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ABSTRACT

AC SIMULATION OF FIELD EFFECT TRANSISTORS
WITH A HYDRODYNAMIC TRANSPORT MODEL

by

Yao-Tsung Tsai

Improvements in compound semiconductor materials and processes are producing
small-geometry, high-frequency field-effect transistors (FETs) for digital, microwave
and millimeter-wave applications. The design of the FETs requires accurate and
efficient computer-based modeling tools which include the appropriate physical
phenomenon. A computer-based simulation tool using the semiconductor hydro-
dynamic transport equations has been developed, evaluated and applied for studying
the DC and AC behavior of III-V FETs including MESi'-'ETs and MODFETs.

The hydrodynamic transport model which solves the continuity equation, the con-
servation of energy equation and the Poisson equation is the basis of this simulator.
The model does the DC solution by numerically solving these equations using the
box-integration method for discretization and the Newton method for the discrete equa-
tion solution. The DC solution was verified by comparison to a Monte Carlo particle
solution of the FET structure. The AC solution was accomplished by applying the
sinusoidal small-signal analysis (S3A) technique to the hydrodynamic transport equa-
tions. This is the first time that the hydrodynamic transport equations have been
solved for the AC solution by this S>A technique. The AC solution was compared to
the AC solution found using the Monte Carlo particle simulator with a Fourier decom-
position solution. FET structures of various geometries were studied with respect to

their AC performance. The AC parameters simulated include y-parameters, current
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gain, unilateral power gain, fr and f .. In particular, the performance of FETs in the
millimeter-wave frequency range was simulated and studied.
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CHAPTER 1
INTRODUCTION

1.1 Semiconductor Device Modeling

Modeling for semiconductor devices means to produce a representation or simula-
tion of a device, or to make a description or analogy which helps to visualize the dev-
ice characteristics that can not be directly observed. Modeling is often done by solving
the appropriate mathematical equations that describe the device operation. The sem-
iconductor equations consist of a set of partial differential equations which must be
solved subject to a pre-defined set of boundary condition over a specified domain.
There are two approaches to describe the device behavior: (1) closed-form analytical
solution, and (2) numerical solution. In many circumstances, it is possible to simplify
the device model to be a closed-form analytical expression. The solution can be
directly computed using this analytica;l expression with minimal computer time, hence,
the analytical solution is suited for circuit-level simulation. However, they are
severely limited in their range of application and accuracy because of the multi-
dimensional and non-ideal nature of most modern devices. The numerical approach
requires considerably more computer time than the analytical method, but usually pro-
duces more accurate results and provides greater flexibility. Figure 1.1 shows the

different device modeling levels.

In order to obtain higher speed and higher integration performance, the size of
semiconductor devices has been drastically reduced to submicrometer dimensions due
to progress in fabrication technology. Numerical simulation techniques are required
for submicrometer channel length devices in order to design and improve the devices
for various applications. The numerical models used to model semiconductor devices

may be classified into two types depending on the solution techniques. The two
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Figure 1.1. Different device modeling levels.
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technique are a continuum approach treating the macroscopic quantities of carrier tran-
sport directly and the particle approach treating the macroscopic quantities as averages
of many microscopic events. The continuum approach has a variety of methods
including the drift diffusion model which has received the most use in the past. The
drift-diffusion model (DDM) or classical model is based on solving the continuity
equation and Poisson equation. This makes two central assumptions: (1) there is a
steady-state thermal equilibrium between mobile carriers and the crystal lattice, and (2)
there is a stationary relationship between the electric field and the carrier velocity
(local field dependent mobility). In FET’s with submicrometer channels, the electrons
are not transported under the carrier-lattice equilibrium conditions, and nonstationary
effects such as velocity overshoot become significant. The non-stationary effects can
be understood with the aid of Figure 1.2 [1]. When a constant electric field is applied
in a homogeneous uniformly-doped material, it takes some time for electrons to reach
steady state. Figure 1.2(a) shows that velocity overshoot occurs before steady state has
been reached. The velocity overshoot can improve the device performance for submi-
crometer devices. DDM makes the stationary assumption which is équivalcnt to using
the velocity values at the times greater than Sps in Figure 1.2(a), and neglects the velo-
city overshoot effect. Figure 1.2(b) calculates the delay time for electrons to reach
within 95% of their steady state value. Therefore, the drift-diffusion model does not
accurately predict importment phenomena related to nonstationary effects which occur

in today’s small-geometry semiconductor devices.

For accurate modeling of nonstationary effects, two major approaches have been
developed. The first is the Monte Carlo particle simulation [1-4] which gives accurate
solutions based on detailed transport and band structure parameters but at a large
expense in computation time. This large computation time is unattractive for device
optimization and the extraction of circuit simulation model parameters. The second is

the hydrodynamic transport simulation [S-11] which solves the conservation equations



Relaxation time, ps
S‘L

1

1 1
0.5 1.0 1.5 2.0
Electric field, MVm'!

(b)

Figure 1.2. (a) Average drift velocity of electrons in GaAs versus time for different
fields. (b) Drift velocity relaxation time versus the electric field. This relaxation has
been defined in the text.[1]



for particles, momentum, and energy. This method greatly reduces the amount of CPU
time compared with the Monte Carlo simulation method.
1.2 Statement of Purpose

Due to nonstationary effects, the DC, AC, and transient performance of field
effect transistors must be carefully evaluated. The primary goal of this study is to
develop a two-dimensional device simulator using the hydrodynamic transport model

(HTM) for III-V FETs. The simulator should include the following features:

a) solution of the three conservation equations (particle conservation, momentum con-

servation, and energy conservation) coupled with Poisson’s equation,
b) DC and AC simulation capabilities,
c) transport parameters calculated from Monte Carlo simulations,
d) regrid capabilities based on potential, electron concentration and electron energy,
and
e) heterojunction capabilities for the simulation of heterostructure FETs.

The simulator will be used to model the high-frequency (1-100’s GHz ) behavior
of II-V FETs ( MESFETs and MODFETs ), and to compared to the results obtained
from the Monte Carlo method or to the results available in the literature. The results
of this study will not only provide information on device performance, but will also
contribute to the basic understanding of device modeling using hydrodynamic transport

model.
1.3 Thesis Preview

The thesis is divided into seven chapters. Chapter 2 develops the hydrodynamic
transport model (HTM), reviews previous works and presents the model for this

research. Chapter 3 describes the numerical technique for this model. In particular,

the discretizations for current density and energy flux are described in detail. The DC
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simulation solution of the MESFET is discussed and verified using a Monte Carlo par-
ticle simulation in Chapter 4. The sinusoidal small-signal analysis (S3A) technique
applied to the HTM is described and verified in Chapter 5. The AC performance
dependence on device parameters is also studied. The HTM model is extented to the
DC and AC simulations of the MODFET in Chapter 6. Conclusions are given in the

last chapter.



CHAPTER 2
HYDRODYNAMIC SEMICONDUCTOR EQUATIONS

This chapter starts with a review of the literature on the hydrodynamic transport
model followed by the development of the model. The relationship between the hydro-
dynamic transport model (HTM) and the drift-diffusion model (DDM) will be dis-
cussed. Also, the HTM used in previous work and in this study will be included in

this chapter.
2.1 Model History.

One of the earliest solutions of the Boltzmann u'a?lsport equation (BTE) for the
hot-electron problem, which was to influence subsequent developments in the field,
was given by Stratton[12]. Stratton expanded the nonequilibrium distribution function
in spherical harmonics, assuming the first two terms to be important. Applications to
device simulation using Stratton-based transport model may be found to date in Ou
and Tang [13], Cook[14], and Widiger et al. [15].

A further development that was more general in approach was given by Blo-
tekjaer[16). Blotekjaer solved the transport equations for electrons in a two-valley sem-
iconductor. Instead of expanding the distribution function into harmonics as Stratton,
Blotekjaer derived the model by taking the first three moments of the BTE to give the
macroscopic quantities electron concentration n;, drift velocity ¥;, and electron tem-
perature T; ,where i indicates the valley (see Figure 2.1). The basic assumption of
this theory is that the distribution of electrons within each valley can be described ade-
quately by three quantities, namely, electron density n; , drift velocity ¥, , and tempera-
ture T, in the lower valley, and ny, vy, and Ty in the upper valley. It follows that
all quantities which depend on the distribution function are uniquely determined by the
parameters n; ,v; ,T; ,ny vy, and Ty;. This assumption is satisfied by displaced

7



Figure 2.1. The displaced Maxwellian distribution can be uniquely described by three
quantities: n, v and T. n is electron density and describes the area under the distribution
curve. v is the mean velocity and describes how far the distribution function is displaced
from its equilibrium value v, = 0, and T is electron temperature and describes how
wide the particle velocity spreads away from its mean velocity v,,.
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Maxwellian distributions which can be expressed as[17]

| O m’ (v —7;)> 2.1
fiv)=n; kg T CXP-—%—T . 2.1)

Equation (2.1) is described by three quantities : n;, V;, and T;. However, the analysis

is not restricted to any particular distribution function. Applications to device simula-
tion using the Blotekjaer-based transport model may be found to date in Cook and
Frey [6], and Snowden and Loret [7].

2.2 Model Development

This section will develop the first three moment equations based on the
Boltzmann transport equation (BTE) for a single, parabolic energy band.

Charged particles in semiconductors can be characterized in terms of their posi-
tion in space r and velocity v at time t. The density of particles n(r,t) may be
described by means of a distribution function f (r,v,t), which is itself a function of

phase and velocity space as well as time. The density of particles is given as

n(rt)=[f(rv,dv . (2.2)

The BTE can be written as [17]

of . .o . _F of _ of
x  Var T G @23

where f is a distribution function f (r,v,t), F represents external forces, m" is parti-
cle effective mass. The right hand side includes the randomly-timed scattering events
that the particles experience. Since (2.3) does not have a closed form solution for the
devices being considered, one approach to solving the BTE consists of simulating the
motion of one or more carriers at a microscopic level with Monte Carlo methods [1-4].
However, this category of simulations is computationally intensive, and thcrefore, with

a few exceptions only, not suitable for engineering application.
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An alternative approach is to solve the moment equations, which are obtained
from (2.3) through multiplying by various functions of velocity, ®(v), and integrating
over velocity space. Essentially, ®(v) takes the values 1, v( or v;), vv( or v;v;), ...,
thus giving rise to the zero-order, first-order, second-order, ..., moment equations,
respectively. The procedure is straightforward, though tedious for higher orders. It
replaces an equation for the distribution function, f (r,v,t), by equations which are

function of r and ¢ only.
The average over velocity space of an arbitrary function ¢(r,v,t) is defined by

1
n(r,t)

<> = [oer v.0)f (v .)dv (2.4)

where n(r,t) is defined in (2.2). Hence, multiplying (2.3) by ®(v) and integrating over

velocity space, the general moment equation may be written

n<d>) 9 _ e g 90
Y + 3 (n<vd>) o E<av >
= |9
= [at (n<<b>)]c 2.5)

where F is replaced by eE. e is the particle charge and E is the electric field.

Thus the BTE for the distribution function f is replaced by a set of equations
containing averaged quantities. Each moment equation introduces the next higher-order
velocity moment due to the second term in (2.5). The moment equations are then an
infinite set of equations unless some additional assumptions are used to break the chain
of equations and restrict the variables to a manageable number. These additional

assumptions will be considered below.

The zero-order moment equation is obtained from (2.5) by putting @ = 1
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an ) _|9n
where
v=<v>=[vfdv . @7
n

The zero-order moment equation (2.6) is the carrier continuity equation. According to
(2.6) the increase of particle density plus the divergence of particles equals the
increase in density due to collisions.

The first-order moment equation, putting ® = m"*v;, gives for the i th component
of the equation

a(m" nv;,

L ] - _a_ L ] A
5 + V-(m n<vv;>) — neE; = [a’(m nv,)] . (2.8)

c

The general second-order moment equation uses @ = (m* 2)v;v ;- For the development

of the energy conservation equation it is adequate to take the cases i = j and sum over

i =1,2,3. Then, ® = %m‘vz, and this gives
—a-(n<lm'v2>) + V-(n<lm'v2v>) - neEvV
ot 2 2
) 1
= |—(n<— 25
[at(n<2m v ]c (2.9)

where <v;v;> and <vZ;> may be written

— Pij —
<YYi> =<(v=; + (v -V +7)> = —'_1-- + Vv (2.10)
m n
3 3 qii " 2p.:
k> = Fawyy>= 3 [ ] p:‘ v + p," v + \T‘-\T‘-\Tj] (2.11)
i=1 silm®n m'n mn
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with p;;, the pressure tensors, being given by
pij = m'n<(v,- -V - vi)>= m'f(v,- -V = v;)fdv =Ppiji
and g;; , the heat tensors, being given by

Qijk = m" n<@; = )V = V)V — )> .

(2.12)

(2.13)

Substituting (2.10) and (2.11) into the first-order moment equation (2.8) and into the

second-order moment equation (2.9) gives

i(m'mT)+ ii(p +m nv:v:) - nekE; = i(m'n\T-)
RO F P ) neBi = 13 m

c

0|1 1 o« _2 3.0 |1 1 _ _ e 1 _o_
> [Epu +omony; ] +J§a—rj 2 duj ¥ ZFPuVj +pijvi +m "(Evi Vi)
d )
- neE;v; = | —(n<—m v-2>)]
[ '} [at 2 ] c

for the momentum and energy conservation equation, respectively.

From elementary gas kinetic theory, we define
nkgTy; =m" [(v; = )v; = Fj)fdv
where kp is Boltzmann’s constant and T;; is related to the pressure tensor as
pij = nkgT;; .
Finally, the components of the heat flux vector are defined as
1 2 — 31
Qi =—m fo =9’ - )fdv = JEE%‘,’

by (2.13).

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)
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Using (2.17), (2.14) reduces to

om’” nv; . [anka i, p)
j=1

v,-(m'mTj)] - enE;

or or; or;
= |2 —(m" nv;) (2.19)
ot c
or in vector notation
—amat"V +VV¥(m*nv) + V-nkgT - enE = [%(m'rﬁ)] (2.20)
where
3 3
L=xxls

T is a tensor, and a; and a; are unit vectors. Assuming T is scalar, i.e. T =T/, then

the moment conservation equation (2.20) becomes

om* nv

ot

+VF(m*'nv)=en E-V(nkgT) + [%(m'n?’)] (2.21)

c

or using (2.6), (2.21) can be rewritten as

E \AAR: —V(nkB T)- —E Lid (2.22)
ot m al

where the collision term was written as

87 - 1 _a_ ] _ Yy an
[ﬁ]c = —m'n [at (m nV)]c [a: ] (2.23)

In (2.21), m* n¥ is the momentum density. The left-hand side is the rate of change

plus the outflow of momentum density. The right-hand side represents the force
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exerted by the electric field and by the particle pressure nkg T, and the rate of momen-

tum density change due to collisions.

Using (2.17), (2.18), and P = nkg T = nkgT[, the second-order moment equation
(2.15) reduces to

33 ~ 1o olf3, .1 . ] .
a:(z"""T+ >m nv Y+ V [[2""87"" >m nv ]v+Q+nkBTv]

Ez |9mel
-JE= [at(n<2m v2>)] (2.24)

4

where J = enV is the current density. Using

w =%nkBT +%m'n72=n§ (2.25)
3 1«
§=SkyT +om' 7 (2.26)
S=W + nkgT)V+Q (227
and
wl| |3, 1.
[ax Jc B [a:(“z"‘ v2>)]c (2.28)

(2.24) can be written as

W vs-JE= W
=+ VS JE'[ar ]c (229)

or
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%,- + V- W) =enVE - V-(VnkgT) — vVQ+ %vtl] (2.30)

where § is average electron energy and S is the flux of energy flow. These two equa-
tions are equivalent expressions of the energy conservation equation. (2.30) contains on
the left-hand side the rate of change plus the outflow of kinetic energy density W. On
the right-hand side the first term is the energy supplied by the electric field, the second
term is the work performed by the particle pressure, the third term is the divergence of
the heat flow Q, and last term is the rate of change of kinetic energy density due to

collisions.

(2.6), (2.21), and (2.30) are the first three moment equations for the conservation
of particles, momentum, and energy (see [16 equations (1), (2), (3)]). The hydro-
dynamic transport model solves the three moment equations with some appropriate
assumptions.

2.3 Relationship Between HTM and DDM

The improved accuracy of the HTM as compared to the drift-diffusion model
(DDM) can be demonstrated by showing the assumptions necessary to derive the DDM
from the first two moment equations. The DDM model does not consider the energy

moment equation as it assumes the energy is always at its equilibrium value.

For any quantity X, the relaxation time approximation for the scattering term

reads
x| _ X-Xp
[at ]c = o (2.31)

where X is the value X at equilibrium and Ty is the relaxation time for X quantity.

For the momentum relaxation time approximation, v = 0 at equilibrium. For the energy
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relaxation time approximation for scattering terms, e = —q for the case of electrons,

and
LA\ At (2.32)
T ot
(2.22) reduces to
—V nkpT +—‘1—E =-
mo i @
Rearranging terms gives
k T
S P P LA kgt ®) o ke T ®) o 233)
q qn

T (S)
where W, (&) = 2 "',é is the electron mobility. Applying the two central approxima-
m

tions of DDM to (2.33) ,i.e., (1) carrier temperature - lattice temperature equilibrium
(T =T,), where T is room temperature or lattice temperature, and (2) stationary rela-

tion between electric field E and electron energy &, (2.33) can be reduced to

v, =- [u,. (E)E + D, (E )—’ll-Vn (2.34)

ky T
where D, (E) = p, (E )BT' D, is the electron diffusion coefficient. In (2.34), p, ()

and D, (§) have been replaced by p,(E) and D, (E) respectively due to the stationary

assumption.

Using (2.33), the current density expression for HTM becomes

nk kg T
=enV, =q|np,E)E + B,;"@) VT + =2 ;L"(g) Vnl. (2.35)

]
X

Using the velocity equation (2.34) the current density expression becomes
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J, =enV, =q(nu,(E)E + D, (E)Vn) (2.36)
which is the well known current density expression for DDM.

Comparison of (2.35) and (2.36) shows the fundamental difference between these
two models. The DDM neglects the current due to temperature gradient which may be
comparable in size with the other terms in equation (2.35). Also, DDM assumes
locally field dependent mobility which may result in large errors for submicrometer
device. The errors occur because of the time it takes for the electrons to reach station-
ary status, and if the time is compatible with the transient time of the electron travel-
ling through the channel, then the non-stationary effect should be taken into account.

Besides the BTE or the moment equations, Poisson’s equation is solved to obtain

the potential distribution. The Poisson equation for unipolar (electron) semiconductors
is

Viy =- -‘el(zv,, -n) 2.37)
where v is electrostatic potential, € is the dielectric permittivity of the material, Np is

the doping, and n is electron concentration. The electric field E is obtained directly

from the potential using the relationship
E=-Vy . (2.38)

Therefore, the difference between solving DDM and HTM can be logically
described in Figure 2.2. The comparison between HTM and DDM for the velocity

component due to electric field may result in three cases:
(1) v = u(€)E < W(E)E, non-stationary and undershoot.
(2) v = uE€)E = W(E)E, stationary.

(3) v = WE)E < W(E)E, non-stationary and overshoot.
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Figure 2.2. Computer flow chart for (a) drift diffusion model, (b) hydrodynamic transport
model.
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If the electric field varys slowly in space and time as in the case of long channel
devices operating at low frequencies, then the non-stationary effect is not important. If
the electric field varys rapidly in space and time, then the non-stationary effect is
important and the electron energy has to be determined using the energy conservation

equation.
2.4 GaAs MESFET Simulation

The three moment conservation equations based on solving the Boltzmann’s tran-
sport equation have been developed in Section 2.2 for the single valley. In the case of
multivalley semiconductors, these equations must be written in each valley. However,
the generation of transport equations for electrons in multivalleys leads to a highly
complex non-linear model. The problem is too complicated to be of any practical use
and is simplified considerably by deriving a single equivalent electron gas, whose
parameters are described by weighted averages of the electron population in each val-
ley as obtained from steady-state Monte Carlo simulations. Even though GaAs is a
three valley material, some researchers have used a two valley model [18,19]. Using a
two-valley model, the single electron gas model uses the following quantities[20]:

n=n +ny
v =Q1-Fy®)v, + Fy€)vy
m* = (1-Fy®)m, + Fy@&m

€=(1-Fy@®k, + Fy®&)A&y, + &y) (2.39)

where L denotes the lower conduction band valley, U denotes the equivalent upper
valleys, Fy(§) = ny/(np + ny) is upper valley fraction, and AE;; is the energy
separation between minima of the lower valley and upper valleys. The energy refer-
ence for &; and &; are the respective valleys. The conservation equations of the single

electron gas model with the relaxation times approximation are [20,21]
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M V(av) =0 2.40)
ot
ov qE 1 v(&)
— -V V(nky T =- 2.
5 VIV ) + o O (nkpT (8)) 3 (2.41)
3 §—%k3 Ty
J;—:;l + Vnv(E + kgT () + VQ=-gnvE - n-w (2.42)
with
= %m‘ (g)v2 + %kB T(g) + FU (§)A§UL . (2.43)

The model equations (2.40)-(2.43) still need further simplification in practical use
for compound semiconductors. There is a diversity in these models caused by making
different assumptions as reviewed below.

Feng and Hintz [8] neglected heat flow Q and employed a relationship between &
and T given by

1 » 3
§ = —2-m vZ+ EkBT . (2.26)

The Fy (§)AEy;, , though comparable in magnitude with & when electrons become hot,
has also been neglected. This approximation is often made by authors working on the

modeling of compound semiconductor devices [7,8].
The next simplification made by several authors [6,9-11] is to neglect the time
derivative term (dT:) and the convective term v-Vv in the momentum conservation

equation. This gives

k kyT
B H(E) VT + B q:(&) v

v = WO + 239

The bar over v has been dropped for simplicity. Hereafter, the bar is always dropped

out.
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Curtice and Yun [9] developed a carrier temperature model which used

1 kBT
v=-|WT)E + ;(VTu(T)n) . (2.44)

They showed the simulation results using (2.44) are similar to those generated using

the simpler form

1 kBT
v=-|uT)E + ;(Tu(T)Vn) . (2.45)

This is based on the assumption that the diffusion current in (2.44) is generally a
sufficiently small part of the total conduction current.

A further simplification of the momentum and energy conservation equations
(2.41) and (2.42) frequently used in semiconductor device models is to assume that

spatial variations are small. This reduces these equations to [5]

d(m;t( W) __.E .L::L((_%))l (2.46)
and

at __ - &%

R (247)

These equations neglect any diffusion contribution due to Va or VT in the momentum
conservation equation, and they neglect any spatial variations in the energy conserva-

tion equation. Hence, this model is not suited to modeling Schottky barrier devices.

The models which use Fy (§)AE,; in (2.43) can be found in Cook and Frey [6],
and Curtice and Yun [9]. Cook and Frey use the thermal energy according to the equa-
tion

%kBT =& - Fy(©)Agy (2.48)

where & is the total energy and AE;;, is the energy separation between the lower and
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upper valley. This relation can be used to modify the momentum conservation equa-
tion (2.41) to obtain a model for multi-valley semiconductors, the new velocity is
given by

oF y (§)
o9&

Tm 2 2
v= —? {qE + 3 [I—AF,UL ]V§ + 3 [§ - Fy (B)AEy, ]Vn}. (2.49)

In this research, (2.48) has been replaced by

3
_z.kT =§- U, (2.50)

where U, is the average potential energy due to the fraction of particles in the L and

X valleys, so (2.49) will be replaced by

" 3U, &)
ve- {qE +2 [1-—5%]% + 2 - U,(a)]vn}. (2.51)

If we define the ratio of thermal kinetic energy to total energy r by

3
29T U@

= ’ 2.52
r(&) 3 2 (2.52)
then (2.51) can be rewritten as
Tm 2 2
V=—-— {qE + =V E&%& + —r(§)§Vn} . (2.53)
m 3 3n

(2.53) provides an alternative for numerical implementation by switching U, &) to
r(€).
The heat flux term in the energy conservation equation is expressed by assuming

[16]
Q =-xVT (2.54)

with the Wiedeman-Franz relation used for thermal conductivity x[12,22]
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2
k
x® __ |2 | r@)T . 2.55)
qnu§) q

A(E) is a dimensionless number of order unity given by [12]
2
<tEd> | <>
<t&> <t&>

AEg) =— - 2.56
® TF (2.56)

where T(§) is the energy-dependent relaxation time of a particular type of collision
[12]. Many authors have neglected the heat flux term while other authors have kept

this term, in this work the heat flux is retained in order to study its effect.
2.5 Energy-Dependent Parameter Calculation.

The energy transport model used here requires the stationary average values of
electron velocity v,,, average total energy &, and average potential energy U, as func-
tions of the electric field. A steady state three-valley Monte Carlo simulation for
homogeneous doping was performed to get their values. The simulator uses a three
valley model for the conduction band of GaAs. Only the electron transport is con-
sidered in the simulator, hole transport is not included. The three valley model includes
the I', L and X valleys as shown in Figure 2.3. Each individual band is treated as a
non-parabolic band with an energy-crystal momentum relationship given by

#22

E(1+aE) = —<
2m

2.57)

where E is the energy, a is the non-parabolic factor, k is the crystal momentum and
m"® is the effective mass. The values of o and m" are different for each of the three

valleys.

The simulator uses the particle simulation techniques so that each of scattering
mechanisms can be included individually to more accurately represent the physics of

the electron transport process. The scattering scattering mechanisms included are
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Figure 2.3. GaAs band structure. ., §, and £, represent energies of the extremum
of the I, L, X and split-off bands, respectively.
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acoustic phonon scattering, optical phonon scattering, intervalley scattering, and ion-
ized impurity scattering. Each of the phonon scattering processes may occur by pho-
non absorption and phonon emission. The particular electron scattering process which
occurs is determined by a statistical process using random numbers. The average
scattering rate (# collisions/unit time) is calculated and used to determine the probabil-
ity of each scattering process. The probabilities are then used in combination with a
random number generator to determine which scattering mechanism occurs(2].

The stationary results, v,, versus E, § versus E, and U, versus E, for a doping
of Np = 2x10'7 ¢m3, and a lattice temperature of T = 300° K are depicted in Figure
24,

The steady-state relationship of equations (2.41) and (2.42) for homogeneous case

can be written as [8]

_m Qg ()
T8 = G (2.58)
and
_ &=
0= Eo.® 239)

Note that v, () and m" (€) can be calculated since E(E) is known.

(I

Equation (2.58) can be rearranged to treat — © as a variable p(&) giving [6]
m

Ve (E)
E® -

The mobility u(€), the energy relaxation time 1:§(§), and the ratio of thermal kinetic

He) = (2.60)

energy to total energy r (§) as function of energy are depicted in Figure 2.5.
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Figure 2.4. Results of Monte Carlo simulation for GaAs with Np =2x107cm ™3 and

T(=300°K : (a) average electron velocity v, (b) total electron energy &, and (c) elec-

tron potential energy U, (§) versus electric field E.
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(c) ratio of thermal energy to total energy, r(£), versus electron total energy &.



CHAPTER 3
NUMERICAL SOLUTION OF THE SEMICONDUCTOR EQUATIONS

In general it is not possible to obtain closed-form expressions which describe
satisfactorily the operation of modern semiconductor devices. Therefore, numerical
techniques are used to solve the full set of semiconductor equations over a specified
domain.

The most common numerical techniques used to solve the set of partial
differential equations which constitute the semiconductor equation are finite-difference,

finite-element, and box-integration techniques.
3.1 Finite-Difference Method

The continuous derivatives of the semiconductor equations are replaced by discre-
tized finite-difference approximation derived from truncated Taylor series. The Poisson
equation in tvyo-dimcnsions is usually discretized using a ’five-point’ difference
approximation which gives (see Figure 3.1)

Viej=Vij Vi ~Vi-1j VijnVij  Vij= Vi,

a; a;1 + b] bj—l
a;+a;_, bj+b;_,
2 2
=- 'g' [NDc'.j"”i.j] 3.1

where Np, n, and € are defined in (2.37).

The finite-difference discretization of the current continuity equation is more cru-
cial due to the electron concentration exponentially depending on the potential. For
the DDM, the Scharfetter and Gummel scheme [23] provides the electron current den-

sity as

28
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Figure 3.1. Finite-difference mesh point notation

Figure 3.2. Non-uniform finite-difference mesh
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qD
J | =-—=A{nm,B Wi~V |- nmB —q—(\lli-\l’i+1) (3.2)
nit+s ; kpT kn T
where a; is the mesh spacing between x =i and x =i+1, and B (x) is the Bernoulli
function
B(x) = —= (3.3)
e*-1

Equation (3.2) allows the electron density to follow an exponential variation between

mesh points. The DC electron continuity equation reads

V-J=qU (3.4a)
Jx,i+—;- -Jx,i-% Jy,f"'% -JYJ'%
+ =qU (3.4b)
a,-+a,-_1 bj+bf-l
2 2

where U is the net recombination rate. The subscript n for J has been neglected for
unipolar devices without any ambiguity. It is straightforward to construct the discre-
tized continuity equation (3.4b) using the discretized current density equation (3.2).
Finite-difference techniques applied to semiconductor modeling are well esta-
blished and there is considerable information available on the stability and convergence
properties of these schemes. A major disadvantage of the finite difference technique
when compared with the finite-element method, is that the requirement for a finer
mesh in one specific area of the device necessitates the presence of a finer mesh in
other parts of the device (see Figure 3.2). This leads to a surplus of nodes in regions

which could have a relatively course mesh.
3.2 Finite-Element Method
The finite-element method is fundamentally quite different from the finite-

difference method. The domain requiring analysis is sub-divided using piecewise

approximations to produce a mesh with m nodes at intersections of the mesh as shown
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Figure 3.3. Finite-element mesh.
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in Figure 3.3. The basis of the finite-element method is to approximate the solution in
each element. This method was not generally applied to semiconductor device model-
ing until the early 1970’s when Barnes and Lomax [24] reported one of the first two-
dimensional finite-element simulations which was used to model a short gate-length
GaAs metal-semiconductor field-effect transistor (MESFET). A finite-element discreti-
zation for the drift-diffusion model is discussed in Appendix A.

An important advantage of the finite-element method over the finite-difference
schemes is that there is no additional complication introduced by using elements of
different size. Finite-element methods provide a flexible means of investigating sem-
iconductor devices with non-planar geometries and regions of highly nonlinear field
and carrier distributions. The principal disadvantages of the finite-element method
compared with the finite-difference approach are that initially more effort is required to
implement the technique and that the stability and convergence criteria are not as well
understood for the semiconductor equations. Additionally it is difficult to develop spe-
cial finite-element schemes which are competitive with the exponentially fitted finite-
difference method.

3.3 Box-integration method

Box-integration methods [25,26] link exponentially fitted carrier concentrations to
the finite-element method which divides the simulated domain into elements. This is

the technique used in this investigation and it is described in this section.

The general semiconductor equation can be expressed as
V-Fuu)=c(u,u) 3.5)

where F represents any physical flow quantity like electric flux density D, current den-
sity J, or energy flux S, and u represents the unknown state variables which are being
solved, e.g. (y,n,£). The divergence theorem states for a generalized function F that

the volume integral transforms into the surface integral given by the relationship,
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[V-Fav = [ F-auA (3.6)
vol swf

where @ is the outgoing unit vector normal to surface dA. Applying (3.6) to (3.5)

gives

[ FauA = feav . 3.7
vol

Sur,

In the case of two dimensions, (3.7) becomes
[Fadl = [edxdy . (3.8)
1 A

The numerical application can be understood with the following examples.

Example 1: By adopting nomenclature shown in Figure 3.4(a) and by treating (3.8) on
a point basis, the discretized form for (3.8) is

(F3s — F3)dy + (F34 - F 3)dx = c5(dx dy). (3.9)

Example 2: By treating (3.8) on a rectangular element basis as shown in Figure 3.4(b),
the discretized form for (3.8) is

F12d12+pl4d14=c1A1 for point P1,
F23dz; -F12d12 = C2A2 for point P2,
-F23d23 -F43d34 =c3A3 for point P3,

F43d34 - F14d14 = C4A4 for point P4. (310)
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Example 3: By treating (3.8) on a triangular element basis as shown in Figure 3.4(c),
the discretized form for (3.8) is

F12d12-F31d13=C1A1 for pointPl,
F23dB-F12d12=02A2 for pOiﬂt P2,
F31d31 - F23d23 = C3A3 for pomt P3. (311)

Usually the F’s are either electric flux density D, current density J, or the energy
flux S. The next task to use this method for computer simulation is discretizing F

efficiently and stably. First, it is simple for D,

\v. -—‘l’
D; =¢E; = e——‘hij L (3.11b)

where h;; is the spacing between nodes i and j. For the DDM, the Scharfetter-Gummel
(S-G) technique is applied for J according to equation (3.2). For the case of HTM, the
modified S-G technique for both J and S will be discussed in Section 3.5.

This hybrid method, which can be understood as a finite-difference method on a
triangular element or rectangular element, has been proven to work satisfactorily for
many applications [27,28]. The box-integration method allows exponentially fitted car-
rier concentrations similar to the finite-difference method. The finite-box method is a
good choice to discretize semiconductor equation for devices with non-planar
geometries and regions of highly nonlinear field and carrier distributions. It has been
implemented in the FIELDAY [27] and PISCES [28] programs.

3.4 Scaling

Since the unknown variables ( y,n,§ ) in the basic equations (2.40)-(2.43) are of
greatly different orders of magnitude, it is appropriate to scale the unknown variables
and parameters to O (1) for numerical considerations. Some scaling factors for DDM

are discussed in Selberherr[26]. In this research, the scaling factors used are



summaried in Table 3.1.

The Poisson equation (2.37) and the moment equations (2.40)-(2.43) are

transformed into the following equations for numerical simulation in scaled form. The

scaled equations are

and

with

and

V-A2Vy) = «(Np — n)

on _
-GT—VJ-O

1Y) | g.§ = JE - no
s *VS=IE-n g

J=uEMNE + V(nT)) =-nv

S =nvE +T) - ATnpE)VT

3
§=3T+U,®

2 €
(x02qC o/Wo)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

where the assumption (2.32) is used, and (3.17) neglects (1/2)m " v2 [6,9]. Notice that

there is no kg or ¢ parameters shown in (3.12)-(3.17), and that the magnitudes of all

the scaled unknown variables are closed to O (1). The discretization for J, S, and J'-E

will be the topic of the next section.

3.5 Modified Scharfetter-Gummel technique for J and S

The current density J and energy flux S are expressed in (3.15) and (3.16)

respectively. This section will discuss the discretization of (i) J, (ii) S , and (iii) J'-E
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Table 3.1 Scaling factors.

quantity

X,y (position)
y (voltage)

n,Np (doping)
1(§) (mobility)

Ly Ty T (time)

T (temperature)
§ (energy)

J (current density)

S,Q (energy flux)

v (velocity)

symbol

X0

Yo

Vo

value

max(x,y)
kgTo
q

max(Np (x,y))

max(i(§))

X 02
HoWo

To = 300°K

kpTo=qVYp
quoCoVo

X0

Jowo = ( p”

X0

to

q1oCoVWo

Wo
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for the box-integration technique. Note these discretization techniques can apply to
both rectangular and triangular meshes.
(i) Current density J discretization:

Following the work in Tang[22], J between points i and i+1 in Figure 3.5 can be
expressed as

J=u [nE + V(nT)]
=WmE + nVT +TVn)

=p|n(E +VT) + TVn]

= uT [(E + VT)%n + Vn] . (3.19)

Rearranging terms gives

J 1
T —(E+VT)Tn +Vn

=V + 1)%,; +Vn (3.20)
where

o= (3.21)

_E_
ar -’
dx
If E= J(fix . %, and J are all assumed to be constant in the interval [i, i+1], (3.20)

can be integrated to yield [see Appendix B ]

1

T;
Ti +1

Im = Hm (%) n;B(-xp) — n; 1B (xb)] (3.22)

where
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Figure 3.5. Notation for both J and S discretization. The two neighboring mesh points are
x; and x;,; where y, n and & are evaluated. xp,,, the midpoint between x; and x;, 1, represents
the location where E, J and S are evaluated.
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Ti+l

xp = (o + 1)ln (3.23)

The mesh point m is midway between points i and i+1. B(-x,) and B (x,) are Ber-

noulli functions defined in equation (3.3).
(ii) Energy flux S discretization:

S can be discretized in a similar manner as J. Defining
E=2Tg (3.24)
2°8

the percentage of thermal energy relative to total energy is given as

3r

20 _&§-U0,6 T

r@=g—=" -7,
27 :

(3.25)

r(€) is an energy-dependent parameter which can be calculated from three-valley
Monte Carlo simulation as described in Figure 2.5. Substituting (3.24) and (3.25) into
(3.16) gives

S =-J(1.5T¢ +T) - ATnpVT

= (nE + V(nT))(l—"_sT +T) - ATnuVT
= —p(Lr"‘ + DT (nE + V(nT)) — ATnuVT
= -ud [T (nE + V(nT)) + A8 Tn VT]

=8 [Tn (E + AS7IVT) + TV(nT)]

= —udT [%(Tn )E + AS7IVT) + V(nT)] (3.26)

where
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8=1—;5+1. (3.27)

Rearranging terms gives

S __ gyl
——,J.ST =(E + Ad™ VT)T(TII) + V(nT)

=VI(a+ AB"‘)-i,l,-(Tn) +VT) . (3.28)

Again, if we make the approximation that E, VT, S, §, and A8™! all change little in
the interval [i, i+1], (4.31) can be integrated to yield [see Appendix B]

Sn = Hmbn lT,- o738 %) - T8 )] (3.29)
In
Tin
or
aoT
S, = —,5, (;x ) (rlr) [(ang)‘-B(—xb)—(ang),-+lB(xb)] (3.30)
ln———a
TOin
where

xp = (& + A8 )ln .
T;

(3.31)

(iii) J-E discretization:
A major discretization problem to be solved in HTM regards the inner product

J-E, which represents the forcing term for carrier heating. The proposed discretization

scheme for JE is based on the simple vector relationship [29]
JE=-V(yJ) + yVJ. (3.32)
By remembering that in the DC case, V-J = qU with U being the net recombination

rate, the second term on the right side of (3.32) can be neglected for unipolar devices

to further simplify (3.32). However, in the AC case, the second term on right side of
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(3.32) has to be retained because it is not zero in equation (3.13). Hence, both terms
have to be included to allow DC and AC simulation even for unipolar devices. Apply-
ing the box-integration method to (3.32) is similar to the examples in Section 3.3. It is
worth mentioning that (3.32) does not involve the problem of computing the current
density J on the node; rather all the physical parameters appearing in (3.32) are either
nodal values of scalar quantities or the current density through the sides emanating

from the node.
3.6 Matrix Equation Solution
3.6.1 Review of Matrix Equation Methods

To simplify notation, the HTM equations can be expressed as

F y(y.n.8)
Fynk)= |F,(yn8)|=0 (3.33)

where F, denotes the Poisson equation, F,, denotes the continuity equation and Fg
denotes the energy conservation equation. Various numerical techniques may be used
to solve for (3.33) equal zero. The two principal approaches to solving the HTM equa-
tions are the coupled method (Newton’s method) and the decoupled method
(Gummel’s method) [30].

The Newton’s method is used to linearize the partial differential equations. Given
an initial guess, the solution of the non-linear equations is obtained by iterating the

matrix equation

(oF,, oF, oF, |*
0 0 k
. om o, | [ae]  [Pears
a\v on aé Ank == Fn("’kvn ’g ) (334)
oFg oF; oF, | 4 Fe(y* n* EF)
v om &

where k£ denotes the iteration count. The correction vector for the k-th iteration is
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given by
Ayt =yl -yt (3.35a)
Ank = pk+l — pk (3.35b)
and
ALk =gk gk (3.35¢)

All of the variables in the problem are allowed to change during each iteration, and all
of the coupling between variables is taken into account. Due to this tight coupling, the
Newton’s algorithm has a fast convergence. The matrix size will be 3N x3N (for 3-

coupled equations), where N is the number of grid point.

In Gummel’s method, the equations are decoupled such that each one can be
regarded as an independent equation for each iteration cycle. The equations are solved

and updated sequentially. At the k-th step, Gummel’s method can be formally written

as
:aFw(\va’“;,nk,é") ].A W = =F (k) (3.36a)
EX ;,nk,gk) ]_An ko _F oyt ak £y (3.36b)
'aFg( “’*:énhl’gk) ] AEE = —Fg(yt+lnk+L gk (3.36¢)

Note that the most recent variables are used in equations (3.36a)-(3.36c) by making
use of equations (3.35a)-(3.35c). At each stage only one equation is being linearized
and solved by Newton’s method, so the matrix A has N rows X N columns regardless
of the number of coupled equations being solved, where N is the number of grid

points.
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Both the Gummel method and the Newton method produce a linear matrix equa-
tion of the form AX = B. This matrix equation can be solved by direct or iterative
techniques. Two direct methods are Gaussian elimination or LU-decomposition. Three
common iterative methods are Jacobi, Gauss-Seidel, and successive-over-relaxation
(SOR) methods [25]. In general the matrix size A is large due to a large number of
mesh points, hence a banded matrix LU decomposition solution technique is used to

reduce the computation time needed to solve AX = B.
3.6.2 Matrix coefficient allocation and calculation

Equations (3.12)-(3.14) govern the device transport behavior. Integrating these

equations gives

[lV-A?Vy) + Np - n)ldxdy =F, _ (3.37)
j%’-:-dxdy = [V-3udxdy = I%dxdy +F,=0 (3.38)
114 S - (L - 20
5 dxdy + [(V'S - (uE " Y

- I-%é-dw +Fg=0 (3.39)

where F,, F,, Fg denote respectively the DC part of the integrated Poisson equation,

continuity equation, and energy conservation equation. In particular, F, and Fg are

expressed as
F, = - [V-Jydxdy (3.40)
5o
Fe=([VS-J,E- : 4
e=l (a "0 )ldxdy (3.41)

In this study, a rectangular mesh with variable mesh spacing was used as shown
in Figure 3.1. Since the number of grid points in the x-direction is larger than that in
the y-direction for the MESFET, the grid points are numbered as shown in Figure 3.6.
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Figure 3.6 . Grid number assignment for a rectangular mesh. The arrangement gives a re-
duced matrix of bandwidth (2ny+1) for Gummel’s method and (6ny+S) for Newton’s meth-
od.
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The rectangular mesh can be refined using a regrid generator as described in Appendix
C. Applying the box-integration method [seec example 1 in Section 3.3], equations
(3.37)-(3.39) can be rewritten as follow.

[(xzv‘l’)ip Jp+ny = (lzv‘l’)ip-ny.ip ]‘t7

+ [(x’Vur),-,J,+1 - A*V¥)jp1jp ]d_x +MNp —n)pdxdy =0  (3.42)

'an R — -
_a}-]jp dy - [(JJ'P-J'PMy ~Jip-ny. o)A +Ujp jpe1= I jp-1,jp )dx] =0 (3.43)

.

onE | —— [ — —
R ]jpd" Y+ |Sipipsny = Sip-ny o)W + Sp jp1 ‘Sip-wp)d"] '

b
.

r

&S0 | — —
- ‘E - dx =0 344
or they may be expressed as:

Fyjp = (3.45)
on & dy +F, =0 345
ot |. njp — ( . )

. JP
agté ]jp dxdy +Fgj, = (3.46)

where Fy, jp, Fp jp., Fgj denote the DC part at grid point jp in (3.42),(3.43) and
(3.44), respectively. The dx and dy were defined earlier in Figure 3.4(a). The matrix
equation solution of (3.42)-(3.44) is done by using either (i) Gummel’s method, or (ii)

Newton’s method.

(i) Gummel’s method

Gummel’s method solves equations (3.45)-(3.46) sequentially as shown in Figure

2.2. The matrix equation for the DC solution of the Poisson equation can be expressed
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as
(oF,, oF,, aF,, ||aw Fyi
O c— A F
dy; 9y, oyn V2 v.2
) =-| - , (3.47a)
Fyn Fyy  Fyn || :
AL 7 oyn | A | Fyn |
or
ANXNXNXI = Ble . (347b)

Similarly, the matrix equation for both continuity equation and energy equation can be
casily formulated. The matrix A is a band diagonal matrix with five or less non-zero
elements in each row. In equations (3.42)-(3.44) for grid point jp, the highest grid
number is jp+ny,and the lowest is jp—ny, therefore the bandwidth is (2ny+1). By tak-
ing advantage of this banded property, the size of matrix A can be reduced from N xN
to (2ny+1)xN. For example, if nx=100 and ny=20, then N=2000, and matrix A is
reduced from 2000x2000 to 41x2000. This means only 1/48 of the original memory
space is enough, and that the computation time is reduced substantially.

One thing worth mentioning is that Gummel’s method requires the addition of
one more term to the main diagonal of matrix A for the Poisson equation, otherwise
the iteration will not converge. This can be understood by rewritting the Poisson equa-
tion (3.12) as

VAVYE* + (Np ~ nk*Y)

+1 _
= VA2Vt + (N — n"exp(-\yk—v—\yi) =0 (3.48)
t

kgT
where the superscript £ indicates the k—th iteration and U, = -:—/\yo for the scaled

Poisson equation. The added diagonal term came from the exponential dependence of
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n on potential.
The coefficients in matrix A are calculated by numerical evaluation. For example,

. OFyip FyjpWp+Ay,,) —Fy 0 (W)
A(ip.Jjp) = a\;’JL= v.jp \Yjp A;p- v.jp \Wjp
ip Vip

(3.49)

and
B(p)=-Fyjp (W) - (3.50)

The numerical evaluation for A causes longer computer time than analytical expres-
sion, but it provides great flexibility for changing device models. After A and B have
been calculated, the matrix equation is solved by the LU-decomposition method in this
study.

(ii) Newton’s method

The second approach to solving the semiconductor equations is Newton’s method
which solves all three equations simultaneously. This method provides the capability
for the sinusoidal steady state analysis which will be presented in Chapter 5, and it
allows the simulation of high current densities. However, this method requires 3N x3N
for the size of matrix A. In order to reduce the size of matrix A, the unknown vari-

ables are arranged in the following order

(oF,, oF,; oF,, oF , | rﬁi’l i
dy; dn; 9§, oy Ag: p’;:
=] (3.51a)
af'. . a1'='. . a}?. Ce al.v. | awy Fo
EN EN SN EN
ce Any F.n
L oy; on; 9§ 3y J|AEy Fey

or

AsnsanXanx1 = Banyg - (3.51b)
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The matrix A is also a band diagonal matrix with fifteen or less non-zero elements in
each row. Instead of X =[Ayy, - - - ,Ayy,An, - - - Any AL, - - - AEy]T which is
commonly used in Newton’s method [31], the rearranged X shown in (3.51a) has been
used. By doing so, the matrix A is more compact in bandwidth. After a careful
arrangement for matrix A to match X, the size of A can be reduced from 3Nx3N to
(6ny+5)x3N. The reduced matrix A can save substantial memory space. For example,
nx=100 and ny=20 gives N=2000, with matrix A reduced from 6000x6000 to
125%6000. This means only 1/48 of the original memory space is used. In order to
reduce the grid point number and the size of matrix A, ny should be kept as small as

possible for this arrangement.

There are fifteen or less non-zero terms in matrix A for each row or each column.
The non-zero terms are also evaluated numerically. The matrix equation obtained is
solved by LU-decomposition as indicated for the case of Gummel’s method.
3.7 Boundary Conditions

The above set of coupled equations are solved numerically using a box-
integration formulation on a variable spacing mesh. The solution is subject to the fol-
lowing boundary conditions.

(i) Neumann boundary conditions are applied to the free surfaces. The boundary con-

ditions are
2, 0, S, 0, 3 0 (3.52)

where u,, is the normal direction. This is equivalent to

E, =0, J, =0, S, =0. (3.53)

(i) Dirichlet boundary conditions are applied to the electrodes. The boundary condi-

tions are
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Y = constant, n, =ny; = Nb, and £=§, (3.54)

where n,, n; and Np are respectively carrier concentrations under the source and
the drain and the doping level.
(iii)A thermionic emission-diffusion boundary condition is applied on the Schottky

contact at the gate [32]. The boundary conditions are

Y =—4p, + Vgs (3.55)
J = qv,(n—N, exp( Zq’;‘ » (3.56)
BL0
and
E=&. (3.57)

The thermionic emission-diffusion model is used to calculate the electron concen-
tration at the Schottky contact. ¢ ¢,,, is the barrier height, v, is the effective recom-

bination velocity, and N, is the effective density of states in the conduction band.



CHAPTER 4
DC SIMULATION OF MESFETS USING THE SEMICONDUCTOR
HYDRODYNAMIC TRANSPORT EQUATIONS

4.1 Current-Voltage Characteristics Compared with Monte Carlo.

The study of small geometry GaAs MESFETSs is a important application of the
HTM simulator described in the previous chapters. The DC simulation of the MES-
FET is presented in this chapter along with the verification of the accuracy of the
HTM simulator. The DC simulation of the MESFET using the HTM method has been
compared to calculations using the Monte Carlo particle method. This comparison
serves to verify the accuracy of the hydrodynamic transport model because the Monte
Carlo method is known to include the important physics of electron transport in MES-
FETs. In particular, comparisons of Monte Carlo results to experimental data have
shown good agreement [62]. The structure used for the simulations had Lgg =0.4pm ,
Lg =0.4wn, and Lgp = 0.6um as shown in Figure 4.1. The device doping was a
constant n-type doping of 2.0x107cm™3 for the active layer. The depth of the active

layer was O.1um and the Schottky barrier potential was 0.75V.

The HTM model gives the current voltage characteristics shown in Figure 4.2.
The HTM model used had one additional simplification to the model presented earlier
in Section 3.5. This simplification was implemented to improve the convergence for
higher V¢ values. The source of the convergence problem was the strong dependence
of r (&) on energy for high drain voltages as shown in Figure 2.5. The difficulty occurs

in the discretization of S given as

d(rTe) 1
Sm = MmO ——r —r [(ang)iB(-xb) — (wTe)iB (x,,)] (3.30)
(T
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Figure 4.1 Simplifid two-dimensional MESFET geometry.
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where the nrTg terms are the unstable terms. The simplification made is that the r in
the nrTg terms is set to a constant value of r;=0.4. This value of r,=0.4 is an approxi-
mate value for the » shown earlier in Figure 2.5. The simplified energy flux expres-

sion becomes

_ d (rTé) 1
Sm =T =Hm 8m dx - (rTﬁ)i [("Ti)iB (‘xb) = ("Té)iHB (xb)] (4-1)
(rTe)in

The importance of the S; term to the solution of the FET currents is in the gra-
dient of the electron energy. The validity of the r, approximation can be seen in Fig-
ure 4.2 where the HTM and the Monte Carlo results are compared. The other material
parameters including r (€), B and T¢ where all determined from using the one particle
Monte Carlo simulator. The one modification made to the Monte Carlo data is an
adjustment of the low field mobility to puy=0.45m?V~!s~l. This was done to match
low field mobility values found in the literature [7]. The one particle Monte Carlo
simulator used does not accurately simulate the low field region due to an over-
simplified acoustic phonon scattering model. The acoustic phonon model used treats
the acoustic phonon scattering process as an elastic process which is a valid approxi-

mation only at higher fields.

The grid structure used in the two-dimensional Monte Carlo simulator consists of
small rectangles as shown in Figure 4.3. The simulator allows recess gate structures
with a insulating region on each side of the gate. The simulator solves the Poisson
equation using the finite difference method and it solves the Boltzmann transport equa-
tion using the Monte Carlo particle method. The boundary conditions used in the Pois-

son equation solution are:

1) Potential equals source voltage

m-j
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Figure 4.2. The current-voltage characteristics for both HTM and Monte Carlo.
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Figure 4.3. Grid structure used in the two-dimensional Monte Carlo simulation.
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2) Potential equals drain voltage
n-c
3) Potential equals gate voltage
e-f, g-f, h-g
4) Normal component of electric field is zero
(a-b), c-d, e-d, i-h, i-j, a-m, b-n
5) Normal component of electric flux density is constant
d-1, f-1, g-k, i-k
6) Potential equals substrate voltage
(a-b)
Note that the boundary (a-b) has two possible boundary conditions (4 or 6).
The boundary conditions for the Boltzmann transport equation solution are:
1) Reflective boundary to particles
i-j, i-k, g-k, f-g, f-1, d-1, c-d, a-b
2) Source-drain grids
a-j, b-c.
At the source and drain grids, particles are added to these grid cells each time step to
maintain a charge neutrality.

The computation times for the Monte Carlo particle and the HTM methods were
compared. For each I-V curve with 10 points as shown in Figure 4.2, it took about 4
to 6 hours CPU time for the Monte Carlo simulation on the CONVEX C-220 com-
puter, and it took about 5 minutes CPU time on the same computer with a grid size of

60x5 for HTM.

The typical two-dimensional distributions for the potential, the electron density,

and the electron energy obtained from the HTM model are shown in Figure 4.4, Figure
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Figure 4.5. Electron density distribution (m=3) over the entire device for Vgg =0.0V and
Vps = 1.5V. The source is the front left region and the drain is the front right region.
The gate extends from 0.6 wm to 1.0 um.
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Figure 4.6. Electron energy distribution (eV) over the entire device for Vg
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4.5 the region directly under the gate is depleted with electrons present at the bottom
of the active channel. The electron concentration plot shows a dipole domain towards
the drain end of the channel. This dipole domain occurs for the GaAs MESFET
because of the multivalley nature of GaAs [33]. The electron energy distribution

shown in Figure 4.6 has a peak energy of approximate 0.52¢V.

A more detailed picture of the potential, electron density and electron energy
along the lower portion of channel between the source and the drain is shown in Fig-
ure 4.7-4.9. In Figure 4.8, the dipole domain can be clearly seen. For these figures the
gate extends from 0.6 um to 1.0 wm.

For comparison with the field dependent mobility model, the current-voltage
characteristics for DDM and HTM is shown in Figure 4.10. The DDM and HTM are
compared using the same relationship for velocity versus electric field as shown earlier
in Figure 2.4. Figure 4.10 shows that the HTM predicts a larger current than the DDM.
The DDM calculates the mobility from the electric field resulting in a stationary rela-
tionship between velocity and electric field. The HTM calculates the mobility as a
function of electron energy where the electron energy is calculated by solving the
energy conservation equation. Since the electron can not gain energy instantly from
the electric field, the electron energy for HTM is smaller than the energy correspond-
ing to the local electric field model used for the DDM. Hence, the HTM has higher
mobility than the DDM in the device channel. This results in the electron velocity for
the HTM being higher than the stationary values used in the DDM. This higher velo-

city is called a non-stationary effect and it leads to higher current [6,7].
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Figure 4.7. Potential distribution at y=0.1 ym for Vg =0.0V and Vpg =1.5V. The
gate extends from 0.6 wm to 1.0 pm.
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Figure 4.8. Electron density distribution at y=0.1 wm for Vgg =0.0V and Vpg =1.5V.
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Figure 4.9. Electron energy distribution at y=0.1 pm for Vg =0.0V and Vpg =1.5V.
The gate extends from 0.6 wm to 1.0 um.
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Figure 4.10. Current voltage characteristics for both HTM and DDM.
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4.2 Source and Drain Resistance Studies of Short Channel MESFET’s using

Two-Dimensional Device Simulators!

One of the phenomena which is predicted by the HTM is that the electrons are at
high energies as they enter the drain region shown in Figure 4.9. The high electron
energy strongly influences the behavior of the parasitic drain resistance region which
exists between the gate and the drain contact. A study was conducted to model the
parasitic resistance regions using two dimensional device simulators.

The parasitic MESFET source and drain resistances strongly influence the
MESFET’s performance as the channel length of the MESFET is reduced. The
increased influence of the resistances, Ry and Rp, is due to the source-to-gate length,
Lgs, and the drain-to-gate length, Lsp, not decreasing proportionally as the gate
length is decreased. Previous source and drain resistance studies[34-40] have modeled
the source resistance and drain resistance as constants which are independent of the
applied bias. One exception to using a bias independent model is the gate voltage
dependent model developed by Byun and coworkers(41]. These previous models are
used for circuit simulator models with resistance values extracted from measured
current-voltage characteristics. The use of a bias independent source and drain resis-
tance model neglects three effects which become important in short-channel MES-
FETs. The first effect is the increase of the electric field along the current flow path in
the parasitic resistor regions as the channel length decreases. The electric field can
become large enough to yield field-dependent mobility effects. The second effect is
the increased impact of the lateral gate depletion region as the device geometries are
reduced. The third effect is the energy relaxation of the carriers as they leave the

channel region and move into the drain resistance region. These three effects cause

! This section contains a paper published in JEEE Trans. on Electron Devices, vol. ED-37,
pp. 775-780, 1990.
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changes in the parasitic resistance of the transistor as a function of the transistor
operating bias.

This section will examine the source and drain resistance in short channel silicon
and GaAs MESFETs using two-dimensional simulator tools including a drift-diffusion
simulator, an energy transport simulator and a Monte Carlo particle simulator. This
approach allows a careful study of the transistor’s internal potential, electric field, elec-
tron concentration and currents which yields an improved understanding of the source
and drain resistance for both design improvement of the transistor and for development
of models for circuit simulation. The models used for circuit simulation typically
describe the transistor as a parasitic source resistance, a parasitic drain resistance and.
an intrinsic MESFET model. Section 4.2.1 describes the use of a device simulator to
study source and drain resistance and compares the resistor values extracted using
other source and drain resistance definitions. Section 4.2.2 discusses the bias depen-
dence of the source and drain resistance values in a silicon MESFET. Section 4.2.3
presents simulations for a submicron GaAs MESFET using an energy transport simula-

tor and a Monte Carlo particle simulator.
4.2.1 Source and Drain Resistance Models

The source and drain resistance models are divided into three types according to
the definition of the resistance. The first definition is a constant value definition of the
source and drain resistance. These models use the I-V characteristics of the transistor
to extract bias independent values for Rg¢ and Rp. The constant value definition
models include the Hower and Bechtel model[34], the Fukui model[35] and the end
resistance model [36-39]. The Hower model extracts the sum Rg + Rp by measuring
the drain-source resistance at Vpg — 0 as a function of the gate voltage. The Fukui
method extracts the value of Rg — Rp by measuring the current flow through the gate

to either the source or the drain. This method finds Rg — Rp as
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dVgs dVep

Rs —Rp = dlg | Drain open ~ dg | Source open - 4.2)

The end resistance method drives a current through the gate and source terminals. The
voltage at the open drain acts as a probe which gives a voltage which is related to the

source resistance as
Vb
Rs = l— d (X-Rch (4.3)
G

where R, is the channel resistance. Similarly, a current is flowed through the gate

and drain terminals with source open circuited to give
Vs
Rp = - oR,;. 4.4)
G

The o depends on the bias condition and measurement method as described in the
literature[39].

The second definition[41] is the geometric definition where the resistance is
defined for the region from the source to the edge of the gate for Ry and from the
drain to the edge of the gate for R, as seen in Figure 4.11. The sum of Rg + Rp is
found by measuring the value of Rg + Rp + Rc,, for transistors with various channel
lengths. R,, is the active channel resistance under the gate. The sum Rg + Rp + R,
is then plotted versus channel length and the extrapolation of the data points to L =0

gives Rg + Rp. This method gives a gate bias dependent model.

The third definition, which is used for this research, is the power dissipation
definition of source and drain resistance. For this definition, the resistance is extracted
from a device simulator using the simulated potential, electric field, and current data.
The source and drain resistance is found by equating the parasitic resistance power loss
in a lumped model, RI,E,,,,, to the power loss throughout the parasitic resistance region.

The equation for this parasitic equivalent resistance is given by
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Figure 4.11. MESFET structure showing the lateral gate depletion regions AL ;¢ and
AL;p. The thickness of the active layer is a.
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[ JEar?
R = R region

4.5)

Lim
J'E is the power dissipation per unit volume as described by Navon[42] and Adler{43].
By selecting various cross-sectional regions, this method allows the resistivity versus
position to be determined. The value of Rg is found using the power dissipation in the
region extending from the source to the edge of the gate. This source resistance is
further divided as the resistance from the source to the edge of the lateral gate deple-
tion region, Rg,, and the resistance from the edge of the lateral depletion region to the
edge of the gate, Rg,. The edge of the lateral depletion region is selected as the y
position in Figure 4.11 where the surface concentration starts to decrease because of
the gate depletion effect. Typically, a decrease in the surface concentration to 90% of
the non-depleted value is used to indicate the edge of the gate’s lateral depletion
region. Knowing the value of Rg; is important for understanding how changes in the

source-to-gate spacing changes the source resistance.

The drain resistance can also be divided into two sections which extend from the
edge of the gate to the edge of the lateral depletion region, Rp,, and from the edge of
the lateral depletion region to the drain, Rp;. For small drain voltages with the
transistor operating in the linear region both Rp; and Rp, have validity as being part
of the parasitic drain resistance. However, when the transistor is operating in the
saturation region, the use of Rp, as part of the parasitic drain resistance is not valid as
the channel under the lateral depletion region is in a current saturation condition. This
region Rp, becomes a part of the effective channel length that accounts for additional
carrier transit time delay. Since the Rp, portion of the drain resistance is strongly
dependent on the active channel behavior, the Rp, portion of the transistor will be
considered as part of the intrinsic transistor device model. The behavior of Rp, will

be of primary interest in this research.
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These three methods give slightly different Rg and Rp values because of the
different definitions for the source and drain resistance used in each case. To compare
the three definitions, the structure shown in Figure 4.11 has been simulated and the
three methods have been used to calculate the source and drain resistance values. The
Si MESFET structure simulated has L; = 1.0 ym, Lgg = 0.4 wm and Lgp = 0.6 um.
The active channel doping was Np =2 x 10! cm™3 and the channel thickness was
0.12 wn. The simulator used was the PISCES-II two-dimensional semiconductor dev-

ice simulator{28] which solves the Poisson equation and the continuity equation.

The Hower and Bechtel method was applied to the simulated current-voltage data
to get Ry + Rp =2530 Q—unm (resistance for a unit width of 1 pm). The Fukui
method gave a value of Rp — Ry = 695 Q—um. Putting these two results together
gives Ry =920 Q—-yum and Rp = 1610 Q—m. The second method of finding the
parasitic resistance is by using transistors with different channel lengths. At a gate
voltage of 0.0 volts, this method yielded a value of Rp + Rg = 3450 Q—pm. This
value is greater than the Hower and Bechtel value because the resistance of the lateral
depletion regions is included in this second method. The new method proposed in this
paper gives values at Vgg =00 volts and Vpg =0.01 (linear region) of
Rg =Rg1 + Rgy=1452 Q—-um and Rp =Rp; + Rp, =2005 Q—um for a sum of
Rg + Rp = 3457 Q—um which agrees closely with the second method. The values of
Rgy = 1130 Q—um and Rp, = 1635 Q—jum gives a sum of Rg, + Rp; = 2765 Q—um.
This sum of Rg, + Rp, gives a value close to that found using the Hower and Bechtel

method and the Fukui method.
4.2.2 Bias Dependence of the Source and Drain Resistance

The values of Ry and Rp using the power dissipation definition are dependent on
the gate voltage, Vg5, and on the drain voltage, Vpg. The gate voltage dependence
was investigated by Byun and coworkers[41]. They demonstrated using the geometric
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definition that the parasitic resistance decreases as the gate voltage of an n-channel
MESFET is increased. This occurs because the width of the lateral gate depletion
region decreases as the gate voltage increases. The power dissipation definition of the
parasitic resistances shows a similar gate voltage dependence. Using the PISCES-II
device simulator, the gate voltage dependence was calculate for the source and drain
resistance at Vg = 0.01 volts. The results are shown in Figure 4.12 where the drain
and source resistances, Rg and Rp,, decrease as the gate voltage increases. Also shown
in Figure 4.12 are the values of Rg; and Rp;. Both of these resistances show an
increase as the gate voltage increases. The increase in the resistance occurs because
the lateral gate depletion region decreases in size so that the length of the source and
drain resistance regions, Rg, and Rp, increase. For a gate voltage of -0.9 volts the
lateral depletion width was 0.088 wn and for a gate voltage of 0.3 volts the lateral
depletion width was 0.052 pm. The use of this variable length resistor model for R,
and Rp, is appropriate when the gate’s lateral depletion width is modeled in the active
device portion of the MESFET model.

The drain voltage dependence of the source and drain resistance can also be
determined with the device simulator extraction of the parasitic resistors. The drain
voltage influences both the drain and the source resistances. Considering the source
resistance first, the source resistance changes as a function of the drain bias if the elec-
tric field in the source resistance region is large enough that the carrier mobility begins
to decrease. The carrier mobility decrease occurs in silicon due to carrier velocity
saturation. The lateral depletion width on the source end of the gate remains
unchanged with respect to the drain voltage. The source resistance values versus drain
voltage for a silicon MESFET with Lgg = 0.4 pm, L = 0.5 pm and Lgp = 0.6 wm
are shown in Figure 4.13. The mobility versus electric field expression used to give

the mobility in the simulation[28] was
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Figure 4.12. Source (solid-line) and drain (dashed line) resistance versus gate voltage for
a silicon MESFET using the power dissipation definition. The triangles indicate the
resistances calculated using the gate edge definition and the squares indicate the
resistances calculated using the gate depletion edge definition.
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Figure 4.13. Source resistance versus drain voltage with a gate voltage of 0.3 volts. The
triangles indicate the resistance calculated using the gate edge definition and the squares
indicate the resistances calculated using the gate depletion edge definition. The barrier
potential height for the gate was 0.7 volts.
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1 . 46
E)= .
HE) [1+(u.,E/v,,.,)2] " “.6)

where E is the local electric field, ), is the zero field mobility and v,,, is the satura-

tion velocity.

The drain resistance, Rp;, is influenced by both the change in the lateral deple-
tion width of the gate and by the decrease in the mobility at high electric fields. The
change in the lateral depletion width versus drain voltage is plotted in Figure 4.14
where the width is seen to change by 0.135 um for V¢ changing from 0.0 to 4.0
volts. The influence of the non-constant mobility as seen in Figure 4.15 is assessed by
plotting the value of the resistance from cross-section A (as shown in Figure 4.11) to
the drain contact using the resistance definition given in equation (4.5). This plot is
constructed using cross-section A so that the lateral depletion change is absent from
the resistance calculation. The effect occurring is that the drain region resistivity
increases as the drain voltage increases. In opposition, the lateral gate depletion region
increases in size as the drain voltage increases. The two effects are opposing each
other with one increasing and one decreasing the drain resistance value Rp;. The
inclusion of both effects is seen in Figure 4.16 where the drain resistance first
decreases slightly then increases.

4.2.3 Source and Drain Resistance in Submicron GaAs MESFETSs

The power dissipation / electron heating definition of source and drain resistance
is applied to short channel GaAs MESFETS in this section. The structure used for the
simulation had Lgg = 0.4 um, Lg =04 wn and Lgp = 0.6 wn. The device doping
was a constant n-type doping of 2.0x10!7 ¢m ™3 for the active layer. The depth of the

active layer was (0.1 micrometers.

One device simulator used was a two-dimensional simulator which self-

consistently solves the Boltzmann transport equation and the Poisson equation. The
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Figure 4.14. Change in the lateral depletion width ALgp versus drain voltage.
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Figure 4.15. Drain resistance between cross section A (shown in Figure 4.11) and the
drain contact versus drain voltage.
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Figure 4.16. Drain resistance versus drain voltage for a silicon MESFET. The dashed
line is for Vgs = 0.0 volts and the solid line is for Vgs = 0.3 volts.
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Boltzmann transport equation is solved using the Monte Carlo particle method and the
Poisson equation is solved using the finite difference method[4,44,61]. The simulator
includes the nonparabolicity of the I', L and X valleys, ionized impurity scattering,
intervalley scattering, acoustic phonon scattering and optical phonon scattering. The
simulator calculates the solution of the Poisson equation every 5 femtoseconds and the
Monte Carlo method moves the particles for the 5 femtoseconds of electron movement.
This process is repeated with an advancing time until an accurate steady-state solution
is reached. This simulator was used so that the non-stationary velocity overshoot and
the multivalley transport effects of GaAs would be included in the resistance calcula-
tion.

Another simulator used was a two-dimensional energy transport simulator which
solves the Poisson equation, the continuity equation and the energy transport equa-
tion[15,16]. The muld-valley nature of GaAs was treated using a single continuity
equation and a single transport equation to represent all the valleys. This was done by
using an energy dependent effective mass, momentum relaxation time and energy
relaxation time. The energy dependence of these values were extracted from a one-

particle Monte Carlo simulator{45-47].

The source and drain resistance behavior versus gate voltage for small drain vol-
tages was found to have a behavior for the GaAs MESFET similar to the Si MESFET
as discussed in Section 4.2.2. The source and drain resistance variation was due to the

change in the lateral gate depletion width with respect to the gate voltage.

The drain resistance at moderate and large drain voltages requires further exami-
nation because of non-stationary effects. In the energy transport solution, the steady-
state energy transport equation given by(7]

wW-Ww,
JE + V-o[uWE + VOW)] - —— =0 4.7
71(3)
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is used. W is the energy density, W, is the equilibrium energy density, D is the
diffusion coefficient, W is the electron mobility, a is the energy transport coefficient, t¢
is the energy relaxation time and & is the average electron energy. The first term is
the energy gained by the electrons from the electric field, the second term is the tran-
sport of the energy and the third term is the dissipation of the electron energy to the
lattice. The drift diffusion model used earlier for the silicon simulations assumes that
the energy is dissipated in the same region as the electrons gain energy from the elec-
tric field. The MESFET operating with a moderate drain voltage has a large transport
of energy from the active channel region into the drain region. The total power dissi-
pated in the drain region can be attributed to the energy transported to the region and
the energy dissipated in the region which was created by the J-E electron heating in

the region. The total power dissipation is written as
Py =P,y + P, (4.8)

where P, is the power dissipation in the drain region due to energy transported from
the active channel region and P, is power dissipated in the drain resistance region
due to electron heating in the drain resistance region. An assumption is made that the
drain contract regions are ohmic contacts with an equilibrium electron density and an
equilibrium electron energy density. The design of the drain resistance region should

look at minimizing the value of P,,.
The calculation of the total power dissipation in this region for the energy tran-

sport simulator is done using

P W~ Wo 43 4.9)
tot Rol ng‘.on t& (g) . .
The calculation of the electron heating in this region is given by

Py= [ JEar (4.10)

Rp, region
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The method for calculating the total power dissipation in the resistance region using
the Monte Carlo simulator is to calculate the net phonon emission in this region per

unit time. The total power dissipation is given by

= - Zpnloh ~ )

Py = > (4.11)

ph
where E,, is the phonon energy, ny, is the number of phonons emitted, ng, is the
number of phonons absorbed and t is the simulated time. The summation is performed

over the phonons of different energies produced by the various scattering mechanisms.

The drain resistance Rp; is best understood by considering the power dissipation
and the electron heating. Figure 4.17 plots both of these quantities for drain voltages
from 0.1 to 2.0 volts. The main feature to note is that because energy is transported
from the channel region to the drain resistance region, the power dissipation is greater
than the electron heating in the drain resistance region. The smaller value for electron
heating is due to the electrons moving across the drain resistance region as the result
of a gradient in the electron energy or temperature. The influence of the energy or
temperature gradient is demonstrated by considering the velocity expression for elec-

trons as given by[7]

v=- |u®E + i‘-%élvr + ﬂﬁglvr; 2.33)

where & is the electron energy, T is the electron temperature, W is the mobility, and n
is the electron concentration. The first term is the drift transport term, the second term
is the temperature gradient transport term, and the last term is the diffusion transport
term. Figure 4.18 demonstrates this large carrier temperature gradient between the
gate and the drain. The drain resistances calculated using Rp () = P, /I3 and
Rp 1(en) = Pen /I are shown in Figure 4.19. The drain resistance due to electron heat-

ing shows a slight decrease initially as the drain voltage increases because of the
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Figure 4.17. Power dissipation (dashed line) and electron heating (solid line) in the drain
resistance region Rp versus drain voltage for a Lg = 0.4 wn GaAs MESFET.
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Figure 4.18. Electron temperature versus position between the source and the drain as
calculated using the energy transport simulator. The values are plotted at a depth of 0.08
pm. The gate extends from 0.6 um to 1.0 wm. The drain voltage was 1.0 volts and the
gate voltage was 0.3 volts.
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Figure 4.19. Equivalent drain resistance versus drain voltage for a Lg =0.4 um GaAs
MESFET. The resistance values for the dashed curve are calculated using the total
power dissipation in the drain resistance region. The resistance values for the solid curve
are calculated using the electron heating in the drain resistance region.
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movement of the lateral gate depletion region. However, for larger drain voltages the
electron heating resistance increases because the electric field increases resulting in a
reduced mobility. The Rp(,) resistance which includes both the electron heating

energy and the transported energy increases monotonically with the drain voltage.

The two-dimensional Monte Carlo particle simulator provides a more detailed
description of the drain resistance region since a multivalley band structure is included.
The electrons are moving from the source to the drain at moderate or high drain vol-
tages scattering into the L and X valleys. When these electrons enter the drain resis-
tance region the potential energy associated with being in a higher valley must be dis-
sipated. The dissipation of the energy can be observed in Figure 4.20 where the total
energy of the electrons above the I' valley minimum and the kinetic energy of the
electrons are both plotted versus position between the source and the drain. This plot
shows the loss of the higher valley potential energy as the electrons move across the

drain resistance region.
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Figure 4.20. Total electron energy above the I' valley minimum (solid line) and the
electron kinetic energy (dashed line) versus position between the source and drain at a
depth of 0.08 wn. The gate extended from 0.5 pm to 0.9 um. The drain voltage was 0.5
volts and the gate voltage was 0.3 volts. Calculations were done using a Monte Carlo

particle simulator. '



CHAPTER §
AC SIMULATION OF MESFETS USING THE SEMICONDUCTOR
HYDRODYNAMIC TRANSPORT EQUATIONS

5.1 AC Simulation Methods

Simulation programs providing DC and transient solutions to the hydrodynamic
transport equations in two dimensions can be found in the literature[7,9]. The third
device operating mode, namely small-signal AC operation, has received less attention
to date in the context of numerical device simulation. This is due partly to the need to
have an existing DC device solution upon which to build the small-signal AC analysis
and partly to the nature of the AC computation. This can be understood by knowing
that HTM is much more complex than DDM, even for the DC solution. Additionally,
the HTM becomes more complex for compound semiconductor devices. This chapter
will develop an AC model using the HTM for the GaAs MESFET.

The techniques for AC analysis of semiconductor devices using the DDM can be
found in the work of Laux[48]. Three standard approaches are Fourier Decomposition
(FD), Incremental Charge Partition (CP), and Sinusoidal Steady-State Analysis ( S°A
). This section will briefly review the first two methods, the third method will be dis-
cussed in the next section.

(i) Fourier Decomposition of Transient Excitations (FD)

The FD method applies a step perturbation AV; to terminal j about a DC operat-
ing point as shown in Figure 5.1. The FD method gives the small-signal admittance

matrix component ¥;; (w) as

86
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Figure 5.1. Fourier decomposition method.
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F{ii(f) -1 (0)}

AV; AV;

I-".'j((')) =

where F is Fourier transform operator, /;(0) is the steady-state current, V; (0) is the
steady-state voltage, v;(t) = V;(0) + AV;u(t), and i;(¢) is the transient response at ter-
minal i. Upon separating (5.1) into real and imaginary parts, the conductance and

capacitance matrix entries become

I;(s0) = I;(0) ® ¢ .
G;; = + [i;(¢) = I;(e0)] sincrdt 5.2)
J AV; Av,-g
and
D I S S
Cij = _AVj g [i; (¢) = I;(e=)] coscords | . (5.3)

The FD method needs DC and transient device simulation capabilities. It requires that
limitations be placed on the step Az used in the transient solution in order to reduce
the error for high frequency admittance, and it requires that upper and lower limita-
tions be placed on the exciting voltage AV; in order to avoid harmonic generation and

to dominate numerical noise, respectively.
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(ii) Incremental Charge Partitioning (CP)

Figure 5.2 shows the incremental charge partitioning method. The CP method

finds the capacitance and conductance matrix components as

Al
G; = XV‘?' V., =const., k # j (5.4)
and
AQ;
Cij = ZV_‘-’ Vi =const., k # j (5.5)

J

where AQ; is the incremental charge associated with terminal i, Al; is the incremental
current at terminal i, and AV; is the incremental voltage applied at terminal j. The
CP method requires a DC solution only. The total charge Q is calculated by integrat-
ing electron density n over the P-region or N-region for a diode, or over the whole
simulated region for a MESFET. The AQ is obtained by subtracting two Q’s found
from two-successive Vg biases. The CP method provides only quasi-static (low fre-
quency) admittance. A disadvantage of this method is that the CP method depends on
insight into the physics of device operation in order to partition the incremental charge
to each contact. For an N-terminal device such physical insight is rarely available.

5.2 Sinusoidal Steady-State Analysis ( S3A ) using Hydrodynamic Transport
Model

5.2.1 Model Development

The third technique for the AC analysis of semiconductor devices is the
Sinusoidal Steady-State Analysis ( S’A ) method. The S3A method works directly in
the frequency domain, and it requires DC and AC device simulation capabilities. The
admittance matrix obtained for the S3A method is rigorously correct as was the case
for the FD method. However, two characteristics of the S3A make the technique

extremely accurate: (1) no time steps need be selected using the S3A and hence no
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Figure 5.2. Charge partitioning method for (a) a two terminal device, and (b) a three
terminal device.



91

inaccuracies related to time discretization occur, and (2) the device is linearized about

the DC operating point so that harmonic generation within the device is precluded.

The S3A method is performed after a DC solution has been achieved. Starting
from a DC bias condition, an input of given amplitude and frequency can be applied to
a device structure from which sinusoidal terminal currents are calculated. Then using

the relationship

I

+j(wi'= ’Vk =0,k¢j (5'6)

. 'I"

the frequency dependent admittance matrix, and hence conductances and capacitances,
can be calculated. Note also that by varying the frequency and examining the various
device admittances, the current, voltage and power gains versus frequency can be
directly determined.

Special numerical techniques are often adopted for the S3A method. The Poisson
equation, electron continuity equation, and energy conservation equation are expressed

as [see Section 3.6.2]

F \y(\l’vn ,5:) =0

F,(y,n.E) + %1:-4747= 0

Fatyn )+ L2EH =0 57

where dx dy exists due to the integrated form for F y» Fnoand Fe.

The AC system is obtained by substituting time dependent functions of the form
{@) = §o + Le/™ into (5.7), where { =, n, or &, and the O subscript denotes a
steady-state solution for the device. Performing a Taylor’s series expansion on (5.7),

and keeping only the linear terms, we have

oF ,,
Fya + [—a—c‘]dcc =0



Fp)ae +

Foa +
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{+jodcdy @ =0

dc§+i03d747(no§+§oﬁ)=0

(5.7b)

where (Fy)ic, (Fn)a and (Fg)g. are expressions for the DC solution and therefore

should be zero when the DC solution has been reached. Hence, the AC solution

becomes
(aF, |
—_ =0
[ 9 ‘dct
| v aEF A =0
n=
(3 Jo™ ™
and
oF —_
[_g] L+ jodcdy(ngt + &) =0. (5.7¢)
K Ja
For numerical implementation, the AC system (5.7c) at point i becomes
(oF oF Fy |
o, on; 9, v,
$ | iy OFu -0 (5.8)
+j —_— i | = .
= aaw d apanj oF * ;
Fy Fgy e imd L inid
B, on, Jj w&odx dy 3 j onodx dy )

o

where F,; denotes the DC portion of the Poisson equation solution in integrated form

at point i, similar interpretations hold for F,; and F;.

In particular, all the terms

without any ® frequency dependence form the Jacobian matrix which is available from

the DC solution done to get the operating point.
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After assembling the global AC matrix, the AC system becomes
[/ +jD1X =B (5.10)

where J is the Jacobian matrix, D contains the contributions of the time derivative
terms in (5.7) to the matrix, B is a real vector dependent on AC driving voltages and
X is the AC solution vector given by X; = [ﬁlj'ﬁjﬁj]T.

For the evaluation of (5.10), recall that the arrangement of unknown variables in
the DC case discussed in Section 3.6.2 gives the matrix J a size of (6ny+5)x3N. D
in (5.10) contains two non-zero diagonal bands, hence the reduced size of D is 2x3N.

Usually D is very small compared to that of J.

Equation (5.10) is a complex matrix equation. By splitting the AC solution vector
X into real and imaginary parts Xp + jX;, (5.10) can be written using only real arith-

metic as

71k - )

The system order doubles compared to the DC case. Computation time for the direct

factorization of the AC system can be excessive, but the computation time can be
reduced by using a block-SOR indirect solution techniques. The block-SOR (
successive-over-relaxation ) solution procedure alternates between the following two

equations until convergence is obtained:
X5 = (1 — wp)XR* + wpJ 1(DX;* + B) (5.12a)
X5 = (1 - wp)X % + wpJ 1(=DXp %) (5.12b)

where the superscript & denotes iteration number and wg is the SOR parameter. Laux

[48] set wp < 1 when using f 2 fr / 10 for the DDM.
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5.2.2 Boundary Conditions

The AC boundary conditions are based on the boundary conditions use for the
DC solution. The AC boundary used are as follows:

(i) Neumann boundary conditions are applied to all free surfaces. This AC boundary
condition carries over directly from the DC simulation, hence this boundary condi-

tion has been already set in the Jacobian matrix J.
(ii) Dirichlet boundary conditions are applied to the source and drain contacts,
y=V,, A, =iz =0, and £ =0 (5.13)
where V, is the small signal directly applied at the contact. 7, and 7, are respec-
tively the small signal carrier concentrations at the source and the drain.

(iii)The Schottky contact at the gate is described by the boundary condition
y=0and §=0. (5.14)

Here, because a thermionic emission diffusion model is used to calculate the elec-
tron concentration at the Schottky contact, the AC electron concentration at the

gate carries over directly from the DC simulation.
5.2.3 Small Signal Current Calculation

After solving equations (5.12a) and (5.12b), the small signal current can be calcu-
lated by using the small signal variables at each node. For a given branch between
nodes i and i+1 as shown in Figure 5.3, the current density is expressed in terms of

conduction current and displaced current as
J =Teond + i (5.15)

where

= aJ
Jeona = Ly~ Gir & =ViWimma & and &y (5.16)
13 s
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Figure 5.4. The three-terminal y-parameter equivalent circuit.
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and

. PR N
JdL,p=jO)€.E=jO)e[—‘-7lL]

[ (Wi —Wi +1)imag ] [ (Vi ~Vi+Dreal ]
= - |we + j |oe————————

5.17
h h .17
where A is the spacing between nodes i and i+1.
5.2.4 Y-parameter Calculation
The frequency dependent admittance matrix Y can be calculated as
Pi== Ve =0k=j. (5.6)

i
Applying a small signal at one terminal, and only one, will provide the frequency
dependence of one column in the Y matrix. For an N -terminal device, N—-1 small sig-
nal excitations are required to determine the Y matrix at a given DC bias point. For
example, two excitations is needed for a three terminal device. For this three terminal
device, the first step is to apply a small signal perturbation at terminal 1 to get yq;,
and y,,;. The second step is to apply a signal at terminal 2 to get y,, and y,,. The y-

parameter equations can be expressed as

71 _Puran ‘71 _
b)- sl

The equivalent circuit is shown in Figure 5.4. Once the Y parameters have been
found, other equivalent parameters, e.g., hybrid parameters: H, scattering parameters:
S, impedance parameters: Z, etc. , can be calculated using existing parameter transfor-

mation tables[49].
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5.3 HTM Y-parameters Compared with Monte Carlo and Drift Diffusion Models

The structure used for the Y-parameter simulations had Lgg=0.6um,
Lg =0.4wn, and Lgp = 0.6un [See Figure 4.1]. The device doping was a constant
n-type doping of 5.0x10'cm ™3 for the active layer. The depth of the active layer was
0.22um. The Schottky barrier potential was 0.75V.

A complete set of Y-parameters versus frequency at Vpg=1.5V and V5=-0.1V
has been calculated using the S3A method. The seven frequencies are from 24.4 GHz
to 170.8 GHz in steps of 24.4 GHz. Figure 5.5 presents a comparison of this data and
data obtained with the Monte Carlo particle simulator. In Figure 5.5, at low frequen-
cies all the imaginary parts of the y-parameters are small and at higher frequencies all
the y-parameters depart from the Imag(y)=0 axis. The Fourier-decomposition method
was used to generate the y-parameters versus frequency in the Monte Carlo simulation.
There is a general agreement in this comparison. All four HTM y-parameters have the
same behavior as the Monte Carlo results. The Y-parameters versus frequency for the
HTM and the DDM are shown in Figure 5.6. This Figure shows that the HTM has a
larger Re(y,;) than does the DDM. Also, the y, and y,, for DDM go different direc-
tions with those for the HTM. This means that the DDM loses accuracy for short
channel length devices.

The complete y-parameter set permits many useful device attributes to be calcu-
lated such as current gain A;, voltage gain Ay [48], and unilateral power gain G [49].

This is done as follows:

Iy !

Al(m) = |y11| (519)
| I

Ay (@) = ,iz, (520

Gy (@) = Yo~ il (5.21)
4 [Re(yu)Re()’zz) - Re(y 12)R30’21)]
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Figure 5.5. A comparison of y-parameters versus frequency for both the HTM method
and the Monte Carlo method. The seven frequencies vary from 24.4 GHz to 170.8 GHz
in steps of 24.4 GHz.
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Figure 5.6. A comparison of y-parameters versus frequency for both the HTM method
and the DDM method. The seven frequencies vary from 24.4 GHz to 170.8 GHz in steps
of 24.4 GHz.
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Figure 5.7. The three gains A;, Ay and Gy versus frequency from the HTM. The eight
frequencies are 12.2, 24.4, 48.8, 73.2, 97.6, 122, 146.4 and 170.8 GHz.
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Figure 5.8. The three gains A;, Ay and Gy versus frequency from the DDM. The eight
frequencies are 12.2, 24.4, 48.8, 73.2, 97.6, 122, 146.4 and 170.8 GHz.
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where Re(y;;) expresses the real part of y;;. The unity-current-gain frequency f and
the maximum frequency of oscillation f ,,,, are both figures-of-merit that are correlated
to the microwave and millimeter-wave performance. fr and f ., are the frequencies
at which equations (5.19) and (5.21) are equal to unity, respectively.

In Figure 5.6, the HTM gives a transconductance g,, = 120.28 mS/mm, and the
DDM gives g,, = 41.44 mS/mm for low frequences. These values came from the real
part of y5,. Similarly, the gate capacitance c, at low frequencies can be calculated
from the imaginary part of y,;,. Figure 5.7 and Figure 5.8 shows the three gain values
versus frequency for the HTM and DDM models, respectively. The eight frequencies
are 12.2, 24.4, 48.8, 73.2, 97.6, 122, 146.4 and 170.8 GHz. By setting current gain

lyg !
Iyl

Aj(w)= = 1 [48], which corresponds to OdB on the plot, the HTM gives a unity

current gain frequency of fr=45.98 GHz and the DDM gives fr=17.1 GHz. By set-
ting the unilateral power gain G (w) = 1, the HTM gives f ., = 154.95GHz, and the
DDM gives f max = 40.49GHz. This shows that the DDM underestimates fr and

S max» @nd that the nonstationary effects are important for submicrometer devices.
5.4 AC Performance of GaAs MESFETSs

The AC performance of MESFETs depends on the geometric structure and the
bias. This section applies the HTM AC simulator to the study of these dependencies.
The gain and frequency performances of microwave and millimeter-wave transistors
are generally specified in terms of Gy (5.21) and f.x. f max » the frequency at which
Gy is unity, is a particularly important figure of merit as it is the maximum frequency
of oscillation. It indicates the boundary between an active and passive device. Com-
mon practice has been to estimate f,, using .cxtrapolation of the microwave fre-
quency gain measurements at —6 dB per octave. However, some works [50-53] have

pointed out that parasitic resistance and capacitance cause the unilateral power gain of
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FETs to roll off at a —12 dB per octave. Hence, the extrapolated f,,,. value are con-
siderably greater than the actual f ,, value.

The gain slope changes are explained in the work of Steer [S1] as follows. The
circuit model of a common source MESFET is shown in Figure 5.9. The best possible
gain and frequency performance of the transistor will be obtained when the parasitics
are negligible, so Steer considered the performance of the intrinsic transistor alone
which has the unilateral power gain

g ,,2: oRps 1

Gy = (5.22)
v 4CcsR;(Cgs — CpcgmoRps) | | @ (1-p%w?)

where

, ® 3CGS)(CDC + Cgs)* + Cpc 8moRps T2

p (5.23)
(Cpc8moRps—Cas)
At frequencies much less than (2nR;Cgs)~! and ignoring Cpc, Gy reduces to
2
4 DS
40%C - R

The commonly used expression for Gy, (5.24), rolls off at -6 dB/octave because of
1/w? term. However, with Cpc in (5.22), there is an additional -6 dB/octave roll-off at
high frequencies due to the complex pole pair contained in the 1/(1-p2w?) term. The
complex conjugate poles are at the frequency

1
2nlp |-

fp= (5.25)

For millimeter-wave transistors this pole frequency is typically below f .. so that the
pole has a limiting effect on frequency performance [51].
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Figure 5.9. (a) Circuit model of a MESFET. (b) The extrapolation of the low-frequency gain
overestimates the unity power gain frequency, f,, ...
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One approach to estimating f,,,, is to use an equivalent circuit model developed
from physical insight as well as 2-port measurements to determine the value for each
model component [S1]. However, errors can be made due to the maccuracy of the
equivalent circuit model, due to uncorrected parasitics in the measurement and due to
the extrapolation of low frequency measurements to high frequencies. Another more
accurate approach to estimate f ... for short channel FETs is to extract the y-
parameters from a device simulator using the HTM directly in the frequency domain.
In this case, errors due to the equivalent circuit model and due to the quasi-static

assumption can be precluded.

Using the HTM model the frequency behavior of the MESFET with various
geometric and bias parameters have been simulated. In particular, investigations of the
Gy versus frequency dependence on device parameters have been studied. The device
parameters studied include (1) drain bias dependence, (2) gate bias dependence, (3)
gate length dependence, (4) gate-source spacing dependence, (5) gate-drain spacing
dependence, (6) epilayer thickness dependence, and (7) substrate dependence. The
nominal device has L;g=0.4um, L; = 0.4um, and L;p = 0.6m as shown in Figure
4.1. The device doping was a constant n-type doping of 2.0x10'7cm™3 for the active
layer. The depth of the active layer was 0.1wm and the Schottky barrier potential was
0.75V.

5.4.1 Drain Bias Dependence
Figure 5.10 shows G versus frequency for Vp = 1.0, 1.5 and 2.0V. The f .,

determined from Figure 5.10(a) is shown in Figure 5.10(b). This maximum fn,, is

near Vpg=1V.
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5.4.2 Gate Bias Dependence

Figure 5.11 shows G, versus frequency for Vg = 0.0,-0.2 and <0.4V. The f .«
determined from Figure 5.11(a) is shown in Figure 5.11(b).
5.4.3 Gate Length Dependence

Figure 5.12 shows Gy versus frequency for L; = 0.2,0.4 and 0.6 wn. The f ..
determined from Figure 5.12(a) is shown in Figure 5.12(b). Some features can be
observed: (1) the f ., decreases with increasing L;, (2) the slope changes from -6
dB/octave to -12 dB/octave particularly for the long channel device. The unity power
gain frequency using a -6dB/octave extrapolation over-estimates the f .. and results in

a larger error for the longer channel device f ., than for the short channel device.
5.4.4 Gate-Source Spacing Dependence

Figure 5.13 shows Gy versus frequency for Lgg = 0.2,0.4 and 0.8 wm. The f .0
determined from Figure 5.13(a) is shown in Figure 5.13(b). The f .« decreases only
slightly with increasing L;. For this particular structure the parasitic source resistance
is seen to have only a small effect on f .

5.4.5 Gate-Drain Spacing Dependence

Figure 5.14(a) shows G versus frequency for Lgp = 0.2,0.4, and 0.8 um. The
f max determined from 5.14(a) is shown in Figure 5.14(b). The longer L, value gives
a smaller drain-to-gate feedback capacitance, hence, a longer L, gives a higher f ...
5.4.6 Epilayer Thickness Dependence

Figure 5.15(a) shows Gy versus frequency for a = 0.1 and 0.12wm. The smaller
epilayer thickness gives the larger f .« because of the tighter control by the gate vol-
tage Vgs. Since a non-ideal substrate permits both current flow and a reduction in
fields at the substrate/epilayer interface, the sensitivity of performance to epilayer

thickness in a real device will be somewhat less than that presented here [11].
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5.4.7 Substrate Dependence

Figure 5.16(a) shows G versus frequency with substrate and without substrate.
The doping profile with substrate is shown in Figure 5.16(b). The bias point is

Vps = 1.0V and Vg = —0.2 V. The device with substrate has a lower f ,,.

Table 5.4.1 shows the various simulation with different dependence, the f ..

corresponding to each case is also included.
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Figure 5.10. (a) Gy versus frequency for various Vpg. (b) f max versus Vpgs.
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Figure 5.11 (a) Gy versus frequency for various Vs . (b) f max Versus Vgs.
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Table 5.1 f,, dependence on device parameters for Np = 2x107cm™3,

Lp(um)

Lgs(um)

Lgp(Hm)

a(um)

Vps(V)

Vags(V)

fnax(GHz)

0.4

0.4

0.6

0.1

1.5

-0.2

278.8

0.5

207.2

1.0

416.5

2.0

223.7

-0.0

246.9

-04

346.6

0.2

292.6

0.6

2435

1.0

217.5

0.2

280.4

0.8

265.0

0.4

254.0

1.0

296.8

0.12

226.9

0.1*

1.0

361.6

0.1% means device with substrate.




CHAPTER 6
HYDRODYNAMIC TRANSPORT MODEL FOR THE MODFET

6.1 Hydrodynamic Transport Equations for the MODFET

The basic device topology of the MODFET (modulation-doped field effect
transistor) is shown in Figure 6.1, and the energy band diagram along the y direction is
shown in Figure 6.2. Electrons accumulate at the interface between the two materials
as a result of band bending. The ionized donor impurities in the AlGaAs and the con-
duction band electrons in the quantum well are spatially separated. This results in a
substantial reduction in the ionized impurity scattering in the GaAs layer which leads
to enhanced electron mobilities, particularly at low temperatures. The potential well
formed at the heterojunction is normally narrow enough to have quantized energy lev-
els in the y-direction and behaves as a two-dimensional electron gas. Up to this date
there are relatively few numerical MODFET solutions using the hydrodynamic equa-
tions. Two reports are those of Widiger et al. [15] and Shawki et al. [54].

In Widiger’s model, electron transport in the MODFET can take place in both the
bulk GaAs and in the quantum well (assuming the AlGaAs is depleted). In the region
near the source where the fields are small the conduction process may be attributed
mainly to the lowest quantum sub-band. In contrast, at the pinchoff region towards the
drain end of the gate, the electron current will be principally in the bulk. Electron
transfer between the quantized subbands 2-D gas and the bulk 3-D gas is present
whenever the average electron energies are comparable to the subband energy spac-
ings. Widiger assumed only the lowest subband was a two-dimensional gas system.
The higher subbands were all treated as part of the three dimensional gas system. This
may be assumed since, when conditions allow significant transfer out of the lowest

subband, the higher subbands will be spaced sufficiently close so as to approach

116
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Figure 6.2 Energy band diagram for a MODFET.
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three-dimensioﬁal properties. The quantum well and bulk systems are then coupled by
allowing the electrons to scatter between the two-dimensional and three-dimensional
gas systems. The equation for transport in the quantum well are similar to those of a
three-dimensional gas ((2.44)-(2.46)) with the addition of coupling terms since elec-
trons can transfer to the bulk system. These coupling terms are analogous to
generation-recombination terms. Widiger assumed no current conduction in the
AlGaAs layer.

Shawki et al. [54] applied a hydrodynamic energy model that is valid in the
framework of a gradual variation in Al alloy composition to simulate the entire MOD-
FET region including the top AlGaAs layer. This model treats the electrons as a
three-dimensional electron gas without considering two-dimensional quantum well
effects. This is justified from Monte Carlo simulations of submicron MODFET’s[55]
which demonstrated that electrons during the major part of their travel under the gate
are not confined in quantum subbands if the drain bias is high enough to heat the elec-
trons (for Vpg= 0.5 V, the total subband population is found to be less than 15 percent
of the equilibrium one). Also, the literature results for the two-dimensional electron gas
(2DEG) behavior obtained from classical models based on either Boltzmann or Fermi-
Dirac statistics are generally comparable with those obtained from the exact self-
consistent solution of Schrodinger’s and Poisson’s equations [56]. This model without

2DEG treatment makes the model more compatible with that of MESFET’s.

This study will extend the MESFET HTM model in previous chapters to include
a heterojunction for MODFET simulation. The electron transport dynamics based on

the particle, momentum, and energy conservation equations for a heterojunction are

described[54] by:

on _
-$+V(nv)—0 6.1)
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=n [V(\I’ + .Z.) - (_B_(le + r—VInm'(ﬁ) (6.2)
q nq q
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() +Vnv€ + kgTE)Y) + V- Q= -nv-V(qy—y) - n—— (6.3)
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F3,(M)
= 2l 6.4
) F a0 (6.4)
(Efn - Ec)
= A ¢ 6.4b
kpT (§) (6.40)
1 » 2 3
w=om Ewv*+ ks T @) (6.5)
E=w+U,. (6.6)
The three moment equations are solved together with Poisson equation
V-eVy) =—qWNp* - n) ' (6.7)
where
Np
Np*= €k (6.8)
1+2¢ BT®

It should be mentioned that the conservation equations (6.1)-(6.3) presented above are
different from those we used for the simulation of MESFET’s in previous chapters in
two aspects. The first difference is the terms describing the gradient in electron affinity

and the second difference is the dependence of effective mass on position.

The model described above can be simplified as

V-eVy = qWNp-n) (6.9)
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o, _gy-0 (6.10)
ot
ML | s JERED 6.11)
ot T
where
J=—qnv
= u(gnE + V(nkgT)) (6.12)
S = -%(g + kg THQ (6.13)
E=-V [w+gs+k%:1n1vc]. (6.14)

Notice that the term associated with InN. came from Vy in the momentum and energy
conservation equations (6.1) and (6.2) which can be derived by following the work of
Azoff [57]. Q is the heat flow shown in equation (2.54). The equations (6.9)-(6.14)
are the same as those used in the work of Horio for the heterojunction bipolar transis-
tor[S8].

The boundary conditions for the MODFET are the same as those for the MES-
FET except for the ohmic contacts and the heterojunction. Usually there is a highly
doped region under source and drain contact to reduce the source and drain resistance.
The current across the heterojunction in the highly doped ohmic contact region is
mostly due to tunneling conduction [59]. The highly doped ohmic contact regions
behave as a small resistor r to parallel with the large heterojunction resistor R as
shown schematically in Figure 6.3(a). This will reduce the current across the hetero-
junction in non-ohmic contact region. Hence, it is expected that most current flows as
shown in Figure 6.3(b). Very little current flows across the heterojunction in the non-
ohmic region. Also, the current flow in the top layer is very small due to depletion by

the gate. This is similar to Widiger’s work[15]. Different boundary conditions have
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been used in the works of Loret [60] and Shawki [54], which results in wide spread
current distribution across the heterojuction, not just confined to the source and drain
ohmic contact regions. In this study, the ohmic contacts (e-f) and (g-h) in Figure
6.3(c) are used. The potential, electron concentration and electron energy are calculated
for this vertical boundary by assuming local thermal equilibrium conditions.
Specifically, the electric field and current can terminate at these boundaries and no
current flows in the vertical direction as shown in Figure 6.3(c). This is achieved by
solving the potential Y and the electron density n subject to the energy condition
T =T, The current J and the energy flux S which cross the heterojunction are
assumed to be zero. The drain current is calculated by summing the current through

the cross section A in Figure 6.3(c).
6.2 Simulation Results and Discussion

The structure used for the simulations had Lgg=0.6um, Lg = 0.4wn,
Lgp =0.6um , d,=50nm, d,=5nm, d3=150nm, and d,=320nm as shown in Figure
6.3. The doped Al Ga,  As has n-type doping Np=5x10'7cm=3, the undoped
Al,Ga,_,As has n-type doping Np=1x10%cm=3 and the undoped GaAs has n-type

doping ND=1><10“cm‘3.

For GaAs, the relative dielectric constant is 12.9 and the
density of states in the conduction band is N,=4.350x10'7cm™3. For Al,Ga,_,As, the
fraction x in Al,Ga,_,As is 0.3 with a correspond relative dielectric constant of 12.3,
and a density of states in conduction band of N,=6.988x107crn=3 . The conduction
band discontinuity is 0.23 eV. The Schottky barrier potential is 0.75V [54,56] and the

low field mobility is assumed to be 0.5 m2V-15-1,

Figure 6.4 shows the current-voltage characteristics for V=0.0V and V;=0.2V.
Figure 6.5 shows the conduction band edge distribution. It is seen that most of the vol-
tage drop is under the gate edge near the drain. Figure 6.6 shows the electron distribu-

tion where electrons have accumulated at the heterojunction due to the conduction
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Figure 6.4. The current-voltage characteristics of the MODFET for Vg5 =0.0V and
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Figure 6.5. The conduction band distribution (eV) over the entire device for Vgg =0.0V
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The gate extends from 0.8 pun to 1.2 wm.
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Figure 6.6. Electron density distribution ( m~3 ) over the entire device for Vgs =0.0V
and Vps = 1.0 V. The source is the front left region and the drain is the front right region.

The gate extends from 0.8 wm to 1.2 um.
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band discontinuity. The density of accumulated electrons under the gate region is less
than the density under the source and drain contacts due to the gate depletion. The
electron energy is shown in Figure 6.7 in the GaAs layer. Note that the electron
energy is relaxed to the room temperature energy at the drain ohmic contact. The drain
ohmic contact has a depth of d;=150nm and the total simulated depth is d ,=320nm.
Figure 6.8 shows the longitudinal current density in the GaAs layer where most of the

current flows close to the heterojunction.

The charge-partitioning method has used to calculate the current unity gain. For
Vps=1V, Vgs=0.0V, the CP method gives g,,=134mS /mm, c,=4.7<10"'°mF /mm and
fr=4537GHz. For Vpg=1V, V5=0.2V, the CP method gives g, =266mS/mm,
¢, =6.44x1071%mF /mm, and f1=65.73GHz.

For the S3A simulation of the MODFET, one change has been made to the
equilibrium boundary conditions (e-f) and (g-h) in Figure 6.3(c). The temperature at
equilibrium is fixed at room temperature, T=T,, so the small signal temperature is
T=0. The MODFET is biased at Vpg=1V and Vgg=0.0V. Figure 6.9 shows the y-
parameters at the frequencies 10, 20, 30, 40, 50, 100 and 150 GHz. Using the y-
parameters, the unilateral power gain Gy and the current gain A; are calculated as
shown in Figure 6.10 using equations (5.19) and (5.21). Note that the unity current
gain fr using y-parameters gives 51.48 GHz and recall that the CP method gives
45.37 Ghz. This means that the CP method underestimates by 10 percent. The simu-
lator had slow convergence for higher frequencies making the determination of f ,,
difficult. However, the device performance can still be studied through the unity gain
frequency fr.
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Figure 6.7. Electron energy distribution (eV) over the GaAs layer for Vgg =0.0V and

1.0V. The source is the front left region and the drain is the front right region.

The gate extends from 0.8 wn to 1.2 um.
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Figure 6.8. Longitudinal electron current density distribution (A/m2) over the entire

device for Vgs =0.0V and Vpg

is the front right region. The gate extends from 0.8 wm to 1.2 um.
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Figure 6.9. The y-parameters versus frequency for the MODFET using HTM. The seven
frequencies are 10, 20, 30, 40, 50, 100 and 150 GHz.



130

40
304
20 —
Gain Gy
@By 10
E\\d
0 =
\a Al
-10 —
-20 — T T T TTTTT T T T TTTI
101 102 103
Frequency (GHz)

Figure 6.10. Gy and A; versus frequency for the MODFET using HTM. The seven
frequencies are 10, 20, 30, 40, 50, 100 and 150 GHz.



CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

The hydrodynamic transport model applied to semiconductor device simulation is
an important area of investigation. The HTM makes a large improvement over the
DDM with only moderate increases in computation time. Additionally, it takes much
less computation time than Monte Carlo simulation and provides results that agree well

with those from Monte Carlo simulation.

Chapter 2 of this dissertation derived the moment equations from the Boltzmann
transport equation based on a parabolic band structure. Instead of solving the
Boltzmann transport equation directly, this moment equations model solves for three
characteristic quantities to describe the carrier distribution function. This model was
then applied to modeling the short channel MESFET after reviewing modeling work
by other authors based on somewhat different approximations.

Up to this date, the simulators using the HTM were primarily developed using the
finite-difference method due to its simplicity and regularity. Also, the finite-difference
method allows the application of the Scharfetter-Gummel discretization in order to
handle the exponential dependence of electron concentration on potential and tempera-
ture. The finite-element method is difficult to apply to HTM because the electron den-
sity is exponentially dependent on voltage and temperature. The box-integration
method, which is essentially a finite-difference method based on a triangular mesh or
rectangular mesh, links both methods and is a good approach to discretize the sem-
iconductor equations since the Scharffeter-Gummel technique can also be used in the

discretization. It was the box-integration method which was used in this study.
The HTM simulator was applied to the DC solution of the MESFET in Chapter 4.

The material dependent parameters including electron velocity, electron energy and
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energy relaxation time were calculated using a one-particle Monte Carlo simulator.
The accuracy and the validity of the HTM simulator was checked by simulating a
GaAs MESFET in two-dimensions using both the HTM simulator and a Monte Carlo
FET simulator. Since both simulations originated from a common set of material
parameters, any differences were due to the different models. The two simulator
showed good agreement. The HTM simulator was then used as part of a study to
investigate the bias dependence of the parasitic source and drain resistances in the
MESFET. It was shown that the high energy of the electrons entering the drain region
significantly changes the drain resistance at high drain voltage values.

The AC solution of FETs using the sinusoidal steady-state analysis (S°A) tech-
nique applied to the HTM was developed in Chapter S. The previous AC solution
methods for the hydrodynamic transport equation were conducted by using either the
charge-partitioning method or Fourier decomposition method. The S3A method has an
advantage in that the accuracy of the AC solution is easier to obtain and verify. This
application of the S°A method to the hydrodynamic transport equations is one of the
key contributions of this work. The § 3A method was then used to simulate and study
the millimeter wave performance of submicrometer GaAs MESFETs.

The HTM model was then modified and applied to simulating the DC and AC
behavior of MODFETs. The MODFET model included the effects of the heterojunc-
tion in the solution of the Poisson equation and the transport equations. The MOD-
FET study showed that the current implementation of the HTM to heterojunctions has
some limitations for the S3A AC solutions at high frequencies. Some areas for future
work include the flow of currents across the heterojunction in MODFETSs and the solu-

tion of MODFETs at very high frequencies.
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APPENDIX A
FINITE-ELEMENT DISCRETIZATION FOR DRIFT-DIFFUSION MODEL

The finite-element method [24,63] produces approximations \vj" and n,-" to the

exact solution for potential y; and concentration »; at point j. The approximations

may be conveniently formulated by defining a ’shape function’ 6; so that the approxi-

mations to Y and n becomes for m degrees of freedom

¥ = Bt .

i=1

and

nh = 3 nh0,0.y) (A2)

i=1
where y;* denotes y*(x; ;) and n;® denotes n”(x; y;). The shape functions 6; (x,y)

are defined in two-dimension such that

Gi(xjyj) =0 fori#j fori=12,.m (A3)
and

8;xjyj)=1 fori=j fori=12,.m. (A4)

The approximations \vj" and nj" are found using the Galerkin method. The Galerkin
method applied in two-dimensions may be defined for each element in terms of the

residual R;, (error in' the solution), in the i th element as
n .
Y [Ri6;idA =0 (AS5)
i=1 )

where n is the number of elements. 0,/ is the j** shape function in the i** element.
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Consider the generalized set of non-linear partial differential equations
V-F;u,Vu)—~;(wu)=0 i=123,..,n (A6)

where F represents any physical flow quantity like electric flux density D or current
density J. u denotes the unknown variables such as potential y or electron density n.

Applying the two-dimension approximation as shown in (A1) and (A2) gives

uGxy) = S0 y) (A7)

i=1

where

a; =ux;y;. (A8)
The Galerkin condition requires that

R;(x) = jne,- (VF-=)dQ=0. (A9)
Using the identity

V-6;F =6,V-F + F-V0, (A10)
we have

[ 8iV'FdQ = [ 6;Frdl - [ F-V6,dQ (A1)

where the divergence theorem is used to transform the area integral over  into a line

integral over I'. Using (A11), (A9) can be rewritten as
R; ()= J‘re,-r-‘-nw-j (VO F+86,c)dQ  i=123,..m . (A12)

Hence the sum over the n finite elements is given by

R(@) = 3[f 8;Fdl ~ [ (VO F +0,c)dQ] = 0. (A13)
i=1

The integrals over I" vanish because of the boundarys and the definition of the shape
functions [24] ( for example Vy-#’ = dy/di’ is the derivative normal to the boundary
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which is set to zero for free surfaces). Hence, (A13) reduces to

R(@) = $[f, (Ve F +8,c)dQ] = 0. (Al4)
i=1

This matrix expression is used to solve for a; = u(x; y;) = 1,2,....,m.
The Poisson equation is expressed as
VeVy +qWNp-n)=0. (A1S5)

Comparing (A15) with (A6), F = eVy and ¢ = -q(Np-n) are obtained. Using
(A1),(A2) and (A14), the Poisson equation (A15) can be discretized as

[KYIY* - qMIINp* - n*1=0 (A16)
where

K;;¥ = [ eV6;-Ve;ds (A17)
and

M;=| 8:8;ds . (A18)

Similarly, the continuity equation for electrons is expressed as

VJ- q%%ﬁG =0 (A19)
and

J=q@np,E +D,Vn) (A20)

where G is the net generation rate. Comparing (A19) with (A6), F=J and
¢ = q(9n/dt)—qG are obtained. Using (A1), (A2) and (A14), the continuity equation

for electrons (A19) can be discretized as
anh ni, h h _
Q[M]—ET +[K*]n* -B" =0 (A21)

where
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K;" =jnqve,--(e,-u,,"E" +D,"V8;)ds (A22)
and

B; = [ q6;,G"ds . (A23)

(A16) and (A21) are the discretized equations using finite element method for Poisson

and continuity equations, respectively.
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APPENDIX B
DERIVATION OF THE CURRENT DENSITY AND ENERGY
FLUX EXPRESSIONS USING THE MODFIED
SCHARFETTER-GUMMEL TECHNIQUE

This appendix derives in detail the modified Scharfetter-Gummel expression for
current density and energy flux expressions used in this study.

(i) General Scharfetter-Gummel discretization :
Suppose we have the following general expression between nodes i and i+1 in
the x -direction,

Ay, 1 dn
~J =ay—n+ 2, (B1)

where A and a; are assumed to be constant between nodes i and i+1, J is any physi-
cal flux quantity which is a function of x, w is the independent variable which is also
a function of x, n is the electron concentration which exponentially depends on vol-

tage and temperature.

(B1) can be solved by using the solution for linear first-order differential equation

as follows.
Integrating factor = exp alf‘—i-dx] = exp alI&:—&lw_(%)dx
- &
. N 4
=exp |a; [Td;] Inw | = exp [azlnw] (B2)
where
4 -1
= aw
az—al[dx] . (B3)
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Multiplying the integrating factor (B2) to (B1), and integrating (B1) gives

Xisl

Xi+1 1
nexp(a,lnw) | x; =AJ I ;—exp(a olnw )dx (B4)
X

where J has been assumed constant in the interval and hence is moved out of the

integration. The right hand side becomes

RHS =JA I%exp(azlnw)dx =JA I%w“’—div-—%)dx
=)
dx

JA w?

aw, a;
)

A exp(a,lnw) . (B5)

az(%‘:—)

Substituting (BS) into (B4) gives

Xi+1 1 X;+1
nexp(@,lnw) | % =JATexp(a21nw)| %
a5

(B6)

n; +1€Xp [azlnwm] — n;exp [azlnwi ]

= Jja—1 {cxp [a 2Inw,-+1] - exp |a,lnw; ]} (B7)

d
az(Ew)
W; .
n; ,1€Xp [azln :’l ] -n; = JA# {cxp [azln w:.'l ] - 1} (B8)
i faddd i
a( e )
Wil
az(%") n; +1€Xp [azln ‘: -n
= . (B9)

J =
exp laln—=L | -1
p [a2 ,
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This expression is simplified by defining

Xy = ajin—— = —g lnait! (B10)
b 2 Wil 2 w;
which gives
a, n;.exp(=x;) — n;
J = _l i+1 xp( b) i . (Bll)
A exp(=xp) -1

(B11) can be simplified further by making use of the Bernoulli function according to

exp(=xp) 1 _ 1 Xy
exp(—=xp) - 1 1 — exp(xp) xy 1 -exp(xp)

-— = = —B(x,) (B12)
Xp exp(xb) -1 Xp b
1 1 —Xp 1

- =-="B(=x). Bl

D)~ 1 xp B E) 1z ) (B13)

Therefore,
J =il_ [ 1 ) [n. lB(xb)-n'B(-xb)]
A _xb i+ 1

a Fl i
=-Tl —] n,-B(—x,,)-ngﬂB(xb)]

x,, L
1 adw 1
= -X(I)—w,- [niB (=xp) — n; 1B (Xb)] . (B14)
In
Wit

The following conclusion can be made

If
A 1 dn
w alwn dx (B1)

then
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1, dw, 1
J = 'A'(I)_w—,-' [n,.B(-x,,) - n; B (xb)] (B14)
In
Wil
where
In—dt 21 [ (B3)
Xy =a = 1
T Wi aw | wiy
dx
B (x,) i (B15)
xp) = ———o
77 expxy) - 1
(ii) Current density J discretion:
Recall (3.20) which is
J - VT (o + 1)ln +Vn. (B16)
uT T

Compared with (B1), if A is replaced by -ﬁ-, w by T, and a, by VT (a + 1), then

(B14) becomes

Im = um(%) lT n;B(-xy) - n;.\B (x,,)] (B17)
Ti+l
and (B3) becomes
Xp = (@ + D= (B18)
Ti+l

The mesh point m is midway between points i and i+1. Equations (B16),(B17) and
(B18) are the same as (3.20), (3.22) and (3.23), respectively.

(iii) Energy flux S discretion:
Recall (3.28) which is

S - -1y 1
e VT (0 + A5™)—(Tn) + V(aT) . (B19)
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Compared with (Bl1), if J is replaced by S, A by -—1, w by T, n by nT, and a, by

ud
VT (o + AS™!), then (B14) becomes
5j = 18 () (T8 (-3) - (T8 ) | (820)
Ti+l
and (B3) becomes
T;
xp = (& + A8 D)In — (B21)
i+l

Equations (B19),(B20) and (B21) are the same as (3.28), (3.29) and (3.31), respec-

tively.



APPENDIX C



APPENDIX C
RIGRID ALGORITHM

The correct allocation of the grid is a crucial issue in device simulation. The grid
mesh has a direct influence on the simulation time and solution accuracy. In order to
maintain the simulation time within reasonable bounds and to have satisfied solution
accuracy, it is desirable to design a regrid algorithm to allocate fine grid in some
regions and coarse grids in others. The mesh can be regrided based on a triangular
element basis as shown in PISCES[28], or based on a rectangular basis as discussed in
this appendix.

For a given rectangular mesh with nxxny grid points, there are nx-1 columns
and ny-1 rows as shown in Figure C.1(a). There are two phases in this regrid algo-
rithm. The first one is regrid by columns. The second is regrid by rows.

In the first phase, the columns are regrided from column 1 to column nx-1.
Each column is checked as shown in Figure C.1(b). The checking may result in two
cases: (1) the grid remains unchanged, or (2) the grid is changed as shown in Figure
C.1(b). The grid is changed when a column has any two horizontal points across
which the chosen variable changes by more than a specified tolerance. The chosen
variable can be potential vy, electron density n ,or electron energy £&. The refinement
is done by adding a vertical line inside this column as shown in Figure C.1(b) and by
evaluating the variables on the new added line using interpolation. If a line is added,
then the total number of grid points is increased by ny. Note that the grid points are
renumbered during the process of regriding due to these added new lines. After the
first phase is done, the new nx will be larger than or equal to the initial nx depending

on the regrid tolerance.
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Figure C.1. Regrid algorithm for rectangular mesh. (a) The mesh contains nx-1 columns
and ny-1 rows, (b) regrid for each column, and (c) regrid for each row.
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In the second phase, the rows are regrided from row 1 to row ny—1 as done in
the first phase for the columns. Similarly to the first phase, the row regrid may result
in two cases as shown in Figure C.1(c). If a horizontal line is added, the total number
of grid points is increased by nx.

For example, given an initial grid with nx xny, if the regrid algorithm generates 2
more lines during the column regrid and generates 1 more line during the row regrid,
then the total number of grid points is increased from nxxny to (nx+2)x(ny+1). For
MESFET simulation, since nx is larger than ny the increase in ny is more expensive
than the increase in nx because of an increase in the bandwidth of the matrix which
significantly increases computation time. Different tolerances can be set in column

regrid and row regrid to keep ny as small as possible.
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