GaAs MESFETs and so rapid these 

advances are that we can't mention all of them. 
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b. Heterojunction devices 

The Modulation-dope d FET (MODFET) (28), or High -E le ctron 

Mobility Transistor (BEMT) (29) ,or Two-Dimensional Electron 

Gas FET (TEGFET) (30) ,are the different names of a device 
I I 

which is an alternative and seems to be superior to the 

GaAs MBS]'ETs,is a lattice matched heterojunction structure 

and fabricated using the modulation doping technology.The 

mobility enhancement in Molecular Beam Epitaxy (MBE) grown 

modulation-doped GaAs/n-Al~G~~As superlattice structure 

was first reported by Bsaki and Tsui in 1969 (31) ,and experi

mentally observed by Dingle et al.(32) in 1978. 

These structures consist of alternate layers of GaAs 

and AIGaAs with the Al Ga As layers:selectively doped with )(' 1-"" 
donors.Free electrons in the Al~Ga As layers are transferred 

,.. 1-)(' 

to the undoped GaAs layers where they are confined in a 
o 

quantum well about 100 A wide because of the very high 

transverse electrical field.Since electrons are separated 

from their parent donor impurities~the GaAs layer having 
\2. -2-

an interface sheet carrier density of about 10 cm.is virtually 

fraeof ionized impurities;therefore,electron mobilities are 

higher them those -of uniformly doped GaAs of equivalent 

doping concentrations. Be cause of these properties,the 

modulation-doped ~~T technology offers substantially better 

performance than standard MESFET technology.Since donors are 

separated from free electrons,which are confined in the GaAs, 

the impurity scattering is greatly reduced;tbus,the device 

offers even better performance particularly at lower 

temperatures where impurity scattering is efficient.this 

gives the MODFETs a fast turn-on characteristic-they develop 
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nearly their full transconductances with gate voltages only 

slightly above the threshold voltage .Furthermore ,the thin 

gate insulator gives them comparatively high transconductances, 

and the effective electron velocities achieved are also higher 

than those of MBSFETs at room temperature ,so that potential 

clock speeds are also higher.Because of their speeds,MODFETs 

are excellent candidates for building high-performance VLSI, 

especially at low temperatures. 

S G D 

NON-DOPED GaAs 2-DEG 

SEMl- INSULATING I GaAs SUBSTRATE r 

FIGURE (l7) Schematic representation of a depletion-mode 

MODFET,where 2-IEG is for Two-dimensional Electron Gas.-

These devices,which offer significant performance 

advantages over standard ~SFETs,are usually fabricated by 

molecular beam epitaxY.,A thin layer of AIGaAs is deposited 

over an undoped GaAs channel,and then the gate metallization 

is deposited over that layer.Processing of the MODFETs can 

be virtually identical to that of the standard D-MESFET, 

with the exception of the molecular beam epitaxy(MBE) layers 

and the fact that device isolation is provided by implant. 

damage rather than by undoped semi-insulating GaAs. 

The main drawback of this technology is,of course ,the 

lack of production M]E equipment at present.Other,less obvious 

limitations also exist.As an enhancement tecbnology,MODFETs 
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suffer from the problems of high channel resistance ,threshold 

voltage uniformity,gate voltage swing limit,and so forth.The 
-

superior control over layer thickness offered by MBE may 

overcome these limitations,but that is not yet clear. 

The main subje ct of this the sis is the modulation-dope d 

field-effect transistors;therefore ,the detailed theory of this 

device will be given in the next chapters. 

Perhaps the most sophisticated GaAs device is the 

Heterojunction Bipolar Transistor (HJBT) ,based on very thin 

(approqimately 10 run) layers of GaAs and AIGaAs,in which· 

the proportions of Al and Ga are carefully controlled,leading 

to a wide energy bandgap.It holds promise for sWitching delays 

of less than ten picoseconds,eve~ at high-current driving 

levels,and has the threshold immunity characteristic of all 

bipolar techniques.However,it has been demonstrated only 

in circuits of five to ten gates. 

Because it is a vertical device,the HJBTs speed character

istics are dominated by the th;tn base region and the high 

electron mobility of GaAs and AlGaAs,rather than by the 

gate length as in FETs. 
I ' 

Because of the wide energy bandgap of the heterojunction 

emitter,base doping can be quite high without loosing current 

gain, and, therefore ,a very thin base can be implemented,making 

possible potential gain-bandwidth products of 100 to 200 GHz. 

Another advantage is that the threshold voltage for the bipoJ.a:r 

transistor is determine d by the bandgap of the AIGaAs and 

GaAs layers,which are relatively constant,rather than by 

process parameters such as channel doping and layer thickness. 

as in MESFETs. 



AlGaAs Epitaxial layers 

Implanted p - region 

, '.'~:,,' 

Implant dama<,;e 
(isolation) 

FIGUBE(18) Heterojunction bipolar transistor; 
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The price for this performance advantage for the HJBT is 

the difficulty of fabrication:not only doe s fabrication require 

sophisticated MBID techniques to grow the heterojunction, layers, 

but it also requires ion implantation both for making base 

re'gion contacts and for damaging the crystal lattice to provide 

electrical isolation between devices.Bases must be les8 than 

100 nm thick with carrier concentrations approaching 1019cm~ 

and base contacts are extremely small.The width of emitter 

stripes must be on the order of one micrometer,and contact 

resistances must be kept very s~ll to allow high-speed 

operation.HJBTs have all the lithographic difficulties of the 

MODFETs,their processing complexity is increased because both 

ion implantation and MBE layer growth techniques must be 

coordinated.and the very small,low resistance ohmic contacts 

o~ both p-and n-type are requ~red.Although their potential 

performance advantages are large ,process complexities will 

probably delay HJBT commercialization for a number of years. 
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A comparison summary of various high-speed technologies 

is shown in Table 2.3.As can be seen MO])FET is superior to the 

other technologies. 

TABIE 2.3 Device comparis .on graded 1 (best) through 5. 

lIODFET 

speed 1 

power delay' 
product 1 

lithographic 

. t l 2 
reqru.remen 

threshold 
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control 

processing 2 
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material 
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FIGURE(l9) _Modulation-doped FET. 
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IV. MOlELS FOR MODULATION-DOPED FETS 

As we have mentioned in the preceding chapters.a new 

transistor has appeared on the scene .made of GaAs and A1GaAs. 

which now ,holds the record as the fastest logicswitch;ng 

device,switching at the speeds of ten picoseconds.The device, 

which is evolved from the work on GaAs-A1GaAs superlattices 

(thin alternating layers of differing materials sharing the 

same crystalline lattice) ,shows some superior properties 

because of high mobilities achieved in the GaAs due to the 

transfer of electrons from the doped and wider bandgap 

A1GaAs of higher electron affinity, to an adjacent undoped 

GaAs layer of lower electron affinity,a process now called 

modulatio~ doping. 

The topic of this chapter is this device, the MODFET; 

and the models developed to predict the characteristics 

of it. 

Before describing the models a general background for 

MODFET is given,including modulation doping,structural paramatl 

mobility and velocity consideration.Then models are given in 

the order that they appear in the international literature, 

and comparisons are made be tween them. 

A. General Background 

'Electron devices with ever increasing speed are used 

either as switches or as amplifiers.The switching speed of 

t~ device is primarily determined by how fast an input 
-: 
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pulse can be transmitted to the output.To increase the 

switching speed,larger amount of current is desired,since 

it can charge and discharge the capacitances faster.The 

current path that carriers travel should be made smaller 

and/or somehow carriers should travel faster.This means a 

reduction in device, geometry which in turn introduces 

high-field problems,i.e.,drift velocity saturation at easily 

attainable fields.Another way to increase current is to 

increase the number of carriers. 

In conventional lIESFETs the electrons are obtained by 

incorporating donor impurities which share the same space 

with electrons and interact with them.In general,as FETs 
" , 

become smaller, thinner channel layers and higher electron 

concentrations are required.The requirement for large 

. electron ~oncentration without the deleterious effects of 

donors can be met by novel heterojunctions.A.heterojunction 

composed of A1GaAs and GaAs layers can be structurea so that 

the donors are introduced only into the wider bandgap 

material(A1GaAs) .The heterojunction line up is such that the 

energy of the electrons donated to the A1GaAs layer is higher 

in the A1GaAs than in the adjacent GaAs. 

~he electromaoriginally introduced into the A1GaAs layer 

then diffuse to the lower energy GaAs layer where they are 

confined due to the energy barrier at the heterointerface • 

. !l!his technique -modulation doping-is a perfect means of 

introducing electrons into the GaAs layer without the ' 

adverse effects of donors.Having the electrons confined at 

the heterointerface in a two-dimensional electron gas(2-DEG) 



56 

very close to the gate and a perfect interface leads to very 

high mobilities and large electron velocities at very small 

values of drain'voltage.This,in turn,increases the switching 

speed.These advantages are enhan~ed by almost a factor of two 

when cooled to 77 K,which is conceivable for larger supercomputel 

systems.The principles of operation of MODFETs are similar to 

those of Si MOSFET and the models developed for MODFETs 

benefited greatly from Si MOSFET models. 

The modulation-doped heterojunction structures are prepared 

by MBE.In the case of modulation-doped structures intended' 

for FETs,single interface structures with larger layer 
, ' 

thicknesses ave used. 

Doped ~&B~kdsfii~2i AlxGol-xAs 

... EfC ... 
GoAs 

Undoped 

FIGURE(20) Single interface heterostructures used for MODFETs; 
-, 

Even though the electrons and donors are separated 

spatially,their close proximity allows an electrostatic 

interaction called Coulomb scattering.By setting the donors 

away from the interface,Coulombic scattering by donors can 

be reduced.If the device is cooled to low temperatures, 

mobility doesn't drop as it does in other structures;because 
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the electrons in the 2-IEG are free from ionized impurities. 

Only procedure that limits the mobility can be the ionized 

impurity scattering of bulk GaAs ionized ions at loVi 

temperatures.Although bulk impurities are present,they are 

so uneffective that they can hardly lOVler the electron 

mobilities because they are screened out by electrons in the 

2-DEG.In fact,mobilities of 10
6 c~Vs have been reported at 

low temperatures.Such high mobilities are not really 

essential for devices since the electron velocity is the 

dominant factor (33),(34). 

Even ,though electrons and donors are separated,at room 

temperature ,electrons interact with the phonons in the GaAs •. 

The phonon scattering limited mobility in GaAs is 8500-9000 

cm~/Vs which sets an upper limit to the mobility obtainable 
, 

in modulation-doped structures at 300 K. 

While the basic principles of operation of MODFET and 

Si-MOSFET are similar, material system and details of device 

physics are different.The most striking difference,however, 

is the lack of inte rface state s in h'IODFET structure s. In liIODFE'l'i 

the gate metal and the channel are separated by only about 
o 

400 A.This,coupled with the large dielectric constant of 

AlGaAs as compared to SiO~give . rise to extremely large 

transconductances.ln addition,large electron densities, 
12. -2-

about 10 cm ,can be achieved at the interface which leads to 

high current levels.The effective mass of electrons in GaAs 

is much smaller than Si and therefore electron concentrations 

under consideration raise the Fermi level up into the 

conduction band, which is not the case for Si MOSFETs. It is 

the refore ne ce ssary to deve lop a new mode 1 for the MODFET. 
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1. Structural Parameters 

We have so· far briefly discussed the multiple period and 

single period structures but did not address the question of 

which one is better for ]'ETs.Even though the multiple period 

structures are a means of producing many parallel paths and 

thus a large conductance these structures are not used for 

devices.This is a result of assymetry between the properties 

of GaAs grown prior to and after A1GaAs growth (35) .The 

heterointerface when the GaAs grown on A1GaAs is not of high 

quality which makes the inverted and multiple-period modulation~ 

doping unattractive. 

~ 
__ -r-_____ L ______ ~~~G ______ --Ferm', Leve\ 
- .. -----. I 

I I 

l D()ped: 
,"4 t 

: I 

I IUndop<?d: 
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: I • 
• I I 
I I • 

geplet~4 I 

:~ .; 
I I 
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}(=O,~S 

,,(AI,Ga)As .. LS)( 101'/C(I\'5. 

Ns.::l.iA v. toU 
C.1I1-'2. 

i='3001( 

FIGURE (21) Band diagram (drawn to scale ) of a single period 

modulation-doped heterostructure having an undoped A1GaAs 

spacer layer thickness of 100 A.The electron concentration 
is -3 

in the A1GaAs is 1.5xlO cm. 
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The band diagram of a normal modulation-doped structure 

is shown in Figure(21) where the electrons are confined at 

the interfacial triangular potential well have the 

characteristics of" a 2-DEG.In addition ,higher order subbands 

formed in such a narrow quantum well may be populated if the 

1 t t fl ~ e ec ron concen ration exceeds about high 10 cm.In such cases 

the electron mobility decreases,but improvements in the 

current carrying capab1lity of the devices more than compensate! 

for this reduction in mobility. 

2. Mobility and Velocity Considerations 

We have mentioned that the electric field in short 

channel devices can be very high. Since the device geometry 

is very small,the electriQ field at which the mobility is 

no longer a constant can be attained very easily with low 

bias voltage s.A schematicrepre sentation of such a surface 

oriented device (FET) having a gate length of one micrometer 

is shown in Figure(22).For such short channel devices,the 

electric field is high, therefore , the carrier drift velocity 

saturates and becomes the determining factor instead of the 

mobility.The mobility and electron velocity are given for 

these types of structures in Figure (2)and (24) respectively. 

'i..\. S .. bs+r ... .J.c 

FIGURE (22) A schematic representation of a cross sectional 

view of a MO])]'ET with the AlGaAs on top of the GaAs. 
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FIGURE (23) Electron mobility 

as a function of electric 

field. 
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2~.-------~------~------~ 

100 200 
Electric Field (V/em) 

FIGURE (24) Electron velocity 

versus electric field 

comparing a modulation-doped 

structure with undoped GaAs. 

B. Modfet Models 

1. EEMT (High Electron Mobility Transistor) Model 

a. Device structures and Fabrication Technologies 

In 1980,Mimura (36) deve loped a transistor which they 

called HEMT based on the field effect control of the hi_gh 

mobility electrons in selectively doped GaAs/n-AIGaAs single 

baterojunction structures,offering new possibilities for high 

speed low power LSI circuits.A cross-sectional structure 

of Depletion-mode HEMT(D-EEMT) was illustrated in chapter 

3(Figure (17) ).The epilayer consisting of undoped GaAs 
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are grown on a (100) semi-insulating GaAs substrate by MEE. 

Some epilayers.were grown with 6 nm thick undoped AIGaAs 

spacer layer inserted between the undoped GaAs and n-AIGaAs 

layers to enhance electron mobility (37).An AlAs mole fraction, 

denoted as x ,WCj.S tentatively selected as 0.3.It was expected 

that high AlAs exhibits crystal deterioratiOn as a slight 

haze on the surface and an increase of deep traps, which make 

device fabrication difficult.The AIGaAs is doped with Si to 
i8 l ' 0 

the concentration of 2xlO cm ,the AIGaAs thickne ss is 600 A 
o 

and the n-GaAs thickne ss is 500 A. 

The process starts with etching mesa islands down to the 

undoped GaAs layer adjacent to the semi-insulating substrate 

to localize the active region.The source and drain are metal

lized with Au-Ge eutectic alloy and Au overlay alloying to 

form ohmic contact with the 2-DEG.Selective dry etChing using 

an etching gas composed of CCl2,F2. and 'He' was carried out to 

remove the the top epilayer of n-GaAs for fabrication ,of the 

recessed gate structure.Rectifying Schottky contact 'for the 

gate was provided by depositing of Ti-Pt-Au on the surface 

of n-AIGaAs.Tba n-AlGaAs layer is completely depleted by two 

depletion layers:the surface depletion layer produced by the 

gate Schottky barrier and the heterojunction interface deplet:i.1 

layer produced by the transfer of electrons into the adjacent 

undoped GaAs layer. 

The basic device structure of the E-HBMT (Enhancement

mode HEMT) is similar to the D-HEMT,except that it bas a 

thinner AIGaAs layer,even with the same doping concentration. 

As the AIGaAs layer thickness is reduced,the space chargee 
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caused by donor ions in the AlGaAs layer will be insufficient 

to support the Schottky barmer potential.Therefore., the 

Schottky barrier de~letion layer wiil be expected to extend 

into the undoped GaAs layer,causing upward band bending and 

diminishing the 2-IEG at the interface .The resultant energy 

band diagrams are shown in Figure ( 25) • In t his figure, the 

undoped GaAs is assumad be n-type. 

VGS=O . 

:::::::==Ec ----EF 

-2-Ev 

a)in thermal equilibrium 

Ev 

Mi, 2 
2. : n-GaAs, M : Gate Metal I 

I 
b)with positive metal gate voltag 

! 

higher than the threshold voltage' 
FIGUBE(25) Energy band diagram of an enhancement-mode EEMT. I 

Thus,in E-HEMT,donors in AlGaAs serve not to form the two-
, 

dimensional electron channel but to control the surface 

potential of the undoped GaAs layer.The positive metal gate 

voltage ,which is higher than the threshold voltage ,V,.-, cause s 

electrons to be attracted to the surface of the undoped GaAs 

layer,resulting in the bottom of the conduction band falling 

below the Fermi level,as illustrated in Figure(25).This 

electron accumulation layer acts as the current channel, 

resulting in the enhanc~ment-mode,operation.In depletion- I 

mode operation,the two-dimensional channel already exists for 

zero metal gate voltage. 



b. Device Modeling 

(1). Carrier Concentration versus Gate Voltage 

Joyce-Dixon approximation,(38),(39), is used for the 

Fermi energy in a degenerate heterojunction,neglecting 

quantum size effects.If e~;EF-Ec in the GaAs region, <p can 

be written in the Joyce-Dixon approximation as 

(3.1) 
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where n denotes electron concentration and Ne is the effective 

density of states.The first four terms of Am will be given by 

Aj. =1/,fS 
-3 

A2.=-4.95009xlO 
-6 

A~=-4.42563xlO 
(3.2) 

Differentiating.Eqn(3~1} with respect to z,the distance 

from the heterojunction interfaoe,and equating Poisson's equati~ 

dEl dz= [e (n~ND)J I t52. 

wbSrEi ND is the concentration of donors and GSl. is the 'dielectri' 

constant of GaAs,an equation is obtained to express the 

relationship between the elec~ric field E and niNe as 

(3.3) 

where B,.., is given by 

,(m>l) (3.4) 
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Equations(3.1)and(3.3) can be considered to express the 

f'undamental equations which describe modulation of' the drain 

conductance against gate voltage in EEMTs.From Equations (3.1) 

and(3.4) the relationship betwee? E and ~ at the heterojunction 

interface is obtained (z=o) . with n( z=o )/Nc as a 

parameter.Figure(26) shows the experimental plots of' the 

drain conductance against gate voltage at 77K.The solid line 

represents the r8'sult derived f'rom assuming the ef'f'ective 

mobility value to be 55,000 cm2./Vs(obse·rved Hall mobility of' 

2-DEG was 61,000 c~ IVs) and 0.16V f'latband voltage value Vf~ 

via Joyce-Dixon approximation. 

0.6,----'-----------, 
Thickness (AIGaAs)-0.06Ilm 

(f) Mobility - 55000 cm2/V's 
E WG/LG-117 

0.6 Temperature -77K 
"0 

(!) 

Q) 
u 
§ 0.4 -U 
::J 

"0 
C 

• Experimental Data 
- Calculations 8 0.2 VFB (Flatband 

voltage) VT (Threshold 
.~ ~ '"---" voltage) 
"- ~ o / 

o 0.2 0.4 0.6 0.6 

. Gate Voltage VGS (V) 

FIGURE (26) The experimental plots of' the drain conductance 

against gate voltage.A solid line represents the calculated 

results using the Joyce-Dixon approximation. 

(2). Current-Voltage Characteristics(40) 

The derivation of' currant-voltage characteristics begins 

with the we ll-known drain currentexpra ssion f'or Si-MOSFETs: 

(3.5) 
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. wOOrern is the electron mobil,ity,WG is the gate width,Qn(x) 

is the electron charge per unit area,and Vex) is the potential 
, 

of the surface of the channe 1 with re spe ct to the source end 

of the gate (X-O).At the drain end of the gate,x becomes L~, 

the gate length. 

In equation(J.l) ,it is assumed that the electronmobilitYi 

is independent of the electron concentration,which changes 

with the gate voltage.It was experimentally observed that the 

Hall mobility at 77K increases with the electron 'concentration 

over the measured concentration range.However~this dependence 

is fairly weak,especially for a high quality material with 

high electron mobility.For this reason. the constant mobility i 

" 

approximation is used as a fairly accurate engineering 

approximation. 

The electron charge Qn is readily found from the charge 

neutrality condition expressed by 

(3.6) 

where .6Q~ and AQn represent induced charges on the metal 

gate and in the channel,respectively.Equation(3.6) assumes 

that the AlGaAs layer is complete ly depleted and no 'variatio~ 
! 

of charges in too AlGaAs takes place for any nonequilibrium. ! 

! 

conditions. The maximum AlGaAs layer thickness with respect to i 

donor concentration is also calculated in r-efe.cence (40). 

Tbs energy band diagrams used for device modeling are in 

Figure (27) .Undoped ,GaAs grown in MBE was experimentally found 

to be lightly n-type and'donor concentration was estimated to! 
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be about lxlO cm.The n-A1GaAs layer is assume'd to be complete 1; 

occupied with two depletion regions.The surf'ace depletion regiol 

results from tr~pping ~f the free electrons by' surface states, 

and the interface depletion region results from the transfer 

of electrons into the adjacent undoped GaAs layer. Surface state, 

are assumed to cause Fermi level pinning at the AIGaAs surface, 

and the Fermi level of the gate metal is matched to the pinning 

point.Here ,the pinning point is assumed to be 1.2 eV below the 

conduction band in accordance with the empirical law(4l). 

The application of a voltage (V GS - 'fF:s) across the gate 

change s the potential across the A1GaAs laye r by Va and t~ 
, I ' 

surface potential by ~ ,as shown in Figure(27)-a •. 

Vcs = 0 
d 

i----E,' --LJ----E, 

a) thermal equilibriUm b)flatband condition 

FIGURE (27) Energy band diagram used for HEMT modeling. 

Hence, 

(3.7) 

where YFB is the flatband potential~When VGS =~, Qn ('Q =0. 

The flatband potential ~s can be found by noting that the 

quasi-Fermi level is constant throughout in Figure (27) .Summing 

potentials,we have 

(3.8) 
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where \.(tvl is the metal-semiconductor barrier potential,AEc is 

the difference in the energy between the A1GaAs and GaAs 

conduction band edges, YF is the Ferad potential deep in the 

undope d GaAs bulk and '-Va is the built-in potential of 

A1GaAs at the flatband' condition:. '-fs is given by 

(3.9) 

where no is the donor concentration in the A1GaAs layer, fSi is 

the permittivity of AIGaAs,d is the layer tbic~ess and do 

is the thickne ss of undoped AlG.aAs. 

The induced incremental gate charge AQa can be exp~essed 

by 

( 3.10) 

where Co=~Yd is the AIGaAs capacitance ,Vo is the voltage drop 

across the AIGaAs layer.According to the definition,the induced 

electron charge .6Qn is given by 

( 3.11) 

I 

Then,from Equations (3.10) and (3.11) we have' 

( 3.12) 

Substituting Eqn.(3.7) into Eqn.(3.l2) yields 

( 3.13) 

Therefore ,Qn(x) can be obtained as 

where't's':t is the surface potential at x=O, the source end of 



68 

the gate,or (\(ss+V(x» is the surface potential at any point 

x along the channel. 

The surface potential ~s can be expressed by 

(3.15) 

where $s denotes the surface Fermi potential.Substituting Eqns4 

(3.8)and (3.15) into Eqn.(3.14) we have 

( 3.16) 

since $5 ,which is a function of VGS,is small compared to the 

other term~,Eqn.(3.13) can be approximated as 

(3.17) 

where 

( 3.18) 

The absolute value of t;s falls below one-tenth the (WiS -'t'Fs 

value when (VGS - '(Fe) becomes higher than 0.07 V at 77K for a 

0.07 micrometer thick A1GaAs layer. 

Substituting Eqn.(3.17)into Eqn.(3.5) ,the form of the 

integral of 1D from x;O to x=LG: with the boundary conditions 

V(O)-;O and V(lJa);V05 becomes 

LG 'Jps 
f 10 dx~t\ WG 5 Co [ VGS -V(x)-v,. } dV(x) (3.19) 

" 0 
Carrying out the ip.tegration, the drain current is obtained tlu 

, 

1o;~t\WG Co l (VG$ -VT ) VDS - 1/2 V~} 
LG 

(3.20) 

2he last 'term of Eqn.(3.20) 'can become negligible compa~ 

to the others,especially for small VI'S .Under tbese conditions 
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Eqn.(3.20) reduces to 

Ip ~ ~11 WG Co - (V
GS 

-V-r )Vos 
LG vPS~o 

(3.21) 

It is noted in the Eqn.(3.21) that I,D becomes zero for a small 

but finite Vos when Vss is equal to Vr , the tbre shold voltage. 

According to Shockley's gradual channel approximation(42) 

II) saturates at the pinch-off voltage V:5,which can be given 

by 

( dID / dVos) =0 
V~s-::VDs 

It can be found that 

and then under saturation conditions 

T __ ~tlWsCo 

-vs - 2LG 

(3.22) 

(3.23) 

(3.24) 

Thus,a BEMT exhibits the so-called square-low characteristics. 

After this point the short-cbannel effects are taken 

into account because of the electric field values which cause 

the velocity saturation,in such a short channel device.In 

the EEMT modeling the results of Turner-Wilson analysis,in 

which saturation is assumed to occur when the drain field 

reaches Em ,(43) ,are used and the . saturation current is 

calculated by imposing the boundary condition that the field 

at the drain be equal to Em ,the critical field at which the 

Velocity saturation is assumed to occur. 

Then,the common-gate configuration is considered to 

simplify the analysis,and the Vos 
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Vps =VGS -V<O;D ( 3.25) 

Tben-,Eqn. (3.20) can be written as 

'1 ~ 
Ip =10 ('t - :5') (3.26) 

where , 

~ 

I = ,tt" WGO o V,. (3.27) 
0 

2L G-. 

v. " " I 2-tt!1. =( s -VG -VT ) (3.28) 
V,. 

(3.29) 

where 

I 

Vr. =VG -Ip Rs 
I 

V () =VD -Ip (Rs + Ed ) 

where Rsand Ed are source and drain resistances,respectively. 

The quantities yt and :5 denote the normalized potential dif

ferences at the source and drain respectively. 

The current saturation condition is given by the boundary 

condition,dU/dx=E"" at x=LG ,where U is the electrostatic po"

tential difference between the gate and channel.The drain satu

ration current los is then given by 

2 IoEfhLc:. '5sa.c (2.31) 
I\)S = - VT-

where '5sQeis the value of ~ at the saturation of I\) and must 

also satisfy Eqn. (3.26) ~-That is, 



Than,IDs can be calculated from Eqns.(3.3l)and(3.32) by 

uSing JSQ~.If VT =O,(3.20) can be written as 

I -~ Vie Co (:l. '2. ' 
OS- V/iOS -VC:;:l:I ) 

2 L6 (3.33) 

and than los can be expre sse d as 

(3.34) 

where V~\):>,d: is the value of V<:;D at the saturation of Ip and 

must also satisfy Eqn.(3.33) yielding 

(3.35) 

The expression for IDS can be obtained from "Eqn.(3.34) and 

(3.35) as 

IDS = (3.36) 
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From,Eqns.(3.26) amd (3.36) the current-voltage charac

teristics of the HEMT can be obtained.The measured drain 

current-voltage characteristics 'obtained for the shQrt-channe 1 

(L G =2.2 )Am) D-MOIE and E -MODE HEMT s are shown in Figure ( 28). 

It is to be noted that ,in the Figure(28) the short channel. 

D-and "E-HEMTs operating in the bigh fie ld regime exhibit the 
. 2 

aquare-law,I ps == K (VGS -Vr ) characteristics. 

As can be seen in the FigU.ra(28) ,smooth decrease. in Ii) 

about the current saturation region cannot be seen in thaoreticE 
I 

calculations because the model assumes constant mobility below 
I ' , 

the critical electric field,wbich makes the electron velocit~ 

saturate.The usage of common-gate configuration in the 

I 
I 
I 
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modeling casts soma doubt on the generalization of· the model 

into every configuration. 

An overestimation of drain current in saturation region is 

observed;this alsa may be caused by neglecting the field

dependent mobility~Therefore, ·a very precise knowledge of 

scattering phenomena that limit the mobility of electrons in 

the 2-lEG should be known and taken into account in calculating 

the current-voltage cha~acteristics.Beyond these,reasonable 

agreement between experimental and calculated results is 

observed. 
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2. Two-dimensional Electron Gas FET (TEGFET) Model 

a. Device Structures and Fabrication Technologies 

In 1981, P.Delescluse et ale reporte.d their first 

results on transport properties in GaAs-A1GaAs structures 

and some heterostructure FElT applications working at 11 GHz, 

and give an 8 dB gain (44) .These structures were actually 

modulation-doped FElTs or HEMTs, but due to the high contact 

resistance and low material quality their results were not 

so successful.Shortly after,the same group published the letter 

about their first normally-on(D-mode) modulation-doped FET 

which they called as TEGFElT (45).A transistor which has a 
. " ' 

noise fi~ of 2.3 dB,and a maximum gain of 13.2 dB at 10 

GHz was reported there.A gain increase about 4dB was realized 

at 77K,but the characteristics of the TEGFET were found to 

be very sensitive to the light radiation.These instabilities' 

in MODFETs Were also reported (46), . where the threshold voltage 

shift in MODFE~s at77K was<also investigated~The causes were 

reported to be the traps in the Al~aAs,especially donor-comp1ex 

centers which give rise to a persistent photo-conductivity 

effect in both bulk Al.Gs.4,s (48) and in A1GaAs/GaAs modulation-. 

doped structures •. At low temperatures,this trap has large 

barriers to both emission and capture of electrons due to 

a large lattice relaxation.At low temperatures,when the deVice 
+ 

is illuminated,the ionized donor impurity density(Nd) increases 

because of excitation of electrons from these traps lowering 

the threshold voltage.Under illumination,the threshold voltage 

lowering is partially due to steady-state generation of carriel 
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Thu8,as the illumination is removed,the threshold voltage in

crease s slightly.In part, the thre shold voltage change with tern,... . 

perature is explained by a simple model based on the 

temperature-dependent occupation of deep donor traps in the 

AIGaAs layer (~9). 

TE G.lf'E T s , Then,low-noise normally-on:and normally-off 
I 

with source ,drain and gate being directlj 
I 

which were fabricated 

deposited on the Si-doped AIGaAs top layer without any recess, 

were reported (50). A noise figure of 2.3 dB is obtained for 

both types with an associated gain of 10.3 and 7.7 dB for 

normally-on and normally-off ,device ,respectively ,at 10 GHz. 

The planar(vdthout any recess gate) normally-off transistor 
" 

is the first enhancement-mode modulation-doped FET obtained 
" , 

with unrecessad gate planar structure. 

SOliRCE GATE DRAIN, 
,', 

p- Go As 

5 I subSlratE.' S,l. substratE.' 

a) normally-on b) normally-off 

FIGUBE(29) Schematic cross-sectional view of normally-on and 

normally-off TEGFETs,(only difference is in Si-doped AlGaAs 

thickness).Note that there is no recessed gate struct~. 

The obtention of this low-noise normally-off transistor 

in a nonreceSs structure is surprising.In the conventional 

GaAs MIDSFET which does not have a recessed gate,tha source 

and drain resistances were very 'high due to the surface 
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depletion of carriers;the built-in potential of the free GaAs 

surface is almost equal to the Schottky barrier height.It is 

shown tbat the situation is not the same with AlGaAs since 

very low source resistance bas been obtained, such as 454for 

a gate-to-source distance of 1.5~m. It seems that a certain 

aspect of the aChievement of the high-pe rformance planar 

E-mode TEGFET is related to low access resistance Rs.The high 

electron mobility in the 2-IEG certainly has a strong 

contribution in tba reduction of Its .On several TEGFET structures 

baving a thin AlGaAs top layer(400-500 A) it was noted that 

the ungated transistors presented a large drain current(40 mA 

for 300~m gate widt~), but beanne E-mode transistors once the 

gate was deposited.The conclusion is that there is a large 

difference in the free surface potential and the Schot~ky 

barrier height.The Schottky barrier height has been found 

to be 1 eV.The surface potential of AlGaAs was determined as 

0.33~ 0.04 eV.This shows that the surface depletion for AlGaAs 

is not a severe problem vdth tba Schottky barrier gate 

potential of 1 eV and therefore' ,normally-off operation with 

planar structure can be obtained.Since a recessed gate 

involves increased device processing complexity,planar, 
- I I 

I 

unrecessed gate structure is important in achieving high 
< 

level of integration.Recently,a wafer which has approximately 

zero threshold voltage entirely was reported(5l),(52).This 

zero threshold voltage ,together vath the unrecessed gate 

structure make the logic circuit applications feasible in 

LSI level. 

The fabrication process begins with growing epitaxial 

layer of p-type GaAs of lp.m thick by MBE on a Or-doped semi-
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insulating substrate.All epitaxial layers are grown by molecular 

beam epitaxy(MB8) .Then an undoped Al Ga As spacer layer of 
0·3 o.t 

60 .A. thick And Si-doped Al Ga As layer(n=7xl(t cml of 700 A 
o .. ~ 0.1-

thick are deposited successively.The wafer is cut into two 

parts: the first ',i.s processed in the state as received,and 

the second is given a slight chemical etching to remove ap .... 
• 0 

prox1mately 200 A,before device processing.Both parts are 

identically treated:AuGe:Ni are first deposited and annealed 

to form source and drain contacts.After mesa definition and 

etching,Al or Au gate is deposited directly on the AlGaAs top 

layer without any ~ecess.Source and drain spacing is ~m, 

gate length and width are 0.8 and 300rm,respectively.All the 
, 

tested transistors which were fabricated the first part of 

the the wafer were of the normally-on type whereas all those 

on the other half were normally-off. 

b. TEGFET Model (53) 

In this mode 1, the subband splitting in the 2-IE G is taken 

into account.The analytical treatment given in the model is 

valid for both p-type and n-type GaAs cases. 

(1). Treatment of the 2-IEG Layer 

The object of this section is the calculation of the 

Fermi level position in the 2-IEG, the free electron surface 

density,and the electric field at the interface. 

The calculation starts f~om the assumption of a quasi

constant electric field E, in the potential well(triangular 

well approximation) ,and tak~s two subbands into account.Figure 

(30) gives 'the' -used notations (a 'p-type small gap semiconductor 
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is assume d) • 

The solution for the longitudinal quantized energy is then 

well approximated by the formula 

where mt is the longitudinal effective mass.For GaAs and 

considering only the lo~er and excited subbands,one obtains 

-G, cl~ 
Eo ::1. 83xlO v 

E.1. ~3.23xl06 £'J./3 

(e'J) 

(e\J) (3.38) 

where 8 is in V/m.~be numerical coefficients of Eqn.(3.38) 

are modifie d to be in agreement with the most important 

published experimental results. 

tSeo.,..;c.cn. ... cA.:.r 2-
( l~r~e. ~~p) 

Set>\;c.ot\ch,dor i. 
(S'MoS\\\ ,cap) 

FIGURE (30) Al Ga As-GaAs(p) heterojunction at equilib~um 

and isolate d. 

First a relation between the interface electric field E.i.1 

and the electron sheet concentration is established. 
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(a). p-type Case 

In the small gap semiconductor,the electric field obeys 

the Poisson equation 

dt1 - _ ~ (n(x)+l'iAt) 
d* - f1 ' 

(3.39) 

n(x) being the bulk free electron concentration and NA(tha 

ionized acceptor density in the small gap semiconductor.Inte-
I I 

gration between the limit of the depletion region (Cl=O) and 

the interface ( E(=E'ii) gives 

, (3.40) 

where fi is the diel@ctric permittivity in the small gap 

sem iconductor,n s the 2-IEG electron density,and Wi the 

space charge region width~For MESFET applications, where a 

good mobility is requi~d,NAi is chosen very low to reduce the 

impurity' scattering in the 2-IEG layer.Than,as a good 

approximation 

(3.41) 

(b). n-type Case 

dEL == _ 5L ( n(x) -Noi. ) 
d~ I fi 

(3.42) 

where NOt is the ionized donor density in the GaAs.lf d1 is 

the small gap semiconductor layer width and if E. (d!) ~O 

(neutrality at di) the integration of (3.42) gives 

(3.43) 

If Np1 and d 1 are chosen sufficiently small 

(3.44) 
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that is the same result as for the p-type case. 

From these assumptions and (3.38).(3.4l)and(3.44) the 

subband positions are give~ by the relations 

. '201~ 
Eo -;:::.io(ns) 

E 1. ~ "ti (n s ) 'It'~ 

where "'io and ~1 are adjustable parameters which otherwise would 

be given by 
-f'l. 

~o:: 2.26xlO 
-i2 .. 

~i :: 4xlO 
(3.46) 

(systems international- SI) 

The treatment,of the 2-IEG layer will be complete when a 

relation between n~ and Fermi, level position is established. 

The density of states(associated with a single quantized 

energy level)for a two-dimsnsionalsystem is a constant 

*' D= q m 
1ill.!2. 

(3.47) 

(spin degeneracy-two,valley degeneracy-one).For a two-dimen

sional density of states D between Eo and Ei. ,and equal to 

2 D for energies greater than E1. ,using the Fermi statistics 

E1 

n = D f........:;;dE=-' --:=-=-
s l+exp(~") 

E.o 

'00 

+ 2D ( _-.;.clE=--=--=-_ 
) l+exp(E.~f") 

Ei 

(3.48 

applying tho easily verifiable formulaj'l~Xp(X) = -In(l+e-x); 

ns is obtained 

(3.49) 



which at low temperatures,reduces to 

or, 
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( 3.50) 

(3.51) 

when the second subband is,respectively,unoccupied or occupied. 

From the published results performed at low temperatures by 

Shubnikov~deHaas or cyclotron resonance experiments,an 

estimation of t!o and ~1 can be done.In the p-type case they 

are found as 

" 

-!2. 
, 'l5 0 :: 2.5xlO 

-I'l. 
~ 1:: 3.2xlO (8I) 

and from the measured cyclotron mass 

ir ~!l. -.L 
D:: 3.24xlO m V 

(2). Equilibrium-Isolated case: 

(3.52) 

(3.53) 

:iigure(30) shows the band diagram of the studied hetero

struct~ in the p-type case at equilibrium and isolated from 

the influence of any external contacts.Two of the subbands Eo , 

E 1. are shown but their position is only illustrative .In the 

calculation the presence of undoped A1GaAs spacer layer of 
I 

thickness e i.s taken into. account.Electric Q.isplacement vector 

at the interface in the large gap semiconductor is computed 

by assuming the total depletion approximation.in its space 

charge laye r. 

The voltage V2. (x) in the space charge region of the 

semiconductor 2 obeys the Poisson equation 

(3.54) 
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Taking the heterojunction interface as origin,the conditions 

(dV2 /dx)=0 

(dVl lax):::: - E1.2. 
'1(- a 

where w2, is the space charge layer width,one obtains successively 
_Wa. 

Ci2. = - k f N.a (x) 
o -w2, 

V ~ (-wJ. ) =Y2,O = Ei:J.w,. -ql (2. r ax 
. 0 

For our case 

N 2.(x) =0 

N~(:i)=N1 

,for -e <..x i.0 

,for 

veo = ~ (~a_e2.) 
2 ~2. 

'By examination of Figure (30) , 

x<-e 

(3.55) 

then, 

(3.58) 

neglecting interface states we have,according to Gauss's law, 

then from (3.41) ,(3.49) ,(3.58),and(3.60) we must solve 

~. 2q €:1.N,2. ~o +q'l. N: 82.1 -qN~e=qns ::::qDkT In [ (l+exp(&'kiE 0) 

(l+exp(E~-El »] 
(). 
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The solution is obtained numerically according to the 

following proced~.It starts from an arbit~ary low value of 
I , 

I _ 

E~(which can be negative),from(3.58) ,(3.59) ,and(3.60) ns is 

deduced and Eo and E-1 computed with(3.45) .The deduced value 

for ns must also satisfy (3.49) and,if it is not the case,E ro 

is increased until (3.61) is verified.The result in the p-type 

case (using the and values given by (3.46»,x=0.3,and 

various values of e is shown as a function N2 (A1GaAs doping 

densi ty) at T=300K in Fig~ (31) .In this figure, the curve, 

which carre sponds to the case where two-dimensional behavior 

is ignored,is also reported. 

The observed decrease in ns at low temperatures is attribut~ 
, 

to carrier freeze-out in A1GaAs (reduction of the number of 

ionized impurities).But as shown before,this is not.the only 

mechanism responsible for temperature dependence 

of ns. 

o 

FIGURE (31) Sheet concentration of the 2-IEG.GaAs is taken p
type (NAt :::lOi~ ciil) and Al concentration is 0.3 in A1GaAs.Full 
curves correspond to various ~hic~esses e ,dash curve to the 
case e::::;O but J.gnore the two-dimansJ.onal character of the . 
electron -sheet. 
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(3). Charge Control by a Schottky Gate on AlGaAs Layer 

Figure(32)' shows the band diagram of the heterostructure 

submitted to influence of a Schottky gate in contact with the 

large bandgap semiconductor.It is supposed that the inter

penetration of the two depletion layers is as effective as 

in the HIDMT model.With the notations used in the Figure(32) 

the electrostatic potential obeys tbaPoisson equation with 

N:z. (x);::O ,for -e (x < 0 

I Nz (x);::N2. • for -~<x (-e 

The origin is also taken at the inte rface and V2. (0);::0 is 

arbitrarily chosen.! double integration gives 

that is, 

(3.62) 

where. 
( 3.63) 

By examination of Figure(32) the relation, 

V -d U' ..J...EF ABc 
-Ym-vG .- - -

:4 q q 
(3.64) 

then ( 3.65) 

In the absence of interface states we have then,according 
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to (3.60), 

(3.66) 

Here ,as in IiEMT model,the E F /q term,which is a function of 

·Va ,is neglected because of the reason that it is small when 

compared with the other terms.As can be recalled in the EEMT 

model the EF/q term was represented by: the term ¢s. 

I 

!.. ck 

FIGURE (32) A1GaAs-GaAs(p-type) heterojunction in the 2-IEG 

control regime by a Schottky gate. 

then,the approximate result is obtained as 

(3.67) 

where 
( 3.68) 

is called the 'off voltage' which annihilates the 2-lEG.Having 

neglected the EF/q to obtain these results,it is realized that 
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(3.67)and (3.68) are insensitive to the exact positions of 

the subbands. 

If the interface charges Qi cannot be neglected,(3.67) 

remains valid but (3.68) becomes 

(3.69) 

For a given large semico~ductor layer width,there exists 

a thre shold voltage VGi:h. separating the charge control regime 

from the equilibrium state.It was obtained by equilizing the 

two expressions of f.2.ei2. (3.58) and (3.65) :for the equilibrium 

value E~o of the Fermi energy.The result can be put in the form 

(3.70) 

where (3.59) has also been used. 

(4). FET Applications 

If Vc. (y) is the channel voltage under the gate at 

abscissa y (y is the direction parallel to the current flow), 

and VG the gate voltage,the effective voltage for charge control 

at y is 

(3.71) 

and(3.67) must be written as 

(3.72) 

The channe 1 current expre ssion at y is 
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where Z is tba gate width,and v(y) the electron velocity at y. 
,. 

Then, because of the lack of knowledge of the UIidting 

mechanisms of the electron velocity in such systems,it was only 

assumed that the electron velocity saturates at a critical 

field, Ec'up to which the electron mobility \fa.Se assumed to be 

constant(us1ng Turner~Wilson approximation). 

According to Turner-Wilson approximation, 

v==vs. ,for E ~ cc 

where Vs is the el~ctron saturation velocity.At field values 

le ss than E.c , 

(3.75) 

where dVe: /dy== E. is the electric field. 

The current 10 being conservative and the channel voltage 

Vc(y) increasing from source to drain,the electric field is 
, 

maximum close to the drain and the velocity saturation will 

occur first at the drain side of the gate region.First the 

case of very small drain voltage Vp(linear region of lo-VD 

characteristics) is considered.From (3.75), 

VC (L)-VJO) 

L 
(3.76) 

where L is the gate length.At this point Rs and RD ,being re

spectively the source and drain access resistances,are 

incorporated. 
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Vc (O)=RsI o 

Vc (L) =VD -RDIo 

Then,from{3.76)and(3.77), 

(3.78) 

and the FET acts as a puxe controllable resistor. 

At drain voltages such that the drain sida electric ·field 

is less thanE.:,tba integration of (3.75) gives 

(3.79) 

The electric field at y.,£(y)= dVc/dy is then easily obtained. 

Expressing the condition £(L)=cc one obtains the saturation 

current: 

I - Z ~2..vS ( f 
5- d2.. \l 

(3.81) 

and for a short-gate FET,i.e. ,EcL-<.({~ -YoU -RsI s)' the control 

is linear 

(3.82) 

(3.8~ 

In that case, the linearitybetween I5 and VG for a short.-cbannel 

FET bas been experimentally verified (54). 
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Using this model and data shown in the Figure(33) ,we 

obtain the I,,-VJ) curve for a normal:.ly-off TEGFET.As can be 

seen the current is overestimated.This is partly due to .:-}:.; 

neglecting EF/q term which caus,es the overestimation of 

2-IEG charge Qs(Y) and eventually overestimation of the 

current ,and partly due to the inherent insufficiency of the 

Turner-Wilson approximation which assumes constant mobility 
, 

at the electric field values below the critical field and 

pins the occurance of critical field value to the plane at 

the drain end of the gate. 

In the mGFET model the subband splitting in the 2';'1EG 

is taken into account,and the triangular-well approximation , , 

is used to calculate the subband energies for the first time, 

for the se type s of structure s.In this 2-dimensional system 

it is a necessity to take the quantization into account,since 

in GaAs, the density of state s is smaller( or the effe cti ve mass 

is smaller)and the quantization of electron population at 

the heterointerface cannot be neglected as done in Si where 

the conduction band density of states is very large ,the 
'\~ 

Fermi level even for the large at carrier concentration, 2:&:10 

cm;is still below the conduction band and predictions are 

reasonably accurate when the problem is treated like a 

tbxee-dimensional(3-D) and quantization is neglected(for 

instarice,using Joyce-Dixon approximation).Therefore,as 

illustrated in Figure (34) ,the joyce-Dixon approxima~ion which 

was used in the EEMT model is not a good approximation in 

these heterostructures. 

As a result,this model is not sufficient to predict the 

device behavior and ,therefore ,it should be improved.The EF/q 
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term shouldn't be neglected,since it is a function of gate 

voltage ,and it has contribution to the threshold gate voltage. 
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FIGURE (33) I -V characteristics of a normally-off TEGFET 

obtained using the TEGFET model,and the parameter values in 

the inset~ 
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FIGURE (34) Variation of the electron density with Fermi level 

as measured from the bottom of the conduction band in GaAs. 
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.3. The MODFET Model 

a. Device Structures and Fabricatiqn Technologies 

T.J • Drummond and H.~orko9 e.t ~l. published their first 

paper about high mobility structures which were fabricated 

using modulation-doped A1GaAs-GaAs heterostructures(56). 

These single-period modulation-doped heterojunctions have been 

prepared by MBE.Tbe A1GaAs,grown with x=0.25 or x=O • .3.3,was 
H 

doped to a level No~3xlO c£w2th Si.Maximum mobilities of 

74200 c~Vs at 78 K and 6930 c~Vs at 300K were observed in 

different structures and ~t is predicted that ,the se 

structure s, if use d for normally-off and/ or. pseudonormally-off 
\ 

FET channel layers in high-speed integrated circuits,can 

provide improved performance.In this paper,the FET device 

applications ware also discussed by using a MESFET model given 

by S.M.Sze. 

In 1982,the model for modulation-doped FET (MODFET) was 

introduced,(57).This model is nearly same with the TEGFET 

model;only differenceisth-at in the MODFET model the variation 

of the Fermi level with the gate voltage was not neglected 

as it was done in both the WMT and the TEGFET models.Shortly 

after,same group presented their thxee-piece model in which 

a three-piece linear approximation is used for the velocity

field characteristics (58).We will investigate these models 

but,prior to this,fabrication techniques of MODFETs are given. 

The heterojunction structures needed for MODFETs are 

grown by MEE on semi-insulating substrates.First a nominally 

lJ'm thick ~doped GaAs layer is grown on the semi-insulating 

substrate.This followed by ·the growth of the A1GaAs layer, 
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about 20-60 A of which is not doped near the beterointerface. 

The doped A1GaAs layer,about 600 f ~hick,may be capped with 
o 

a doped GaAs layer(200-300 A thick)or the mole fraction may 

be graded down to GaAs towards the surface • Device isolation 

is in most caseS done by .chemica1ly etching mesas down to 

the undoped GaAs layer or to the semi-insulating substrate, 

or by an isolating implant.The source and drain areas are 

then defined in positive photoresist and typically AuGe/Ni/Au 

metallization ~s evaporated.Following the lift-off, the source

drain metallization is alloyed at or above 400°0 to obtain ohmic 

contacts.During this process Ge diffuses down past the 

beterointerface,t~s making contact to the sheet of electrons. 

The gate is then defined and a very small amount of recessing 

is done.The extent of recess is dependent upon whether 

depletion or enhancement mode devices are desired.In depletion

mode devices,the remaining doped layer should be just the 

thickness to be depleted by the gate Schottky barrier.In 

enhancement-mode device s, the remaining dope d A1GaAs is 

much thinner and thus the Schottky barrier deplete s the 

electron gas as well.Finally,tbe aluminum gate metallization 
o 

(3000 A thick) was evaporated by an electron gun and lifted-off. 

Figure(35) shows the cross-section of a normally-off MODFET. 

9 G1o-i:.e 

1=5

0

:::uC'C=:e*==\,. ' 

1-- ------------
----. 2,·J)EG .'---

I'\(A\~ .. )AS 
(AI,6Q) .As 

GoAs 

FIGURE (35) Cross-section of a normally-off MODFET.The 

dimensionELare ,3, l,and 290fo m for the channe 1 length,gate lengtt 

and ~ate width.respectively. 
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b. The MODFillT Mode 1 

(1). Interface Sheet Carrier Concentration 

This model is greatly benetited from the TEGFET model; 

thus,it also considers the subband splittings in the interface 

potential well.It ta~s the undoped spacer layer into account, 

as well. 

The charge accumulated in the potential well is similarly 

obtained as in the TEGFET model •. 

" 

The interface sheet-carrier concentration just calculated is 

said to be provided by ,the larger bandgap semiconductor.Under 

equilibrium,the charge depleted from the larger bandgap 

material must be equal the interface carrier density.A solution 

is then found such that the Fermi le~el is constant across 

the heterointerface.The depletion approximation ds not used 

because of the reason that the doping level in the A1GaAs 

layer is quite large (approaching ,the density of states).Then 

a charge approach, where charge is a function of distance even 

with a constant;~;doping,is taken.Therefore ,the modified 

Poisson's equation becomes 

cW -f (x) - ::: 

here ,Vis the electostatic potential and x is the perpendicular 

distance away from the beterointerface .The space charge 

densi tYf~x) " is given by 



where n(x) is the free-electron concentratio:o.,and 

+ 
Nd(x)= Nd 

l+g exp [(Ed+qV)/kT] 
(3.86) 

is the ionized donor concentration.Here Nd is the total donor 

density,g is the degeneracy factor of the dORor level,and 

Eel is the donor activation energy;on the other hand, 

n(x)= He exp(qV/kT) 

l+~ex~(qV /ItT) ( 3.87) 

where He is the density of states in the conduction band in 

tbeA1GaAs,arid the Fermi level E'F is chosen as the origin of 

tbeenergy scale (EF=O) as shown in Figuxe(36).Combining 

Eqns.(3.84) through (3.87),we obtain 

where 

dlV _ q He [. l~d I exp(qV/kT) 1 
dx?. - - ~ l+g(~p(qV/kT) - l+~ exp(qV/kT)J 

(3.88: 

/ 
and g=g exp(-qV/ItT) ( 3.89) 

The integration of Eqn. (3.88) from V(-\'~ to V(O) with 

respect to V using the boundary condition c.2.(-wi=O,where E.z.is 

the electric field in the A1GaAs layer as shown in Figure (36) , 

and W2. is the edge of the depletion region,yields 

Ej 0) =2.kT::J Nd' In g~exp( -qV( O)/kT) +4 ln4+exJl(qV( O)/kT) 1 
l g+exp(-qV(-vQ/kT) 4+exp(qV(-:~/kT) J (3.'3( 
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FIGURE ( 36) Conduction b~d edge diagram of a single pe riod 

modulation-doped structure. 

The constant V(-~)'can be found from the space charge neutrality 

that exists at x~-wi,i.e., 

qNc 1 Nt - exp(qV(-w.¥/kT) } =0 p(-'Y= - -
'=2 l+g" exp(qV(-~/kT) l+~ exp(qV(-~/kT)· 

This equation is a quadratic equation with respect to 

exp(qV(-w,)/kT) .The solution i8 obtained that 

NJ' r Nel' !2. .I 

y~xp(qV(~v~/kT)= -(1-4:)+~ (l-A:) + 4g.lNd 

2 g" 
(3.92) 

(3.91 

The equilibrium interface density is determined by the lnterface 

electric field as 

( 3.93) 

Eqn.(3.93) follows from Gauss's law,if the doping denSity in 
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the GaAs layer is small enough so that the bulk charge in the 

depletion layer of the GaAs is much smaller than qDso .The 

expression for t2.(O) is given by Eqn.(3.90)which may be sim~ 

plified when the inequality exp(-qV(O)/kT»> 1 is taken 

into account, that is, 

!2. ( ) _ 2qNJ { . kT [ . / 4 JU E.;z, 0 - - -V(O)+V(-w)- In(l+g y)+-ln(1+y/4) 
b. I :3 q Nell' 

(3.94) 

Substituting Eqn.(3.94) into Eqn.(3.93) yields 

(3.95) 

where 
(3.96) 

The relationship 

-
V(d()::V(O) .. E~(O)<4 (3.97) 

bas been incorporated to derive Eqn.(3.95).The coordinate 
- . 

x::dt corresponds to the A1GaAs side of the heterointerface. 

Eqn.(3.95) differs from the depletion approximation case 

by S in the right hand side which is substracte d from the 

total band bending ( total band be nding::-V ( au -( -v( -w~ ) u:-V( dV + 

V( -wi ) .This contribution to the band bending is shown in 

Fi~(37) as a function of doping density,NJ, in A1GaAs for 

77 and 300K', (59) .As can be seen from this figure, the correction' 

is quite important because it. is comparable tOAEc,the 

conduction band discontinuity at the heterointerface. 
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FIGURE(37).The energy correction term arising from the 

degeneracy in the A1GaAs(without depletion approximation)as 

a function of the donor concentration in the A1GaAs layer. 
\ 

In order to determine nso ,the same method as that used 

in the ~GFET model is used.The Eqns.(3.83),(3.95) with 
+ 1 -

(3.96) ,(3.97) and V(db= q~c+V(di) are used.However,an~ 

accurate analytical approximation is obtained by linearizing 
+ 

the Eqn.(3.83) with respect to V(d~,which can be expressed 

as EFi/q and depicts the difference between the Fermi level 

(taken as reference) and the bottom of the conduction band 

in the GaAs at the heterointerface. 

Repeating Eqn(3.83) with this replacement, 

nSo =D~ In, [" (l+exp(E A ~ 0) (l+exp(E~ ~Ei.» ] ' (3.98) 

For large value s of nso ,' 

( 3.99) 

where 
-16 -2-

a=O.125xlO . (Vm ) ,and AEFo=O at 300K anp. 25 meV at 
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77K and below.Noting qV(dV=A]~;c .,;,EFi ,Eqn.(3.95) leads to the 

following simple formula for ns~ ; 

2~1.1iJd [.6Ec + :·EFo(T) +~ +V{-w.J ] +Nd(di.+Ad) -Ncr{di+al) 

(3.l00) 

where 6d== ~ ~ 80 A 
q 

The depletion approximation can be arrived by setting 

.0 =0 in Eqn.(,3.l00) ,then 

(3.101) 

..... 
where V20=V(-~)-V(~,at 77Kand 300K,the depletion approximation 

underestimates the voltage term by 25 mV and zero both respec-

tively. 

FERMI POTENTIAL(V) 
.3r------.~---,.-----~----~ 

.1r------t~~~+-----~------~ 

Oil .... 
SURFACE CARRIER. DENSITY IN 10;! CIftj-a 

FIGURE (38) Interface Fermi Potential (EFt/q) versus the sheet 

carrier concentration. 
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(2). Charge Voltage Relation 

The main purpose of this section is to derive the ' 

necessary expressions showing how nso is modulated by applied 

gate bias.A band diagram of such-a heterojunction with a Schottky 

barrier(biased negatively) is shown in Figure(39).H8re as bad 

been assumed in the two models given before this model, 

there are two depletion regions,one of which is caused by 

the heterojunction and the other by Schottky barrier which 

~ll be referred to a~ the gate.A completely depleted doped 

AlGaAs layer as shown in the figure can be achieved by a 

combination of a sufficiently large gate voltage and/or a 

sufficiently thin doped A1GaAs layer. 

""-_--.::::IL.. __ ~I di 

I ' 
Doped ~I-" ~odcreJ 

FIGURE (39) Conduction band edge diagram of a single period 

modulation-doped structure with a Schottky barrier deposited 

on the AlGaAs layer. 

Using Eqns.(3.93) and(3.95) ,and assuming that the depletion 

approximation is accurate enough,it can be found that 

-qNc:!d~ 
(3.l02) 
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which,in turn can be used to calculate the electric field 

strength at the heterointerface. 

Since the transport through A1GaAs is not as good as it 

is through GaAs, the structure and ope rational parame te rs are 

chosen such that the A1GaAs layer is depleted entirely.The 

electostatic potential in such a case can be calculated by 

integrating the area under the electric-field curve.One must, 

however,remember that, the electric field is constant in the 

undoped spacer layer.Using Figure (39) , 

( 3.103) 

can"be obtained,wheredJ is the doped A1GaAs thickness, 

d=dcl +di. and 

(3.104) 

where 

(3.105) 

is the voltage necessary to pinch off the doped A1GaAs layer. 

Examination of Figure(39) reveals that 

( 3.106) 

Combining Eqns.(3.104)and(3.106)leads to 

(3.107) 

Substituting (3.99) into (3.107) 

(3.108) 



or, 

where 

and 

£2. 
n So = q (d+ ..6.d) (VG -V off) 

~d= E2.a' -;:;:, 80 A 
q 

The charge is then given by 

100 

. (3.109) 

(3.110) 

(3.111) 

The corre ction te rm .6d come s from EF: which is a function of 
, 

gate voltage • Since the thickness of the A1GaAs layer is about 
o 0 

300 A, .6.d,which is approximately 80 A,gives an important cor-

rection factor and dropping it can lead to overestimation of 

nso for a particular VG and thus the overa stimation of current. 

(3). Current-Voltage Relation 

In an FET configuration,such as Figure(40) ,application 

of drain voltage in addition to gate voltage gives rise to a 

potential distribution varying from zero at the source end 

to Vr: at the drain end.This potential,then,leads to an 
I , 

effective charge control voltage which is different from the 

applied gate voltage and now is a function of distance 

under the gate.The potential distribution sho\v.n in the 

Figure (40) is obtained when the ohmic drop across the source 

and drain resistances are neglected.Later on these resistances 

will be incorporated. 
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At a distance y from the source.the effective voltage 

controlling the charge is 

( 3.112) 

where Vs and Vc(y) are the external applied gate voltage.and 

the channel voltage respectively.Then,using the current 

equation 

I=Qs (y)Zv(y) (3.113) 

where 
(3.114) 

and Z denotes the g'ate width,v(y) is the electron velocity.lat 

1'.1' being the direction parallel to the electron motion. 

Then the Turner-Wilson approximation is used to simulate 

the ,velocity-field characteristics of such a small device. 

The two-piece linear approximation given by Turner and Wilson 

is shown in Figure ( 41) • 

FIGUBE(40) 

/ " / / 
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Channe 1 potential along the gate of an FET. 
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FIGURE (41) Two-piece linear approximation of the ve1ocity-

field characteristic of GaAs FE"Ts(Turner and Wilson approximation) 

At fields less than Cc. ,from Eqns. (3.ll2)and(3.ll4), 

( 3.115) 

where -dYe /dy== £,(y) is the electric field.For the case _ where 

t<.E:c ,integration of Eqn. (3.115) with the use of 

Vc.(y==O)==RsI 

Vpl==V C (y==L~ ==VD -(Rs +Ro)I 
( 3.116) 

where' L is the gate length,Rs and Ro denote the source and 

drain parasitic resistances and Vp depicts the external 

drain voltage ,leads to 

where 

(Vtf-RsI{ -2 (d+ Ad)Iy 
f:z.J.A. Z (30 117) 

(3.118) 

Differentiation of Eqn.(3.ll7) with respect to 'j results ill 

the electric field 
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-~ 

E.(y)=- ~Vc (y) = (d+ ba.)I [ (v.I -R It 2 (d+M)I y J 2-
Y '"M Z f- 2 G S - ~? Z· ( 3.119 ) 

As the drain voltage is increased,the electric field near the 

drain end at {~.=L)will reach the critical value first,called 

C.C or Ese 

(3.120) 

where 
}i fz.Z 

~ =(d+.6.d)L and Is is the saturation current .Letting 

then 

or, 

Solving for Isleads to 

If Rs. were to be' set to 0, then 

Is= {3> V:t [,f+(VG/vst f -1 J 
\ 

or 

using Vsf = ~L, rEC. =VS' one finds 

Is= Z&vs [{ (vcn+ise I -vse] 
(d+Ad) . 

From Eqn.(3.117) with Rs=O and y=L 

( 3.121) 

( 3.122) 

( 3.123) 

(3.124) 

( 3.125) 

(3.127) 



On the other hand 

I == Z f2.Vs 

5 (d+b.d) 

(Vel):2 IsL( d+ Lld) 
!'" f:'2. Z 
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C~.128) 

(3.129) 

where VP5 denotes the intrinsic drain to source voltage.Using 

Eqns.(3.127) and {3.l29),it can be found 

( 3.130) 

Extrinsic drain to source voltage is then g~ven by 

+Is (Rs. +Ro) (3.131) 

The two equations,if Vie repeat them together give the 

I-V cbaract'eristics of the device, 

-( 1+ i->R sV~) 

To te st the accuracy of the mode 1, a normally-off modulation

doped FET is fabricated and characterized.The low field 

m6bi1ity~ was obtained from the Van .der Pauw-Hall measurements 

of the particular wafer from which the FET was fabricated.Tb8 

gate length is l}.tm and the gate width is 145)'l m.For x==0.3 
48 -3 0 

Nd =J.xlO cm,and d-i,==lOO A,the doped AlGaAs remaining beneath 
o 0 

the gate should be about 300 A and 450 A thick to obtain 

normally-off and normally-on devices respectively.The calculated 

and experimental drain saturation currents at room temperature 
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. 18 
as a function of gate voltage are shown in Figure(42).Nd=lxlO 
-~ :z. 

cm,),,=0.68 ID/Vs and Rs=12.n.are measured.In this particular 
s 

device,a value of vs=2xlO mls was used for best fit for gate 

voltages below +0.74V. 
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FIGUBE(42) Saturation current Versus gate voltage for a 

normally-off MODFET.Measured points are superimposed on the 

calculated curve. 

Even thoUgh 10..n is measured' as R5 for the normally-off 

FET, 12 .nis use d in the mode 1 to have the be st fit to the 

experimental data.The justification giVen as follows:the 

fabrication FET has l~m spacing between source and gate. 

This region is thought of as ungated FET indicating that Rs 

increases as the current increases.This effect should be 

more pronounced for nQr~ally-off FETs even though the 

surface potential for ~lGaAs was reported to be substantially 

smaller than the Schottky barrier height. 

The IO-VD characteristics obtained using the MODFET 

model for normally-on and normally-off FETs are shown in 

Figure (43) • 
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FIGURE (43) Three terminal output characteristics of the 

normally-on and normally-off MODFETs. 

As seen in Figure (43) ,the dXain current is still 

overestimated in this model,and a smooth decrease around sat

uration current levels cannot be seen in this model as well. 

These sharp corners on ID-VD curves suggest that the two

piece linear approximation(Tha Turner-Wilson approximation) 

is not a good approximation to make exact predictions about 
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device behavior.Nevertheless,tha model approximately predict 

the saturation currents although its pradictions of saturation 

voltages are not so good. 

The only difference between the TEGFET model and the 

MODFETmode 1 is that in the forma r ·the total charge in the 

2-DEG was found neglecting the variation of the Fermi leval, 

EFt ,with the gate voltage.In a t~pically normally-off 

MODFET,however, EFi c~ be larger than 0,14 V when the device 

is fully on,causing the charge to be s~gnificantly over

estimated.The Fermi level,EFi ,determines the width of the 

potential well at the interface.As the Fermi level drops, 

the well becomes wider and the spatial distribution .of the , 
electrons changes.This effect leads to an increase of about 

o 
80 A in the effective distance from the 2-IEG to the gate, 

to a small change in the threshold voltage ,to a very pro

nounced decrease of the transconductance near the threshold, 

and to a subthreshold current. 
I 

The EEMT model,on the other band,notonly neglects the 

EFi ,but it neglects the quantization in the potential well 

and uses the less accurate Joyce-Dixon approximation as 

well.The calculated electron density,ns, at 300K is about 

half of that predicte d by this le ss accurate three- dimen

sional electron gas model.In the HEMT model,the apparent 

mobility for the 2-IEG,calculated from the drain conduc~ance 

versus gate voltage was '55,000 c&.;Vs at 77K.The measured 
:l 

mobility was 61,000 crii/Vs;tha value of Lld (correction term 
. 0 

due to E F()required to explain this difference is 100 A, 

which is in :good agreement with the .Ad value calculate d in 

the MODFET model. 
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The imp~cations o(_t~_MODFmTm.ode 1 are shown in Figure 
( 44) • "aIi\2. SlHACE CARRIER talSITY ( .. "-2) 
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FIGURE (44) Surface carrier density versus voltage difference 

between gate and the channel. 

The exact solu~ion of Equations 

and 

is shown by the dotte d line. This can be compare d with the 

solution of 

using the linearized E FI' versus ns relation (EF..=~EFo(T)+aC}IlsP), 

is shown by the dashed line and the charge control of the 

TEGFET model where EF,J set equal to zero( solid line) .Since 

EFi is zero at 300K,the difference between the two approx

imations is due to ~he .6d increase in the effective gate

to-two-dimensional electron gas spacing. 

The slightly smaller current measured at VGS =0.8 V 

(see Fig~(42» is due to the invalidity of the model at 
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bigh gate voltages.The same reasoning was given for the 

TEGFET model,in which the decrease in current and therefore 

in transconductance at bigh gate voltage levels were found 

to be due to another current pa~h formed in the. AIGaAs 

layer, that is,a parasitic MESFET action starts.Since the 

transport properties of AIGaAs is inferior to that of 2-DEG 

wh:ichtakes place in GaAs,the transconductance decreases. 

Device parameters and gate voltage level should be arranged 

in such a way that an addi tio~al current path in the AIGaAs 

laye r would neve r occur. 

Near the tbre shold voltage (see Figure (42» , the measure d 

current is' larger than predicted 'by the MODFET model, because 
" 

this region is not taken into account in all the models 

we have seen so far. 

Even though the model incorporates the Lld correction 

term,it still overestimates the current and underestimates 

the -drain voltages,as shown in Figure(43) .These suggest 

that the velocity-field approximation should be reviewed. 

As seen in Figuxe(23) and (24),the mobility of 2-IEG 

becomes field-dependent even though the electric field is 

substantially; less than the field values required to saturate 

the drift velocity.The electron mobility becomes more 

field-dependent at . low temperatures.Therefore,a linear 

t~e-piece approximation of the drift velocity-electri~ 

field curve is used to take the field-dependence of mobility 

into account,since the electron mobility decreases very 

abruptly even at 200V/cm. 
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(4). Field-Dependent Mobility 

Three-piece linear approximation for the velocity-field 

cbaracteristics is used to obtain the drain saturation 

currents,especially at low tempe~atures where the mobility 

is extremely field-dependent. 
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FIGURE (45) Three-piece linear approximation for the velocity-

field characteristics of the MODFETs. 

When the' drain-to-source voltage is small the Shockley 

model applies,leading to 

(3.132) 

I 

f}A Z 
where -~ =- (d+ Ad)L' v ~ =-VGr. -VoH ,V05 is the drain-to-source 

voltage. 

For, 
( 3.133) 

( 3.134) 

where V
D
; is the drain voltage at the saturation.There are two 

xegions with different differentia~ mobilities under the gate. 
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The first region 

(3.135) 

where Ll is defined as the point where E.::: Et. .In this region 

the mobility is equal to the low field mobi1ityr .In the 

second region 

(3.136) 

the differential mobility is equal to JA i .In region-I the 

current is given by 

whe re v 1 :::v( €J.) ( se e Figure ( 45) ) • 

Co::: f: Z -
(d+6.d) 

and 

In region-II 

Integrating (3.138) with respect to ~, 

- IJ. '.so -V])s 1 Oovo ('IT.! 'tT 1 
ln . -.l-_....:;t~,~i-v:-o -( V-tt--V-!-)-. 

(3.137) 

(3.138) 

(3.139) 
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Eqns.(3.138) and(3.139) were solved numerically to 

yield Lland IDS ,the drain current. 

At the saturation voltage Vos=V;sthe analytical solution 

may be found using the following equation 

I s C("'S) 
Ps = 0 Vt;; -Vos Vs ( 3.140) 

The result of the solution for (3.137),(3.139),(3.140),after 

the source re sistance R s and drain re sistance R D are include d, 

is given by 

( 3.141) 
and 

V:. =v. /+ .Y! 1- ~ l+b(V;/Vo) 'l. V I S (R R) 
os G V5 0 + 1)5 S + p 

b 

where 

b=l- .2 v, (Vi -Vel (1- Vs+ ~ In 1- Vo/Vs ) 
vs Vo V4. VQ l-Vo/vi 

( 3.142) 

The resulting Equations(3,141) look quite similar to the 

simpler equations of the linear two-piece MODFET model •. 

As can be seen from Figure (43) the agreement between the 

three-piece model and, the experimental data is the best so 

far.Nevertheless,a smooth saturation cannot be observed.Its 

predictions are not so good to make it worth using,because 
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the calculations of current and voltage based on this model 

need. much time "if numerical procedure is chosen.But·,if 

analytical solutions are preferred,the results obtained 

using this model wouldn't be much different from the results 

arrived using the .two-piece linear MODFET model ,as can be 

seen in Figure (43). 

Since mobility below a critical field (€t) is assumed 

constant and after a critical ,field value ( Ec.) a sharp velocity 

saturation is taken,this model also shows the insufficiencies 

of the other models we have investigated so far, such as 

predicting higher saturation currents at lower drain saturation 

voltages. 
" 



v~\ NEW MOlEL-MOBILITY LEPENLENT MOLEL FOR TIE lJiODFET 

\ 

\ 
\ 

\ 
All\the models we have seen have used ,the Turner-Wilson 

\ 

approximai~j.on to simulate the velocity-field characteristics 

for current···voltage calculations.In the Turner-Wilson approx-
\ . 

imation drift\velocity is assumed to saturate when the drain 

field reaches Cc (a critical field) ,and the saturation current 

is calculated by imposing the boundary condition that the 

field at the drain end is equal to E.c .This solution yields 

an abrupt saturatio,p. and, be cause of the rounding of vdr 

characteristics in the vicinity ofEcit cannot be expected to 

give accurate results just prior to the saturation point. 

These models predict a larger drain current and a smaller 

saturation voltage.These results are expected,since the 

effective mobili-ty introduced in these models,in fact, 

decreases as the electric field increases,while they assume 

constant mobility up to Ec • 

. Turner and Wilson were the first attempting to analyze 

velocity /satUration effects in GaAs.To account for a velocity . 
saturated electron flow,they postUlated a finite channel 

openning at the drain end, of the gate at the onset· of the. 

drain current saturation~Saturation current levels 

corresponding to different gate bias voltages could be 

accomodated by a widening or narrowing of the channel opennjng 

at the drain end.Lehovec and Zuleeg(60) modified this model 

by replacing the constant mobili,ty with the approximate 

field-dependent expression proposed earlier by Trofimenkoff(61) t 
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The se two analyses of GaAs FET both use Shockley's 

gradual channal approximation, but differ in the approximation 

used for electron drift velocity,vd" .In the Lehovec and 

Zuleeg analysis VI is approximated by , ~(" 
I ••. 

(4.1) 

where po is the low field mobility, £. is the electric field, 

Vs is the saturation velocity. 

For short channel silicon FETs the Lehoyec and Zuleeg 

an~lysis was used successfully and good fits of theoretical 

values to experimental data we~ obtained.For GaAs FETs,since 

the analytical formula(4.l) doesn't seem to be in agreement 

vv.ith the velocity fiel4 characteristics(see Figure(46», 

Turner-Wilson analysis has been used.In this chapter we vdll 

try to show that the Lehovec and Zuleeg analysis can .be applied 

to short channel GaAs MESFETs,particularly to the MODFET. 

A. Field-Dependent Mobility 

The Lehovec and Zuleeg analysis has not been uae·d for 

GaAs FETs due to the reason that although it can give good 

results for silicon FETs,it shouldn't be used for GaAs FETs 

since GaAs velocity-fie ld characteristics are completely 

different from the silicon,as shown in Figure (46) .This figure 

shows that velocity-field characteristics of GaAs and S1 are 

completely different at first sight.But ,these curves are 

obtained at uniform electric field conditions and on the 

semiconductor wafers, not on the practical FET device structure! 
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F'or instance ,these curves predict a negative resistance region 

for GaAs after some fielq. values,but this is not the case 

for a GaAs FET.Tberefore ,these curv~s shouldn't be. taken 

strictJ;y to simulate the real p~nomena happen in the channel 

of the GaAs FETs. 

B. Velocity-Field Characteristics of the MODFETs 

We have Seen so far,in modulation-doped beterostructures 

a mobility enhancement is observed.This phenomenon results 

from a separation of mobile carriers from their parent donor 

impurities.Mobilit~increases considerably over conduction in 

bulk material of equivalent carrier concentration mostly due 

to the reducti.on of the ionized iPlPurity scattering.Consequently 

the modulation doping advantage is predominantly present at 

low temperatures where in regularly doped semiconductors carrier 

scattering by ionized impurity prevails.At higher temperature 

where phonon scattering dominates,the modulation-doping 

advantage is reduced,though still present even at room 

temperature • 

Mobilities of over lXl0
6 c~Vs at 4K have been achieve.d(62), 

indicating the effective' screening of the ionized impurities 

and that the electron mobilities are limited almost only by 

piezoelectric scattering. 

These mobilities are observed at zero field. When an elec

tric field is applied,the extremely high cryogenic mobilities 

decraase rapidly.The decrease is due to the emission of polar 

optical phonons.At room temperature,the mobility is independent 

of electric field up to at least ,2 kV/cm.ln short channel FETs 



117 

the electric field can reach tens of kV/cm,it is, therefore, 

not possible to predict FET performance at moderately high 
-

fields by extrapolations based on the zero field mobility, 

particularly at cryogenic temperatures.Tbus,the extremely 

high mobilities obtained at very low electric fields have 

only a secondary effect on device performance.The higher 

mobilities at low fields can help give the device a low satu

ration voltage and a small on-resistance. 

Q= S~ 

b ::GdAs 

o~~~--~~~--~~~--~~ o 2. 4 , & 10 f2. 4~ I , f f U) 

e.LEC.TRIC. f:rELO C. leWcm] 

FIGURE (46) Drift velocity versus electric field for Si and 

GaAs. 

Since the propertie s of the pure GaAs are maintaine d, 

electron peak velocities over 2xlOT cm/s and 3xlO":jt cm/s at 

300K and 77K,respectively,can be obtained.We will use these 
1 

velocity values in ,our calculat~ons. 

The velocity vs field characteristics in Figure(47) are 

obtained by using the data given in(33) :UP to 300V/cm,beyond 

that a constant increase of drift velocity is assumed.At 300K , . 
5 

a velocity of l.7xlO m/s at 2 kV/cm was measured,at 77K the 
5 

largest measured velocity was 2.24xlO m/s.In these measurements 

between 0 and 200V/cm,the., velocity-field characteristics were 
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obtained under dc conditions, since the lattice heating effects 

are negligible.Pulse technique,however,was used between 200 

V/cm and 2kV/cm to avoid heating and -any change in carrier 

concentration. 

Differences between real da~a,piecevdse linear models, 

and mobility-dependent model are shown in Figuxe(47). 
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FIGURE (47) Experimental and approximated drift velocity vs 

electric field curves for the MODFET.In all models low field 

mobility of 0.68 ~Vs,2 ~Vs for JOO and 77K respectively,and 

saturation velocities of 2x.105" m/s , Jxlcf m/s for 300 and 77K, 

respectively,are used. 
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The analYotical model of Lehoyec and Zuleeg for drift 
I 

velocity can agree to this level.The agreement seems to be no.t 

so good,but this may be misleading.If one reminds the case for 

silicon FETs (see Figure(48»,which had given very good: results 

this disagreement in the MODFET velocity-field characteristics 

is found to be not worse than that obtained for silicon. There

fore,the mobility-dependent model(the Lehovec and Zuleeg 

analysis) can be usedinMODFET also.Moreover, the experimental 

curves in Figure(47) are obtained by extrapolating linearly 

beyond 300 V/cm,because no experimental data are found in the 

literature beyond this field value for these type of structures. 

We feel that the rate of increase of electron velocity with 
" 

electric field decreases with increasing electric field.The 

agreement between the measured data and our model based on the 

mobility dependent analysis of Lehovec and Zuleeg leadJus to 

conclude that the velocity-field. characteristics beyond very 

low field values are closer to the curves obtained using the 

empirical formula(4.l). 

In-all these analytical models,the current beyond 

saturation point is assumsd to be constant.Therefore,they 

are valid only up to the knee of the current-voltage charac

teristics.They all predict an infinite drain resistance beyond 

the knee. 

Our assumption of a saturation field above which carriers 

travel at a constant velocity disregards the ;negative mobility 

in the actual velocity-field characteristics and the possibil

ity of electron accumulation near the drain. 

Although the negative mobility is responsible for domain 

formations and r.f oscillations in Gunn diodes,only limited 
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evidence of suqh instabilities in GaAs FETs has been demon-

strated (63) and only for doping: levels an order of magnitude 

lower than that used for practical conventional GaAs FETs. 

Indeed the computer solutions of Himsworth(64) point to the 

possibility of negative resistance effects for lightly-

doped epi-layers.The apparent minor role played by the negative 

resistance region in practical' short-gate FETs suggest that 

r.f instabilities due to this region,if they exist,occur at 

freque~cies far above the normal frequency regime of microwave , , 
FETs,or alternatively the domain formation is inhibited by t~ 

two-dimensional character of the field configurations within 

the FET.Thase results are for FETs having highly doped epi

layers.But since t~ transport in MODFET occurs in undoped 
- - , 

GaAs layers,why cannot the velocity overshoot be observed in 

these devices?It should be possible,in such submicrometer 

devices,to apply suffiCiently low voltages to effectively con

fine the electrons to the high-mobility central valley 

while in the same device creating a large electric field.After 

a threshold electric field,under such conditions,it should be 

possible to produce average velocities exceeding the maximum 

steady-state drift velocity.But we have no experimen~al data 

to indicate this in the MODFET.Lets see the reasons of not 

obtaining the negative resistance iri the MODFET. 

We have seen that the velocity-field characteristic of 

GaAs shows a dropback region.Velocity increases linearly with 

electric field,reaches a peak value then de,creases again and 

saturates at a critical field(~. 

In any FET device the electric field in the device 'shows 

two-dimensional character.That ist, .. the carriers are under the 

effect of both the- longitudinal fie ld,i.e. ,from source . 



to drain,and transverse electric fie1d,i.e.,from gate to 

substrate .And the latter is always much higher than the 

former. 

If one reminds the current transport equation in the 

semiconductor, 

Jy. :::q vl( n+q Ddn 
o~ 
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D~ 
(4.2) 

J(t =-q vM,n+q 7>lI 

where,J is the current density,q the eletronic charge,x repre

sents the longitudinal direction,y the transverse direction, 

v is the drift velocity, Dis the diffusion constant, and ,~, 
. " 

the number of free electrons.These equations show that the 

resultant I/V characteristics do not depend on the longitudinal 

drift velocity alone,but depends also upon the mobile carrier 

density associated vdth the driftvelocity.The longitudinal 

electron velocity,on the ,other hand,depends both the longi

tudinal and transverse electric field also. 

Figure(49) shows the variation of longitudinal velocity 

vex) with longitudinal field E,(x) for an unsubstrated GaAs 

MESFET device,as a function of y(transverse direction) at 

0.75;tm from source ~end of gate for different values of VP5 

and VGS =O,where y=O corresponds to the bottom of the device. 

As can be se en from t he Figure ( 49), since' the t ransve rse 

electric field exceeds the threshold electric fieldE~,under 

the gate electrode (y=O.l25,/-"m) velocity overshoot effect 

doesn't occur,whereas at the bottom of the device(y=O)most 

of the carriers are free to move since the gate depletion 

region doesn't reach here ,therefore ,tbe transverse 'electric 
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field is low enough here that the carriers can be accelerated 

to overshoot values by an increase in longitudinal electric 

field.As a result,a dropback in ·the-I/V characteristics may 

occur. 

10 .2.0 30 

ELeCTR.IC FIE l-D J EK' C J:.\I/cm] 

FIGURE (49) Variation of longitudinal velocity v~ with longi

tudinal field €(x) for a GaAs MBSFET without a substrate. 

laye r. 0 = Vos =lV, .::. VQS =3V, ., = Yos -5V. (63) 

After this point lets see what would occur if there were 

a substrate layer below the epitaxial layer of the device.

Since· the epi-layer is bighly doped in comparison with the 

semi-insulating substrate,the epilayer/substrate boundary 
, 

is,therefore ,a high/low junction in which the electrons dif-

fuse from the highly doped epilayer into the loVT doped sub

strate.In ,thi.s structure there are two factors which determine 

the re sultant ele ctric fie ld at any point, the fie ld opposing 

the diffusion across' the high/low junction and the fie ld se t 

up by the gate electrode .Therefore ,majority of the mobile , 

carriers,whether in the active layer itself 'or in the substrate I 

are in the situation that the transverse field is large enough 
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to suppress the velocity dropback in the v I f. characteristic. 

This leads directly to two clear differences in the 

properties of devices nth and without substrate .The first 

is that the carrier accumulation which had taken place in 

the un sub st rate d device doe s not-occur for the substrate d ,',' 

device.The, sacond is that the overall I/V characteristic shows 

no current dropback. 

The current through a given epitaxial layer is reduced 

by the presence of the substrate because of the carrier injec

tion from the active layer into substrate.This decrease in 

the channel current is compensated by the current which flows 

in the parallel path through the substrate. 
" 

As ,a result,the negative resistance property can be 

suppressed by either sufficient reduction of the epilayer 

thickness(therefore,extending the gate depletion region effect 

through most of the active channel) or by addition of a 

relatively high-resistance substrate.The situation can be 

simply explained. by the fact that,if an electron moves in 

c'ombined longitudinal and transverse fields, there is no velocity 

drop in the longitudinal-velocity/longitudinal-electric field 

relation,provided that the transverse electric field is big 

enough. 

Therefore,in simulatine; GaAs MESFET, theoretically 

calculated I/V characteristic using a velocity-field formula 

which takes into account the velocity dropback behavior as in 

(65)is likely to giVe inconsistent results,because in real 

GaAs MBSFETs this velocity dropback may neVer occur. 

Our/empirical formula,fortunately with the help of eVer

present substrate layer,approximates the state of affairs 
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happening in the real device and according to the predictions 

based on the model using this velocity-field formula,one can· 

say that this approximation simulate s the phenomenon in the 

MOnFETs a~cura.tely. 

c. Mobility-dependent Model for the MODFET 

Since the MOnFET is a short channe 1 device the mo bil:tty 

of carriers (here electrons are used,since electrons are 

more mobile than holes)in the channel becomes field depen-

dent. 

The charge control mechanisms through the gate voltage 

" is taken as in the MOnFET model,where the quantization effect 

in the heterointerf"ace triangular potential well,and the 

gate voltage dependence of Fermi energy in the potential 

well are taken into account.Wewill try to model the FET 

application of these heterostructures. 

In obtaining the drain current,we use the empirical 

formula introduced by Lehovec and Zuleeg.In that analysis 

the field-dependent velocity was given by,~peating again, 

vex) =ftE.(x~ 
l+&(x) 

Vs 

As seen in the formula,this model predicts electron velocity 

saturation at infinite electric field values. 

The drain current of the FET is given 

(4.3) 
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where QI1(x) is the interface charge which is determined as 

in the MODFET model,Z the gate width,v(x) the drift velocity. 

Qn(x) has been calculated in the MODFET model as 

(4.4) 

where E- is the dielectric constant of the A1GaA.s layer,d the 

total distance between the 2-lEG and the gate, V~ is the 

effe ctive gate voltage ,i.e. ,V~ =Vs -Vof(.·, 'Voff-being the thre shold 

voltage ,Vy: is the channel voltage,Ad is the correction factor. 

If we use' (4.1) ,(4.4) in(4.3), 

I _ Z ,c- «( -V~) )A dV/ax 
t> (d+ Ad) 1+ dV/dx r 

Vs 

let u=V~ -V~ and dV(x)_ du 
'ax -- ax 

I - -Z E-.J..f. u 
U- (d+Ad) 

du/ax 

1 .... Mdu/dx 
/ vs (4.6) 

II) dx= - Z f.J4 u du+ I"JA dp (4.7) 
(d+Ad) Vs 

If we integrate (4.6) from x=O to x~L and from u=U1 to U=U2. , 
" 

where u~=VG-"4f-Vs ,and U2=VG-"!tf~VD ,Vsand Vo being,respective~y 

the intrinsic source and drain voltage. 

u~ u~ 

Z (;~ J f = - ---- u du + Ib )J.vs du 
(d+.6d) 

U1 ~ 
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then Z f.J'1 .:..---- (ut-u:) 

2L( d+L\. d) (4.9) 
1- L (ui -U2.) 

vsL 

If we put Ul and u2, here 

( 4.10) 

Here We use Vs:::O (the source is at the reference potential). 

The results obtained with this formula, (4.10) ,with 

changing V~' and VI' are shown in the Figure (51) ~or normally-on 

and in the Figure (52) for the normally-off MODFETs.Also in 

these figures,comparisons between the new mode.l and the 

best three-piece linear model are made.In Figure (53) ,the 

results using Eqn.(4.10) are shown for an E-HEMT with 

comparisons between the present model and the HEMT model. 

Since the MODFET is a short channel device ,its epitaxial 
, ' 

layer is very thin also.Tbis,inherently introduces a resistance. 

Therefore,to calculate the terminal voltages,we have to 

use the source and drain resistances (R 5 and Rp).Thus, 

(4.11) 

Although 7S2. is obtaine d from the experimental MODFET 

I/V characteristics,R s and Rt) are taken as 10n-,to obtain best 

fit to the experimental data,as done in the MODFET and the 

HEMT mode ls. 
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FIGUBE(5l) Io-Vo characteristics of a normally-on MODFET 

with tJ;la parametars given in the inset. Comparisons of the 

mobility-dependent model,three-piece linear model and the 

experimental data. 
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FIGUBE(53) Comparisons between the mobility-dependent.model, 

and the HEMT model,and the, experimental data of an E-HEMT 

whose parameters are given in the inset. 

D. Saturation Voltage and Current 

We have obtained the drain cUrrent as 

IO= - P Z€'-
2(d+Ad)L { 

[(V~-VD -) - V~ J } 
l+zVD 

where z=.)1 is the saturation factor.The condition Vs L 

"d' ~ .. =O 

oVp V~ =constan'P 

gives the drain saturation voltage ,VO,S ,which is obtained as 



vps :!=.!!.. [( 1+2 Z vel. r:z.. -1 ] 
;--t 
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(4.12) 

Using Eqn.(4.12) in(4.10) in place of~VD ,we obtain the drain 

saturation current that 

IDS: -

o 
-0.1 

, 
o Measured 

"'" 2~pie ce line ar ' 
---"3-piece linear 

f. Mob. -de p.mode1 

(4.13) 

FIGURE (54) Drain,saturation cur~nt versus gate voltage for 

a normally-on MODFET. 

As can be seen from the figure, the agreement with expe r

imental data is very goo"d except that near tbesubthreshold 

region, which is nC?t included in the model. 

E". Transconductance 

" 

The transconductance of an FET is define d as 

g : 'dIos 
m ~V6 

(4.14) 
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using Eqn.(4.13) ,the transconductance for the MODFET is 

obtained that 

( 4.15) 

As can be seen from Eqn.(4.15) that ,transconductance is 

directly proportional to the saturation velocity,the gate 

width,dielectric constant of the A1GaAs layer,and inv~rsely , 

proportional to the distance of the 2-DEG from the gate. 

Maximum transconductance ,g/YIq~,is obtained at V~,""IC,which 

is the pinch-off voltage of the 2-lEG •. 

\ 

V~"1'=Vpo \ . = q nso ( a.; 6. d) 
20 

(4.16) 

If we substitute Eqn.(4.16) into Eqn.(4.15) ,we can obtain the 

(4.17) 

Our mode 1 pre dicts a g"",~of 2~6 mS/mm gate width, for \A 

normally-on MODFET,whose parameters were given in Figure (51) , 

at .yG =OV.This transconductance is 7 percent different from 

the experimental data given in(28) ,where the transconductance 

for the same device was 275 mS/mm gate width,wbereas the_ 

MODFET mode 1 using the same J?ara.me ter estimate s a maximum 

transconductance of 460 mS/mm gate width,nearly two times 

higher than the experimental result. 
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a. Effect of Donor-electron Separation 

From Eqn.(4.17) it is clear that any reduction in the 

thiclale ss of the A1GaAs layer under the gate leads to 

increased transconductances.This can either be done by in

creasing the doping in A1GaAs (~hereby reducing the thickness 

under the gate) and/or reducing the undopeu A1GaAs spacer 

layer.Reduction of spacer layer thickness also has the added 

advantage of leading to increased two-dimensional electron 

concentrations.The resulting increased current carrying 

capability leads to a faster ~harging time of device and 

parasitic capacitances and thus to higher speeds.High speeds 

can be obtained at small voltage swings and thus at low 

power consUmption. This argument basically leads to the con

clusion that the doping level in the A1GaAs layer should be 

increased as much as possible and the spacer layer should be 

as small as possible.Schottky barriers are difficult to 
. 18 _~ 

obtain with a doping level greater than about 2xlO cm which 

sets the practical limit. 

The second param.ete~,the spacer layer,can be made 

as tb1ck or as thin as one desires,that is there is no 

technological limit by the M]E process.The elect~on Velocity 
. ~ ~ ~ 

in undope d GaAs and dope d( 10 cm ) Ga.A.s laye rs is 2xlO cm/ s and 

1.8xlO
T 

cm/s respectively.This means that advantage gained in 

reducing spacer layer thickness must be Weighted against. the 

degradation in the electron velocity. 

We had Eqn.(4.17) for the maximum transconductance ,and 

( 4.18) 
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where di is the thickness of the undoped A1GaAs layer,Nd is 

the dopant density in the A1GaAs,and 

(4.19) 

is the effective built-in voltage ,where ~b is the Al/A1GaAs 

Schottky barrier height, ~Ec is the conduction band dis90nti

nuity at the b.et,erointerface_ 

As can be seen from Eqn.(4.l8) ,increasing doping density 

reduces d ,leading to higher transconductances. 

At room temperature when,f( is only a weak function of 
" 

d 1. ,the transc~nductarice should incre ase with a de cre ase in 

di .This reduction in d'" has two effects:first,it increases 

both the capacitance and the transconductance ,second,it 

increases the sheet carrier concentration,ns' ,the maximum 

voltage awwg(Eqn.(4.l6» ,and the maximum drain saturation 

current. 
. 0:1 AssllmJ ng Vbt =0. 7V ,d t=80 A, ]A- =7000cJJJ/ Vs and independent 

of di at room temperature,we calculate g~as a function of 

di for _ different doping -levels in AIGaAs layer,for a device 
I 

having gate _ length of lp.m,and a gate width of 145 }(m,and 

VoU=0.2V,using Eqns.(4.l7) ,(4.18) ,and(4.19).Tb.e results are 

showh in Fi~(55). 

As Seen from the figure, the the ore tical calculations using 

the mobility-dependent model agree very well with the 

experimental data.Figure(55) also shows that the transconduc~ 

tance is nearly insensitive to the undoped' layer thickness 

for low doping leve ls. , 
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••.. Mo'oilify- r::4ep"nJent m .,del 

FIGURE (55) Maximum. transconductance per rom gate width as a 

function of the un~oped layer thickness,di,for various 

doping concentrations of A1GaAs layer. Black dotes are 

experimental values given in- (28). 

Agreement of our model to tbeexperimenta.l data is the 

best so far.Other models given before overestimate the trans

conductance ,especially at high doping levels. 

In our model the transconductance is dependent on the 

saturation velocitY,not on the electron mobility.This is 

also a _good prediction for a short channel(l,ftm or less) 

device, (66). 

b. Effect of the Gate Length and the Saturation Velocity 

The calculated transconductance values as a function of 
,>., • 

the gate length are shown in Figure(56).We 'note from this 

figure that,the transconductance decreases with increasing 
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gate length;:aJthough beyond L;;:lj'\m,the transconductance becomes 

very weak function of the gate length.Decreasing the gate 

length not only increases the transconductance but decreases 

the gate capacitance as well.As a result high frequency 

performance of the device increas~s,since . fTis defined 

as gPl/21f C~s where C~ is thegate-to-source capacitance ,fT 

is the gain-bandwidth product. 
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FIGUBE(56) Calculated transconductance(using mobility-

dependent model)versus gate length for a normally-off MODFET 

at 300K, at V~ ;;:0. 6V for device with Z;;:145 jAm, del ;;:250 A, 
o 18 _D 

di :::60 A ,Nd ;;:lxlO cm, Votf ;;:0. 2V. 

Our model predicts that the transconductance increases 

with the saturation veloci.ty, but the rate of increase of the 

transconductance decreases as We go to the higber electron 

saturation Ve loci tie s. The re sult s are shown in Figure ( 57) • 

]'igure(58) shows that the extrinsic transconductances 

(transconductance in which the source re sistance is taken 

into account) agree very We tl with the experimental 
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data,which are nearly constant for gate voltage changes.The 

theoretically calculated values using Rs=3..n. ,which was given 

as measured source resistance of the deVice in(28) ,fit very 

well to the experimental data.This proves the validity of the 

model. 
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FIGURE (57) Transconductance versus saturation velocity for 

a MODFET baving the same parameters as in Figure (56) ,and the 

gate length is IJt1m. 
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device,in comparison with the exp~rimental data given by(28). 
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F. Cryogenic Temperature Performance 

The electron mobility and velocity register an enhancement 

when cooled to 77K.This is the result of the reduced. ionized 

impurity scattering.Using the m?bility-dependent model,t~ 

drain saturation currents with respect to gate voltage were 

calculated at 300 and 77K,and plotted in Figure (59) ,also 

shown the e:x:per~mental data for the MODFET and the HEIvIT and 

theoretical calculations using the MODFET model as well.At 
'3 . 

300K a saturation velocity of 2xlO mls were used.At 77K vs 

is increased to 3xl<f m/s.The results are in extremely good 

agreement with the predictions based on pulse me asurements( 67). 

Also characterized in Figure(59) is the EEMT operating at 

77K.The data,represented as triangles were taken from pub

lished Fujitsu drain I-V characteristics given in(27).The 

dotted line is then calculated using the MODFET model,and 
I • 

I ' 

the stars are obtained using the mobility-dependent model. 
o 

The Fujitsu device had a gate length of 2.2j-\m,dcl =400 A, 

di,=O A,Z=300rm,Vou=0.18V.TO model the device at 77K the 
2 ~ 

reported mobility of 20000cID/Vs was used with vs=3:x:10 cm/s. 
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FIGURE (59) Drain saturation current as a function of gate 

voltage for two devices. 
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0, 0 

In Figure (59) ,we have used Z=299"m,d~=305 A,di=20 A, 

Voff=-O.03V(at 300K) ,and VoH=O.13V(at 77K) for the MODFET.Our 

model overestimates the current at 'high gate voltages about 

four percent,because at high gate voltages another current' 

path in the A1GaAs layer may form. Since this parasitic MESFET 

has inferior transport properties comparison with the trans

port in the undoped GaAs layer,saturation current decreases. 

This parasitic M[i;SFET action is not modelled here. 

We note from Figure(59)that a threshold shift about O.2V 

occurs when the device is cooled down to the 77K.In all 

devices,it was assumed that 25 percent of the electrons in the 

AIGaAs layer are frozen out at 77K.Hall Measurements(68) on 
"-

modulation-doped heterostructures,indeed,show that sheet 

electron concentration decreases with temperature if the sample 

is not illuminated.This reduction had to be included in the , 

model to account for the observed shift in the threshold 

voltage as the device was cooled to 77K. 

The variation of the threshold voltage of the MODFET with 

the temperature was modelled(69).It was shown that Vo#(T) may 

result from the temperature-dependent occupation of electron 

traps located in the AIGaAs layer.The freeze-out of electrons 

was found to be not re sponsible for the observed shift in Voft 
The Fermi level shift with temperature and/or the change in 

I 

occupation of any traps present in the AIGaAs layer,GaAs layer, 
-~ I 

or at the heterojunction interface are found to be not the 

causes of the shift in the threshold voltage.Calculations of 

the Fermi level shift with temperature showed.that most of the 

shift occurs at higher temperatures(at or above 300K) and 

that the magnitude of the shift(about 25-35 mV)is much 
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smaller than the observe d' variation in VoH .Thus the conclusion 

was,at low temperatures,that the shift in VOff may be caused 

by deep traps in the MBE A1GaAs layer; such traps had been 

revealed by previous studies of a persistent photoconductivity 

which occurs at low temperatures'7.0).It had been demonstrated 

that deep donor traps exist at an energy (ED) of the order 

of 50-100 meV below the bottom of the conduction band,in 

addition,have an energy barrier (E€,) for electron capture of 

the order of 0.2 eV(see Figure(60».The value of the activation 

energy for carrier emission was estimated to be 450 meV. 

(a) 

(b) 
FIGURE (60) Energy band diagram of A1GaAs with deep donor traps 

characterized by capture energY:E B and emission energy ED +E ~ • 

a)at equilibrium with EFo =Fermi level,b) in an AlGaAs/GaAs 

heterojunction FET near thresh?ld. 

This model for threshold voltage shift does not explain 

the relatively large shift in the threshold voltage at high 

temperatures(300-400K) even when the variation of the Fermi 
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level with temperature is included.This may indicate that 

other types of traps may exist in these structures.More de~ 
I 

tailed studies are needed to check-this hypothesis.More 

detailed information about the traps,in particular,the value 

of the barrier energy of capture (Es),may be obtained from 

transient capacitance measurements. 

G. Capacitance-Voltage Characteristics 

In order to find the various deYice capacitance s the to

tal charge under the gate should be calculated.In the Shockley 

approximation the total charge isgi ven by 

Vo 
- z f q ns~ 

dVe 
Vs 

dVe (4.20) 

where n.sois the maximum carriers per unit area in the 2-IEG. 

Using the current equation, 

I- Z E,IY 
2(d+~d)L 

(u:--u;:) 
(4.2l) 

where 'U1 -V':-VD' and ti~V~ -V'; ,V~ is the effective gate voltage, 

Vrf' is the drain-to-source voltage. V ~ is the source-to-bulk 

voltage.Then we have 

I- z E-.f{ 

2(d+~d)L 

[,(vt-vst -(VG-V,{) J _ zqMnso~ 
.,MI dx 

1- -L r(V~ -V~) -('V:/ -V~ >1 
V5 ~ G· 

(4.22) 



I -Z dVe Z J'f t - qr n s°dx = .....;-.-~--

since 

(d+Ad) 

€: 
qnso = 

(d+ Ad) 

l+~ dW/ dx 

using E qn. '( 4. 22) 

2, 

(qnso) 

,I 

Combining Eqns.(4.22),(4.25),and(4.26), 

[

, f 
~,(d+Ad) 

where V:s =V~ -V~ 

V" =V "-V / 
Gil G D 

, ~ti 

f [l-/L (V6~ -V~s)J f '2.' 
S (Vd"-Ve) 

( d+ Ad) [( V~s t-(V~D )2.J V S (l+, dVj d;x.)7.. 
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(4.23) 

(4.24) 

(4.26) 

dVe 

(4.28) 

Since ~;ECx) ~l ',We can neglect the term which comes 

from the field dependence to obtain the approximate formu~a 



Q-r ~ 2 Z L 

where Co= Z L f 
d+Ad 

/ 2> ,,~ 
(VGs )-(VGD) 
-(- " ):2. ( " ):2-

VG:f. - VGoP 

Than,for the gate-to-source capacitance, 
, 
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(4.29) 

(4.30) 

(4.31) 

In Figure (61) ,the normalized gate-to-source capacitance 

C-as/Co is plotted againsttbe drain-to-'source voltage ,using 

the gate voltage as the parameter.These capacitance values 

are calculated for the region below current saturation.Above 

saturation,gate capacitance stays constant at about Coe 

FIGURE (61) The normalized gate-to-source capacitance vs.the 

drain voltage for the same MODFET as in Figure ( 56) • 
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H. High Frequency Performance 

Under high frequency operations,two factors limit the 

fre quency re sponse of an FET: the transit time and the RC time 

constant.The transit time effect is the result of finite time 

being required for carriers to travel from source to drain. 

For the constant mobility case and the saturated velocity 

case,the transit tima is given by 

(4.32) 
and 

't = L/v.s, 

respectively.According to this formula, Z =5 ps at 300K,and 

'(;=3.3 ps at 77K for a MODFET haying gate length of l~m. 

This transit ti)Ile is usually small compared to the RC 

time constant resulting from the input capacitance and the 

transconductance. 

It is of interest to assess the gain-bandwidth product, 

fT,of. the MODFET,since high speed microwave capability depends 

crucially on the fT value' of the device.The intrinsic gain

bandwidth product fT of :y.t m gate-length MODFET is calculated 
o 

to be 18 GHz using the device 'parameters of Z=145jW,dd=250 A, 
c ~ 5 

di,=60 A, V0tf=O.2V, f =0.68 ni!Vs,v.s=2xIO m/s (at 300K) .Here 

(4.33) 
21[ Ccas 

where g (VI is the intrinsic transconductance of the device .For 

a 1.4~m-gate HEMT with parameters VoH=-1.5V,t-=O.65mtVs, 
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Z=300.f\m,d<i=1500 A,dt=O A,the intrinsic gaitt-bandwidth product 

is calculated to be 21.5 GHz 

To confirm the validity of the~ calculations,we compare 

them with the measured common-source s-parameters of the 

1.4 fA- m-gate HEMT given 'in (40) ,in the freqency range of 2 GHz 

to 12 GRz at room temperature.The s-parameters were used to 

determine the equivalent circuit elements and to derive the 

the current gain \ ~1\ .The equivalent circuit model used to 

describe the small-signal characteristics of the MODFET is 

shown in Figure(62) .The equivalent circuit includes the 

intrinsic elements and the extrinsic elements.The intrinsic 

device consists of low-frequency transconductance g~,drain 
, i 

conductance gd,channel resistance Ri,gate-to-source capacitance I 

C~ ,and gate-drain feedback capacitance ~~J.The extrinsic 

elements are parasitic source resistance Rs,drain-source 

capacitance Cds ,and source,drain,and gate lead inductance L~, 

L~,and LJ respectively •. 

The equivalent circuit element values Vlere determined by 

matching the frequency dependence of s-parameters simulated 

from the equivalent ,circuit and are listed in Table 4 •. f. 
L~ Cc:la Lcl 

'1rn' I I~ 
C", fv,-

G • 
o 

5 __ ----------+--------------- 5 

FIGURE (62) Equivalent circuit model used to describe the small 

signal characteristics of the MODFET. 



144 

TABlE 4.1 Equivalent circuit parameters of the HBMT 

, 

intrinsic elements -extrinsic element s 

, ,g"..=37.9 mS -. , Cels =0.01 pF 

C"tt. ::::0.3 pH Rs =20.0 ~ 

Cdca ::::0.02l pF Ls =0.012 nH 

Ri=14.1Jl. Lea ::::0.56 nH 

gel=5mS Lei ::::0.39 'nH 

The gain-bandwidth product at which 1 h.2.ll ::::OdB was found 

to be 17 GHz.The intrinsic gain-bandwidth product fT was , 
derived to be 20 GHz,which is in good agreement with our 

theoretically calculated value of 21.5 GHz. 

Since fT= gt'll/27T Cas ,iricreasing the transconductance and 

decreasing the C,swill improve the fT.These can be done by 

decreasing the gate length.As can be seen from Eqns~(4.l5) 

and (4.31) ,the shorter the gate le~th,the higher the trans

conductance and the smaller the C~s.Eqn.(4.3l) implies that, 

an increase in electron saturation velocity will cause the g~ 

to inorease ,hence improves +T • 

.I. Switching Performance 
, .. 

So far,using the MODFET technology,ring oscillators have 

been fabricated and their performances have been reported in 

-the references(52) ,and(7l).The best propagation delay tlme 

obtained is l7ps at 300K with a power dissipation of 

slightly under 1 mW per gate with a gate length of 0.7 I'm. 
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At 77K,the best performance is 12 ps with a power dissipation 

of about 10 mW per gate ,which must be trimmed· down to about 

1 mW to ~ refrigeration to·77K practical. 

Ring oscillators are no-function circuits,having fan-in 

and fan-out of one;therefore .t~y conn?t be used to estimate 

the device performance properly with adequate noise margins. 

l'fevertheless,due to its high electron mobility and high 

intrinsic gain-bandwidth product,MODb~T technology is expected 

to result in high performance integrated circuits. 

Figuxe (63) shows a cros~-sectional view of an experimentaJ 

inverter structure with enhancement-mode SWitching and depletioI 

-mode load EEMTs.The doping concentration in the n-A1GaAs and , 
, ,is_'.!I 

n-GaAs is 2xlO cm.The n-GaAs layer of the top epilayer is 
, 

removed by etching to fabricate an enhancement-mode switching 

device. 

Enhancement-mode Oepletlon-mode. 
HEMT HEMT 

II Second ·It!vel 
insulator (SiO,) 

Substrate 
insulator (SiO,) 

~=:':;~~~!:~~~~;!.~~~-Il"(;aAS II-AI,.(ja,-xAs 
lJnduJ><'<l (;aAs 

St!mi insulating GaAs substrate 
Elo:ctron lal't!r 

FIGURE (63) Cross-sectional view of the experimental inverter 

structure with enhancement-mode switching and depletion-mode 

load EEMTs. 

The propagation delay time obtained is 56.5 ps at 300K 

. is encouraging,although the heterostructure used has a 

complicated epitaxial layer profile and the enhancement-mode 



transistor has a recessed gate ,which increases the device 

processing complexity. 
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We have se:e,n in Chapter four that high performance 

enhancement-mode TEGFETs can be fabricated in a planar unre~ 

cessed gate structure.This advantage of enhancement-mode 

(E-MOIE) TEGFETs has been used to achieve planar high-,speed 

logiC circuits,as given in reference(52). A schematic.diagram 

of inverter circuit ,which. includes unrecessed gate E-TEGFETs 
. I 

as drivers and ungated transistors(TEGFETs) as loads,is 

shown in the Figure(64).The driver Ti and the follower T2. are 

E-TEGFETs.They were obtained by depositing source,drain,and 

gate contacts directly on the AlGaAs uppermost layer.The , 
commonly used loads are depletiqn-mode transistors,but because 

of their low capacitance,ungated transistors are also appro

priate.Ungated transistors have been used in Figure(64).Tbe 

Direct Coupled FE~ logic(DCFL) would be possible ,since ,as 

we have mentioned before ,the threshold voltage is approximately 

zero ,across the entire wafer,~herefore ,the voltage sbift of 

the diode is unnecessary.Elimination of Schottky diode 

improves the delay time of the inverter.A propagation delay 

tim. of 22~6 ps was obtained at room temperature for a suppl~ 

voltage (VDD) of 3. 5V. 
\Inn 

V.'ro, 

, . 

+--__ .v~t 

L~ 

FIGUBE(64) Schematic diagram of an inverter circuit. 
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For good switching and1amplifier devices,a-good saturation, 

low differential conductance in the current saturation region, 

and a low saturation voltage are nee~ded.These are obtained 

quite well in MODFETs particularly at 77K as shown in Figure 

(65). 

!;o 

;-~ 
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J)ItAIN VOI..TAlii,e (v) 

FIGUBE(65) Drain I-V characteristics of a MODFET with a 300 

~ m gate width at 300 and 77K (from refe rence (28) ) • 

To optimize the transistor for use in normally-off logic, 

the main parameters to be determined are the Al concentration 

in the A1GaAs,tbe thickness and the doping of the,AlGaAs 

layer-. 

(1) Increasing the Al concentration in the A1GaAs increases 

both the Schottky barrier height of the gate ,and the 

heterojunction inte~ace barrier.These permit higher 

forward gate voltages on the device ,reduced hot 
I , 

carrier injection. from the GaAs into the A1GaAs, 
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and permit higher electron concentrations in the 

channel without conduction in the AlGaAs.The concen

tration of Al in the AIGaAs should therefore be as 

high as possible consistent with obtaining low 

ionization energies for the donors,good ohmic contacts, 

and minimum traps. 

(2) Maximum voltages on the gate ,limited by Schottky 

diode leakage or by conduction in the AIGaAs,are 

about O.8V at room temperature and about lV at 

liquid nitrogen temperature.Threshold voltages should 

be about O.lV for good noise margins and tolerances. 

(3) To maximize transconductance,tbe AlGaAs layer should 

be as thin as possible.Thinner AlGaAs implies higher 

doping to achieve the desired threshold voltage. 

(4) The undoped AlGaAs layer should be as narrow as 

possible. 

A simplified delay equation for the NOR and NAND gates 

'of Fi~(66) is giVen by 

where IL is the load current,VL is the logic voltage,CD the 

device capacitance,~d CL the load capacitance which includes 

the \viring capacitance.To achieve high speeds one needs to 

develop a high current to voltage ratio.This means that a 

high transconductance is nec,essary.The transconductance-gate 

voltage characteristic should als,o have a sharp knee so that 

little of the valuable voltage svling is lost traversing the 

low transconductance region.The sharp turn-on of the MODFET 

maximize s the load current of the NOR gate for a given 
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noise margin and therefore maximizes speed.The maximum trans

conductance is mainly a function of the satUration carrier 

velocity,but the sharpness of the knee depends strongly on 

the lower field part of the velocity vselectric field 
, -. 

characteristic and it is the both areas the MODFET excels. 
\J+ 

D-FE'T 

A+S",C: 

A E.-Fer 

NOR. NAND 

A 

c 

\J-t 

O-FET 

e: -reo" 

A" i!." C. , 

~ND 

FIGURE(66) NOR and NAND gates utilizing enbance ment-mo de 

drivers and depletion-mode loads with gate shorted to source. 

·Low voltages are the key to low power operation,since the 

switching energy of the circuit is proportional to CV2.;however 

operation at low power supply voltages would require a very 

tight control over the turn-on characteristic of the device. 

Good uniformity of thre shold. has been achieve d over the 

distances of a few cm,the best nUmber being about a 10 mV 

standard deviation,achieved by Fujitsu Laboratories(72t. 

The higher the mobility and .hence low on-resistance of 

the MODFET make it ideal for circuits where logic is performed 

by serial connection of devices,as illustrated in Figure(66) 

for the NAND gate. 

In the logic application area,using lJ"m gate technology 
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18.4 ps with a power dissipation of Pd =0.9 mW/stage at 300K 

was re porte d • 

MODFETs have recently progressed from no-function circuits l 

e.g.,ring oscillators to frequency dividers.A single-clocked 

divide-by-two circuit based on-the master-slave flip-flop 

conSisting of eight DCFL NOR gates,one inverter,and four 
\ 

output buffers 'was fabricated(73).This circuit is shown 

in Figure(67).The circuit has a fan-out of up to three and 

O.5~m-long interconnects giving a more meanjngful indication 

of the overall performance of the MODFET integrated circuits 

than that obtained with a simple ring oscillator. 

The basic gate consists of 0.5 j-tmX20 jJ-m gate enhancement-
\ , 

mode MODFET and saturated resistors as loads.Direct writting 

electron-beam lithography and lift-off techniques were used 

throughout I the fabrication proce SSe 

The max±mum clock frequency achieved with these circuits 

is 8.9 GHz with a power dissipation of 36.8 mW.Oscillope 

traces of 8.9 GHz input and divide~by-two circuit are shown 

in Figure(68),(74). 

At room temperature , the maximum clock frequency is 5.5 

GHz with a supply voltage of 1.31V and with 38.2 mW power 

dissipation.The logic delays determined from the dividing 

frequencies are 22 ps per gate with a 2.8 mW per gate power 

dissipation at 77K,and 36 ps .per gate with a 2.9 mW per gate . 
power dissipation at room temperature. 

The maximum clock frequency achieved with MODFET tech-
~ 

nology is roughly two times as high as that of its GaAs MESFET 
.. 

counterpart with comparable geomet~y.By using complementary-

clocked circuits maximum clock frequencies higher than 10 GHz 
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will be achievable at 77K. 

--- ---- ~-------------------- -----

FIGURE (67) l'hotomi·crograph of single-clocked divide-by-two 

circuit fabricated with electron-beam lithography. 

FIGURE (68) Oscilloscope traces of 8.9 GHz input (upper) and 

divide-by-two output waveforms of the circuit. 
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1\. Noise Characte ristic of the MODFET 

As an FET .MODFET is a lOVl-noise device, be cause only 

majority carriers participate in its operations.However,in 

practical devices,extrinsic resistances are unavoidable and 

the parasitic resistances are mainly responsible for the 

noise behavior. 

The equivalent circuit used for noise analysis is same 

that for GaAs MESb~T.illustrated in Figure(69),(75).Noise 

sources in~,.iI\J, ,en~ ,and e(\5 represent the induced gate noise, 

drain c~rcuit noise ,thermal noise of the gate metallization 

resistance R~,and thermal noise of the sourCe series"resist

anCe Rs ,respective ly.The e s and Zs are the signal source 

voltage and the source impe dance. The circuit wi ttin the semi

dashed lines corresponds to the intrinsic MODFET. 

tZ~ R.J-·-I~m~·JtJSI~-~OD~eT :-'-', __ {o 
.,. + 

t ~~s '1 

I "'-'is- - . 
. t I I ., . - . 
. . ~( <nd I 
I . 
i '" ! 
~.-._._._._._._. __ .J 

" 

" 

FIGURE (69) Equivalent circuit of_ the MODFET for the noise 

analysis.' 
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The MODFET is assumed to qperate in the microwave region 

below the cut-off frequency at room temperature here.The 

optimal value of the minimum noise figure is de sigIlate d as 

FoMs been empirically found for MESFETs(76) ,and can be used 

also for the MODFET is given that 

(4.34) 

where fT is the gain-bandwidth product and equals to grr./2T\ C~s , 

Kf is a fitting factor of approximately 2.5,representing the 

quality of the channel\:.materials,gM is the transconductance, 

Ra is the ac serie~ gate resistance in ohms,Rs is the source 

series resistance in ohms,f is the frequency in Hertz. 

For a MODFET with L=1.7.,fAm,f,. =21 GHz,Rs=20.52,R~=1.n, 

g~=39 mS,at f=lO GHz we obtained an optimal noise figure of 

3 dB,which is very close to the e,xperimental values,justifying 

the use of the Eqn. (4.34) for this type of device • 
. j 

In the microwave low-noise FET area,using a 0.55)Am 

gate technology,noise -figures of 1.26 dB,1.7 dB,and 2.5 

dB at 10,12,and 17.5 GHz with associated gains of 12,10.3, 

and 6.6 dB,res~ectively were obtained ;given by reference 

(45) • 

Three stage amplifiers for satellite communications 

operating at 20 GHz were constructed with a 300K (L=0.5f":m) , , 

overall noise-figure of 3.9 dB an~ gain of 30 dB were 

reported in (72). 

The source resistance,Rs,mainly affects the noise 

performance of the device.If the state of the art source 

resistance were obta:l.ned,'almost a two-fold improvement over 



154 

GaAs MIDSFET could be expected as far as the noise performance 

is considere d. 

MODFET is a very low-noise device at high frequencies; 

since at high fre quencie s dominant noise is the the rmal 

noise generated by the finite resistance of the channel.At this 

point the superiority of the MODFET appears:since the transport 

takes place through a 2-JEG, because of reduced scattering 

processes,nearly no noise is generated at very high frequen

cies,where the device is normally desired to be used.More-
I I , 

over,cooling the device down to the liquid nitrogen tempera~ 

ture enhances the noise performance of the MODFET;whereas 

in conventional FETs operating at low temperatures doesn't 
" 

make much difference in their operations. 

The situations are not the same for the low frequencies 

where the l/f noise is effective.MODFET,like MOSFET,suffers 

from the trap centers in the A1GaAs layer(as trap centers in 

SiO~ and at the Si-Si02 ,interface) ,and hot electron injection 

to the, A1GaAs layer. 

When the electrons are heated ,by the electric field 

across the channel, they can surmount the energy barrier and 

transfer into the A1GaAs layer where they may be captured 

by deep and shallow trap centers.These traps reduce the 

carrier concentration and mobility 'and increase the noise. 

Generation-recombination noisa, (l/f noise) is caused by the 
~ , -

/ 

fluctuations in the number of the free electrons.These traps 

inc~ase the channel resistance by causing depletion layers 

in the channel and consequently increase the thermal noise. 

The llf noise contribution at low ~requencies is so 

effective that,the llf noise measurement is used to estimate 
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trap centers in the AlGaAs layer (77). 

Therefore ,the MODFET,like MOSFETs is noisier than WJ.ESFETs 

at low-frequencies.Nevertheless since the llf inoise is effectiv~ 

below 1 kHz,it is not ver~ critical in determining the noise 

performance of the device because the MODFET is a superfast 

transistor and designed in particular to operate at very 

high frequencies. 

, 

, 
.~ 
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VI. CONCWSION 

In this thesis we have trie.d~to give a general insight 

enough to understand the state of affairs underlying the FET 

operation.Heterojunction interfaces,modulation doping concept, 

and device applications utilizing the se structure s are 

described in detail. 

The two-dimensional electron gas conc~pt was summarized, 

and a summary of compound seIDiconductors was also given. 

Heterojunction concept and its treatment in theoretical 

calculations were ~hown. 

New device applications in very fast switching device 
\ 

area were given and their operation' principles and features 

which make them inferior or superior to one another Were 

pointe d out. 

Future devices,.undoubtedly much faster than today's 

devices,will be the devices fabricated using new materials, 

because the operation limits are nearly reached in silicon 

based technology.The new materials,most probably,W~ll be the 

compound semiconductors. Therefore, those intere ste d :in device 

applications should know some features of compound semiconduc

tors.The other concept that should be understood is the 

mgh electric field effects due to reduced device dimensions. 

Device dimensions are reduced to make drain-source distance 

shorter,th~s"toreduce the time ,it takes for a carrier to 

travel from one terminal to the otherc.Another way to increase 

the speed of the carriers is to make them less susceptible 

to scattering mechanisms.The modulation doping technique was 

presented for this purpose.Using this technique,Coulomb .. 
scattering at low temperatures due to the ionized donors 
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is eliminated and nearly undoped bulk semiconductor conditions 
.(2. _2 

are reached with an electron density of 10 0 cm available for 
o ' 

current.Therefore,the modulation doping concept was given 

in detail. 
-. 

Then the models for the MODFET were given.Comparisons 

are made oAt the end,a new model, called Mobility-Dependent 

Model was introduced.This new model,introduced in the thesis, 

uses Lehovec and Zuleeg empirical formula to simulate the 

velocity-field characteristics of the device.To test the 

accuracy of the model,measured data of a normally-off and a 

normally-on MODFET and EEMT were selected and comparisons bet

ween measured data ~d the predictions of the model were made. 

The agreement between the model and the measured data is the 

best so far.Better agreement with measured data than those of 

MODFET and HEMT models for different devices fabricated in the 

laboratories in the U.S. and in japan proves the validitY. of 

the model.These lead us to conclude that ,in such small GaAs 

FETs,velocity overshoot effect is not likely to happen.We 

pointed out the reasons for not obtaining velocity overshoot 

were pre sence of the substrate layer and two-dimensional 

character of the channel electric field. 

All the models we have seen,including our model, pin the 

ve loci ty saturation point to the plane at the drain end of the 

channel.In fact,this plane moves toward the source as the 

channel field increases.To inclu~e this effect,current continuit; 

condition should be established somehow.This can easily be done 

for N"JESFETs,where currant is controlled by arranging the opening 

of the channel with gate voltage;whereas in MODFETs,like 

MOSFETs the . current is modulated by increasing Or decreasing ban~ 
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bending at the inte !'face, the re by modulating the carrie r 

density with the gate voltage.Therefore,assuming a constant 

opening for current continuity' is enough for MffiSFETs.But an 

assumption like that couldn't be taken for the MODFET. 

All the models assume constant current beyond the , 

saturation point ,that is ,they are valid up to the saturation, 

point.Constant current after saturation point means infinite 

output resistance.In fact,every FET has a finite output conduc

tance.To make the model valid in two regions,the region up to 

the saturation point and the region beyond the saturation 

pOint,a model which can solve the Poisson, Current and 

Continuity equations numerically in a two.-dimensional approach 

is necessary.Moreover,the two-dimensional character of the 

electric field in such a small device necessitates this. 

Solving these equations by finite difference or finite element 

method is a very hard task since the heterojunction concept 

makes the mesh generation and determination of boundary 

conditions very difficult. 

Like the othe r mode Is, our mode 1 is invalid at higba r gate 

voltages.Since at high gate voltages another current path 

forms in the A1GaAs layer and a parasitic MffiSFET action 

starts.This was not mOdeled,because we believe that this 

phenomenon is a parasitic action of the, device and as the 

improvements_ in manufacturin~ ',techniques and very tight _controJ. 

on the A1GaAs layer thickness and on the doping density in 

A1GaAs are achieved,this parasitic MElSFET action will 

disappear. 

Also,like the ~ther models,the threshold region is 'not 

included in this mode 1. Since the two-dimensional gas is a 
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highly degenerate system,Fermi statistics must be used 

instead of ,Boltzmanstatistics in calculating the electron 

,densities at the heterointerface.Then,to calculate the 

interface potentials by taking into account the quasi Fermi 

levels becomes very difficult ,making the model unpractical. 

To consider the weak inversion and the accumulation phenomena 

thereby to investigate the threshold region, a new model should 

be introduced.This can be the topic of another study. 

Our model,nevertheless,appears to give the best 

agreeement so far.Its predictions about device perf'ormance 

are quite reasonable.Therefore,it can effective'ly be used in 

designing MODFETs. " 

This study proves that the Lehovec and Zuleeg analysis 

can be'applied to devices made up of GaAs as well. 

This the sis is a complete characterization of an FET, , 

including derivation of every FET characteristic,therefore 

it can also be used as a reference for GaAs FET devices. 
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APIENDIX 

CALCULATION AlJD DRAi'iING Till OUTPUT CHARI\.CTERISTICS O:b' A 

NOmiIALLY-O}'F MODltl!lT 

1 REM HOB~L~TY DEPE~~~ .~~ 

2 REH TH~S PRDGRRH' C.FJL Clu..F.lT.E~ 
~HE OUTPUT CHARACTERISTICS OF A 
10DULATION DOPED FET(HODFETl 

:3 REM THE PFtRAMETERS THAT CAN 
,E OPTIMIZED IN MANUFACTURING FI 
: THE SOLIRCE RESISTANCE 'Fls:' I TH 
[HRESHOLD VOL TRGE (VCI f f.l .. THE .81 ~ 
~sTHICKNESS(d) ~AND THE UNDDPED 
lGaAs THICKNESS(di). ' 

4- REt+ Rs ~ l.)" f T ~E E.NT.EJ:;-.En .BY 
DATA STATEMENT,d AND di ARE EN 
~RED ANOTHER DATA STRTEMENT 

5 REM THIS PROGRRH DRRt.IS 7H.E 
JTPUT CHARACTERISTICS. 

1121 PL.OT 16 .. 16: ORAl.' 21210, 121: DRR 
-2 I 2 : ORRM 2 J -2: DRR!.I -:2 ~ -:2: D 

=lW 2,2: PL.OT .3.6., .3.6: DRRJ.I l.?I,.:J.:2/a: 
:>RAW -2 I -2: ORRI.',:2 ,:2: DRR •• ' :2 .. -2 

DRAW -2,2: PLOT .3.6 .. .3.6 
20 PLOT 3.6 .. 32: !)RRLA p ... .l't.' ~PJ..!1:r 

5 ,46: DRAW 2 .. 0: PLDT .:J.f'> ... .E>iL.· ..D.Q~ 
2 .. 0 : PL.OT :1.6 ~ 8121: D.r:?.8J.1 .2 .. fli: .P.L.D 
15,95: DRAW 2 .. 0: PLDT :J.6~:J.:J.2: 

RAW 2.0: PL.DT .3.6,~6 
30 FOR n =.3. TO 6 
4121 PRINT RT r ..1.9-2.*-1).) , . .0.: 4-.*:." 
50 NEXT n 
6121 FOR i=~ TO 4- , 
70 PRINT AT .2121, (.l :1-5*';) .: 0,:5.*3 
6121 NEXT i 
62 PLOT 56~16: DRAW 0~2~ PLOT 

6,16: DRAI.l 0,.2: PLOT ~35 I .3.5: DR 
lJ 0 .• 2: PL.OT ~76 .. ~6: DRRI.' 0,2: P 
OT :1.6 ,16 

84- PRINT f:)T 4- ,0; •• Id f.{l)FD •• 
86 PRINT AT 2.3. ,26; "1.)£3,$ H).'l •• 

10121 READ z .. l .. m,vs~eldd~dj,deld 
2130 DATA :l.4-5E-6 .• 1E-6 .• 0 .. 68 .. 2ES .. ..l 
.3,370E-~0 .. 4-aE-~0 .. 8mE-..l~ 
3130 READ Rs,Rd~Voff 
~00 DRTR ~0/~0/0.~ 
4-10 FOR k=2 TD 8 
4-20 LET 1,)9 =121 • .3. *~ 
51210 LET Eps=e~8.854-2E-~2 
500 LET vg.3. =I,.J9 -\.Jo f f 
650 LET d=dd+di 
700 LET X = (z *Eps HJ») ./ L2*- l *- Cd :l--de-! 
) ) 

800 L.ET Id=0 
900 FOR n=0 TO .3.60 
01210 LET Vd=n*2./:l.6e 
100 LET y = ( (m *Vd) ./ (Vs * l ;:. ) -r:l. 
,200 L.ET Ids =Id 
,300 LET iD= ex...-y) *' (V9~1'2- f1l9.3.-I,.Jd 
1"2) 
.4-00 IF Id '- 'Id:s THEN GO T.O .~ 
.500 GO SUB .2000 
.71210 NEXT 1) 

.750 NEXT Jt; 
,770 STOP 
!000 L.ET Vdsex t =Vd +l:d:r f~.s T.~'£\.) 
!100 GO SUB ~900 : 
!150' RETllRN 
1000 FOR n =n TD ~ 50 
i200 LET .I'd =.I'ds 
1300 L.ET Vd =n *2 ... 1.60 
14.00 GO SUB 212100 
~500 NEXT n 
~550 NEXT It 
L900 , PLOT (Udsex t *80+1.6) I (:l.6+Id '* 
S000) 
)3, 00 RETLIR.N 

:td (mA) 

24. 

20 
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