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.urzfassung

UR DEN ENTWURF integrierter Schaltkreise ist es wiinschenswert, das elektrische Ver-

halten der inftegrierten Bauelemente mittels spezieller Simulationsprogramme nachhilden zu
konnen, Im Fall von teil-verarmten Silicon-on-Insulator {(SO1) Transistoren ist es mit den bisher
vorhandenen Simulationswerkzeugen jedoch kaum méglich, physikalisch realistische Ausgangs-
kennlinien zu erhalten. Bel Verwendung des konventionellen Energiefransportmodells wird bei
zunchmender Drain-Source Spannung eine Verringerung des Drain-Stromes nach Erreichen eines
Maximums beobachtet. Dieser Effekt tritt nur in der Simulation bei Verwendung des BEnergie-
transportmodells auf. Diese Arbeit zeigh, dass die Ursache dafiir im Transportmodell selbst zu
suchen ist. Bet Verwendung des Drift-Diffusionsmodells und in experimentellen Daten tritt der
Abfall in der Kennlinie nichi auf. Das anomale Verhalten wurde mit zwet verschiedenen Stmula-
toren reproduziert, womit Unterschiede in den numerischen Verfahren als Ursache ausgeschlossen
werden kinnen.

Die Anwendbarkeit des Energietransportmodells ist deshalb wiinschenswert, da durch die zu-
nehmende Verkleinerung der Bauteilabmessungen nichtlokale Effekte immer mehr an Bedeutung
gewinnen. Das Drift-Diffusionsmodell kann solche Effekte jedoch nicht beschreiben.

Durch umfassende Simulations-Studien koonte die Ursache des Problems identifiziert werden: Bei
Verwendung des Energietransportmodells erwéirmen sich die Elektronen im Abschniirbereich des
Transistors auf Temperaturen, die weit iiber der Gittertemperatur liegen. Auferund der dadurch
erhéhien Diffusion gelangen Elekironen in das nichi kontaktierte Substrat des Transistors. Ein
Teil dieser Filektronen wird von den Drain- und Source-Raumladungszonen abgesaugt, der Hest
rekombiniert mit den Lochern im p-dotierten Substrat. Durch die Hekombination der Lécher
nimmt das Potential im nicht kontaktierten Substrat stetig ab, solange, bis die Generation
in den Sperrschichten den Rekombinationsprozess kompensieren kann. Das sich so etnstellende
Substrat-Potential bewirkt {iber den Substrat-Effekt eine Verringerung des Drain-Stromes und
dadurch den negativen differenziellen Ausgangsleitwert in der Kennlinie.

Fir Vergleiche wird die Monte Carlo-Methode verwendet, welche die Lissung der BOLTZMANN-
Transportgleichung ohne weitere vereinfachende Annahmen erlaubi, Bei Verwendung des Ener-
gietransportmodells nimmt die Elekironenkonzentration im Vergleich mit Monte Carlo-Simula-
tionen im Abschniirbereich in vertikaler Richtung viel langsamer ab. Wenn nun aber die Bovtz-
MANN-Gleichung einen stérkeren Abfall der Elekironenkonzentration vorhersagt, muss das Pro-
blem bet den Annahmen und Vereinfachungen liegen, die bel der Herleitung des Energietrans-
portmodells gefroffen wurden. In diesem Zusammenhang sind die Ndherung der Tensorgréfien
durch Skalare und die Schliefibedingung, welche bei der Hierarchie der Momentengleichungen
auftrity, relevant,
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KURZFASSUNG

Zur Lésung des Problems wird eine Medifizierung des konventionellen Energietransportmodells
vorgeschlagen. Durch Verwendung einer modifizierien 3chliefibedingung und siner anisotropen
Trigertemperatur gelingt es, die artifiziclle vertikale Diffusion ausreichend zu reduzieren. Das
Energietransportmodell wird ausgehend von der BOLTZMANN-Transporigleichung unter den ge-
troffenen Annabmen neu abgeleitet. Zur Herleitung werden Momente aufsteigender Ordnung
von der BOLTZMANN-Transportgleichung ermittelt, indem diese mit unterschiedlichen Gewichts-
funktionen mudtipliziert, und anschlieBend iiber den Impuls-Raum integriert wird. Wird die
Momentenentwicklung bet unberschiedlichen (rdnungen abgebrochen, erhili man unterschied-
liche aus der Literatur bekannte Transportmodelle. I Zuge dieser Herleitung wurde auch ein
6-Momenientransportmodell entwickelt und implementiert, weiches in dieser Form in der Lite-
ratur bisher noch nicht zu fnden ist.

Die modifizierten Flussgleichungen wurden in den aligemeinen Bauteilsimulator MiNIiMOs-NT
implementiert und erfolgreich an verschiedenen SO Transistoren getestet. Die konkreten Werte
der Parameter werden in dieser Arbeit aus Monte Carlo-Vergleichsrechnungen gewonnen. Durch
gecignete Parameterwahl in den resulfierenden Flussgleichungen kann verhindert werden, dass
die Flektronen jene hohe Diffusivitit errsichen, dis sum Fehlverhalten in der Simulation fithren,

i
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Abstract

O DEVELOP and design integrated circuits which use Silicon-on-Insulator {SO1)} technology

it is desirable to be ahle to properly simulate the electrical behavior of the integrated devices
using dedicated simulation programs. However, the simulation tools currently available are not
capable of predicting reasonable output characteristics when the energy transport model is
applied. Instead, by using the conventional energy transport model in simulations of partially
depleted 501 MOSFETs an anomalous decrease of the drain current with increasing drain-source
voitage has been observed. This work shows that this decrease is a spurious effect, because it
is neither present in experiments nor iy it predicted by the drift-diffusion transport model. The
possibility that the decrease is caused by the details of a particular numerical method has been
ruled out by using two different device sirmulators.

Nevertheless, the applicability of the energy fransport model is desirable, because in contrast
to the drift-diffusion model it takes nonlocal effecés into account, which gain importance in
the regime of the ever decreasing minimum feature size of todays devices. The drift-diffusion
{ransport model is not capable of describing such effects.

By making comprehensive simulation experiments the cause of the problem has been identified:
When using the energy fransport odel the electrons in the pinch-off region attain an increased
temperature which leads {0 an enhanced diffusion. The hot electrons of the pinch-off region
have enough energy to overcome the energy barrier towards the Hoating body region and thus
enter into the sea of holes. Some of these electrons in the floating body are sucked-off from the
drain-body and source-body junctions, the rest recombines with holes of the p-doped substrate.
The holes removed by recombination cause the body potential to drop. A sieady state is ob-
tained when the body potential reaches a value which biasss the junctions sufficiently in reverse
direction so that thermal generation of holes in the junctions can compensate this recombination
process. Via the body effect the drop of the body potential leads to the decrease in the output
characteristics.

For comparison the Monte Carlo method is used which solves BOLTZMANN's transport equation
without further simplifying assumptions. In Monte Carle simulations the spreading of hot
carriers away from the interface is much less proncunced than in energy transport simulations.
If we assume that BOLTZMANN's eguation does not predict the hot carrier spreading, and if the
energy transport equations derived from BOLTZMANN'S equation do so, the problem must be
introduced by the assumptions made in the derivation of the energy transport model. Relevant
in this regard is the approximation of tensor quantities by scalars and the closure of the hisrarchy
of moment equations.

iii
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ABSTRACT

To avercorne the problem of spurious negative differential output conductance a modified en-
ergy transport model is being proposed. By using a different closure relation and an anisotropic
carrier temperature it is possible to sufficienily reduce the artificial veriical diffusion. The mod-
ified energy transport model is derived from BOLTZMANN’s transport equation. BOLTZMANNS
transport equation is multiplied by weight functions of increasing order and infegrated over
momentum space. The resulting moment equations lead to transport models of different order
which are known from literature. During this derivation for the first time also a six~-moments
transport model has been developed in a consistent way.

The modified energy transport model has been implemented in the general purpose device sim-
ulator MINIMOS-N'T, and successfully applied to simulate different SO transistors. Parameter
values needed in the modified transport model are taken from Monte Carlo comparison sim-
ulations. The suggested modifications turned out to be appropriate to prevent the electrons
from reaching the high diffusivities which led to the failure of the standard epergy transport
simulations.

iv
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Chapter 1

Introduction and

HE INCREASED speed and capability of computers has had enormous impact on the

development of our society. The Internet, advanced software applications like office suits
and computer games, speech recognition, advances in telecommunications and the many services
that we take for granted are all made feasible only because of the steady performance increase of
microchips over time. Judging from what is in development in the research laboratories of many
companies and universities, the increased performance of chips will continue to fundamentally
change the way we live in the future.

One way to make chips faster is to reduce the sizs of the transistors. This technigue has
successfully been used for more than thirty years now [1], following MoOORE’s law [2] which
states that the number of devices per chip doubles roughly every 18 month. Other technigues
to increase the speed of chips is to use alternative semiconductor materials and substrates. A
substrate that has been under active consideration for the last 30 vears is silicon-on-insulator
{SO1}. In integrated circuits SO technology improves performance over bulk CMOS technology
by 25% to 35% [3], equivalent to twe years of bulk CMOS advances. 501 technology also reduces
power consumption by a factor of 1.7 to 3. Therefore SO technology will result in faster
computber chips which also require less power—a key requirement for extending the battery life
of small, hand-held devices that will be pervasive in the future.

When designing a semiconductor device it is convenient to simulate its characteristics and be-
havior with software tools before fabricating a protofype in order to reduce the coste and to
allow to speed up the whole development.

To simulate the electrical behavior of semiconductor devices with a computer program, it is
necessary to have proper physical models of the guantities of interest. A starting point is often
BorTzMANN's transport equation which is a semiclassical transport equation neglecting quantum
effects. For devices of microelectronics this simplification is quite valid. Monte Carlo sinmdators
solve BOLTZMANN's transport equation without any further assumptions, but they need a lot of
computer resources. Another way to get reasonable resulfs is to use partial differential-eguation
systerns. During the derivation of these systems, various assumptions are made to reducs the
complexity of the problem. It is worth noting that although the simulation domain is restricied
to a single device or a small circuit, a first principle description of carrier transport is not
available under general conditions. Henee appropriate assumptions are taken, which ensure the

A
£

required accuracy and, at the same time, lend themselves to an efficient numerical solution.
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INTRODUCTION AND OVERVIEW

The typical transport model used in the description of the semiconductor device behavior takes
only the ohmic and diffusive contributions to carrier fransport info account, and is referred to
as drift-diffusion transport model. One of its major drawbacks is that the temperaturss T, and
T, of the carrier gas are set equal to the lattice temperature, which means that carrier heating
is neglected. The energy transport model, on the contrary, is able to retain the information
about the carriers’ temperature which makes it possible to describe non-focal phenomens such
as velocity overshoot. The carrier temperature may locally become considerably larger than the
lattice temperature. It is thus desirable to fake advantage of models able to tackle such effects
and predict them with reasonable acenracy. A disadvantage of the energy transport model
should be mentioned toc. The required computation time is higher compared to that required
by the drift-diffusion transport model, and convergence of the numerical solution is harder to
achieve.

This work deals with a specific problem of the energy transport model. When simulating partially
depleted S50t MOSFETs the standard energy transport model breaks down completely. One
obtains anomalous cutput characteristics which make it impossible to predict the behavior of a
real device. By improving the physical assumptions the snergy transport meodel can be modified
to overcome these limitations.

This work is organized as follows:

Chapter 2 presents the derivation of the basic semiconductor equations. After putting together
a simple transport model in a rather phenomenological way a rigorous derivation of transpori
models with increasing complexity is performed starting from BOLTZMANN'S transport egnation
by using the moments method.

Chapter 3 treats the discretization of the gix-moments trangport model obtained in Chapter 2
using a straightforward extension of the SCHARFETTER-GUMMEL discretization scheme. This
converts the original differential problem in & usually large nonlinear algebraic system.

The problem related to SOI simulations is presented in Chapter 4. The physical effects are
investigated in great detail and an explanation of the effect is given.

In Chapter 5 the energy transport model is modified by taking an anisotropic carrier temper-
ature and a nop-MAXWELLIan distribution function into account.

Chapter 8§ presents empirical models for the anisotropy and the non-MAXWELLIan distribution
function, Different closure relations are examined and a stable and simple yet effective solution
is presented.

Chapier ¥ finally summarizes and concludes this text.
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Chapter 2

Semiconductor Equations

HE BASIC EQUATIONS for device simulation can be obtained by different means. One

way is to use MAXWELL’s equations to derive POISSONs equation and the carrier continuity
equations and introduace the current relations by a phenomenological approach. Another way to
synthesize transport models is the systematic derivation starting from BOLTZMANKs transport
equation. The moments method allows the derivation of a hierarchy of increasingly complex
trauspori models including the well known drift-diffusion and energy transport models.

2.1 MaxweLL’s Equations

MAXWELL’s equations determine a relation among the electric and magpetic field, the space
charge density and the current density. They read {4, p.31]

VxE=-6,B, (2.1)
V.B=0 (2.2)
VxH=J+8D, (2.3)
V.-D=g, (2.4)

where B and IJ are the electric field and displacement vectors, respectively, H and B are the
magnetic field and induction vectors, respectively, p is the total electric charge density, and J
the conduction curreni density.
HEgns. (2.1) and (2.2) and egns. (2.3) and (2.4} each build a subsystem of their own. They are
linked together by the relations

D=c¢cE, (2.
B=uH, (2.

)
)

where ¢ and g are the permittivity and permeability, respectively. Eqn. (2.5) and eqn. (2.6} are
valid only in materials where no piezoelectric or ferroelectric phenomena occur, In semicondue-
tors the frequency dependence of £ and g can be neglected.

o O
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SEMICONDUCTOR EQUATIONS 2.1 MAXWELL’s Fquations

2.1.1  PoissonN’s Equation

By introducing a8 vector potential and a scalar potential MAXWELL’s equations can often be
rewritten in & more practical form. The vector potential A is defined by

B=VxA, (2.7)

which fulfills egn. {2.2) since ¥ - (V X A} evaluates to zerc for every vector field A, Iuserting

1

eqgn. (2.7) into eqn. {2.1) gives

VxBE=-3(VxA). (2.8)
Interchanging the order of the time derivative and the carl operator,

VxE=-Vx(5A), (2.9)
and using the associative property of the curl operator,

Vx{(E+3A)=0, (2.10)
the argament of the curl operator can be substituted by the gradient of a scalar potential

B+ A=V {2.11)

‘

since W % (V z,fb) vields zero for every scalar feld 0. The minus sign on the right hand side of
egn. {2.11} is introduced by convention based on historical reasons.

In the guasi-stationary case, which holds true for semiconductor devices®, the time derivative of
the vector potential can be neglected

E=-Vi. (2.12)

PoISSON’s equation is finally obtained by inserting equn.
D=—-c%q, {213

which is in turn inserted into eqo. (2.4)

VeV =—p|. (2.14)

In the case of vanishing space charge density p POISSON’s equation simplifies to the LAPLACE
sguation

V.eVe=0. (2.15)

Yin semiconductor devices the characteristic dimensions are much smaller than the wavelength )\ associated
with the operating frequency f by A = ¢/ f, where ¢ is the velociiy of propagation in the semiconductor defined
by ¢ = co//Er fir. co i5 the speed of light in vacunmn, &, and u, are the relative permittivity and permeability,
respectively, and have valuoes of g, = 11.9 {3, p.848] and g, = 1 for silicon. Thus for a freguency of § = 100 GHz
the wavelength evaluates to A = 877 pm which is much bigger that the typical device dimension of semiconductor

devices which is in the order of 1 um [§, p.14] [7, p.110].
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SEMICONDUCTOR FEQUATIONS 2.2 Phenomenological Approach

2.2 Phenomenological Approach

In this section the carrier continuity equations and the drift-diffusion current relations will be
derived. Together with P0OIssON’s equation from the previous section this equation-set forms the
basic semiconductor eguotions {8, p.41]. They are based on the drifi-diffusion transpoert model,
the simplest reasonable transport model possible.

2.2.1 Balance Eguations

By applying the divergence operator to eqgn. {2.3)

V- (VxH)=V-J+V-§D, (2.16)
0=V -J+4,V D, (2.17)

and using equ. {2.4) a continuity equation for the conduction current density is foried

VI 8e=0]. (2.18)

This result states that the sources and sinks of the conduction carrent density are compensated
by the time variation of the space charge densiby.

2.2.2 Drift-Diffusion Transport Model

214

MAXWELL’s equations can be used to derive POISSON’s sguation {2.14) and the current conti-

/ey 1

nuity equation (2.18), whereas the current relations cannot be derived from them.

The canses of current How are manifold. One contribufion is determined by Onw’s law which
connects the current density to the electric field. Other causes might be gradients of the car-
rier concentration or the temperatures of the latiice or the carriers, or gradients of material
properties.

In semiconductors two separate particle systems are respounsible for charge fransport. The
carriers of charge are electrons (n) and holes (p) and their movement is responsible for the
conduction® carrent deunsity which can be written as the sum of two components

T=J,+1,, (2.19)

where Jy, and Jy, are the electron and hole current density, respectively.

% In the literature this current is sometimes referred o a8 convection current [9, p.31] in analogy to thermo-
dyuamics since the corrent is cansed by moving particles. On the other hand the transport happens in a solid
medivm which in thermodynamics is ouly capable to conduct the (heat) current. However the important point
in this context is to distinguish between the current caused by moving carriers {which will in this text be called
conduction current) and the current caused by a time variation of the electric displacement vector 12 which is
uniformly called displacement current. The displacement current appears as &: D in equ. {2.3).
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SEMICONDUCTOR EQUATIONS 2.2 Phenomenological Approach

2.2.2.1 Drift Current

The component of the current which is caused by the electric field is called driff current. From
the macroscopic point of view the current density and the electric field are related by Oum’s
law

JUft g (2.20)
where o is the electrical conductivity. It is in general a fensor but can be assumed as a scalar
in most semiconductors®,

From the microscopic point of view the current density is made up by the moving carriers

drift . by
I =qgpv, —qnvy, , {(2.21}
where q is the elementary charge, n and p are the electron and hole concentrations, respectively,
and v, and v, are the mean velocities of electrons and holes, respectively. The electric field
accelerates the carriers, but due to various scattering mechanisms the velocity of the carriers is
tmited:

Vi = i B (2.22)
Vo= UpE, (2.23)

where g, and g, are the mobility of electrons and holes, respectively. By inserting these two
equations into eqn. (2.21}

Jdriﬂ =Py B A7 by B , (224}
and comparing eqo. {2.24) with eqn. (2.20) and eqn. (2.18) the following relations are obtained:

It =0 B, (2.25)

Jgriﬁ: =0, B, (2.26)
and for the conductivitiss:

Op = QR fin {2.27)

Tp = QP p - {2.28)

2.2.2.2 Diffusion Current

The component of the current which is caused by the thermal motion of the carriers is called
diffusion current. 1t is driven by a gradient in the carrier concentration. The law of diffusion
which originally stems from the theory of dilute gases reads

F,=-D,%n, (2.29)
F,=-D,Vp, {2.30)

*Strictly speaking the conductivity ¢ is a scalar only in isotropic materials. Semiconductors are due to their
crystal strucénre in principle anisotropic. However, due to symmetry properties, especially in the case of Germa-
rdaxn and Silicon, the anisotropicity of the conductivity is very small and can be neglected in many cases.
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SEMICONDUCTOR EQUATIONS 2.2 Phenomenological Approach

where I}, and D, are the diffusion coeflicients for electrons and holes, respectively, ¥, and
¥, are the respective particle flux densities, which have to be multiplied by the charge of the
particle to get the electrical current density

Jgiffusmn = —g¥, , 2,31}
ngxfusmn = g Fp . 2,32)

For conditions close to thermal equilibrivm and for non-degenerate carrier systems {BOLTZMANN
statistics), the diffusion coefficients are related to the mobilities by the EINSTEIN relation

kg 7, .
Dy = pin Bq L 3 (2.33)

kpT, .
D}? = Hp N £ ’ (2“54)

where kg is BOLTZMANN’S constand.

Superposition of the current commponents vields the drift-diffusion current relations
Yy

dn=qgnp,E+qD, Vn, {2.35}
Jp=aqppp, B —qD, Vp. (2.36)

2.2.3 Carrier Continuity Equations

The space charge density in semiconductors is composed of the charges of electrons, holes, and
the ionized dopant atoms

p=qlp+NE) ~aln+N5) . (2.37)

£ 3 AN

POISSON’s equation {2.14) can be rewritten ag

VoeVy=qln—-p+N, - NL). (2.38}
;

Since the current relations were infroduced by using two separate subsystems it is convenient

to also split up the current continuity eguation eqn. (2.18) infto two squations by introducing a
formal separation parameter K

V. i, -q%n= qR, (2.39)
V-dp+qbp=—qR. (2.40)

£ can be interpreted ag the net recombination rate defined as
Y t * )
R=Ry—Gp =Ry~ Gy, (241}

where R,/G, and R,/, are the recombination/generation rates for electrons and holes, re-
spectively.

o

By summarizing POISSON’s equation (2.38}, the current continuity equations (2.39) and (2.49),
and the current relations (2.35) and (2.36), the set of basic semiconductor equations is obtained.
This set of equations was first presented by VANROOSBROECK in 1950 [10].
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SEMICONDUCTOR EQUATIONS 2.3 Systematic Approach

2.3 Systematic Approach

As already discussed, the mobile charge in a device can be seen as a system comprising two in-
teracting subsystems, namely electrons and holes {11, p.57]. The macroscopic average guantities
are basically determived by the microscopic behavior of the particles constituting the systems.

2.3.1 Borrzmann’s Transport Equation

1t is well accepted to characterize the dynamics of each subsystem by BOLTZMANN’s transport
equation (BTE) [12, p.107] [13, p.245], which provides a semiclassical description of carrier
iransport, and is of the following gestalt

. . ) ‘ 8, = —1 for electrons
B fotv Ve fot 5o a B fo = QUp) = R(f),  sp=1 " ,  (2.42)
sy = +1 for holes

where f is the distribution function. In this work it is assumed that f{r, k, ) d°r 4%k represents
the number of carriers in the elementary volume d%r d3k of phase space at time £. This leads to
the normalization

N = [ dy [ &k flr,kt) , (2.43)
J :

where N ig the mumber of carriers in the domain under consideration, D. v is the group
velocity, and s is the sign of the carrier charge. Carrier scattering is taken into account by the
collision operator @(f). Generation/recombination processes are represented by R(f) and will
be counsidered separately in Section 2.3.4. Iu eqn. (2.42) the influence of a magnetic field bhas

been neglecied.

tu the semiclassical picture it is assumed that the state of a carrier at (r, k} in phase space is
well defined at each time ¢, This statement violates the uncertainty principle formulated by
HEisENBERG according to which both the position and the momentinn of the carrier cannot be
specified at the same time. However, in most transport problems of interest, the location of the
carriers need only be fixed on a macroscopic scale [14, p.137]. To account for quantum effects,
equations based on the WIGNER-BOLTZMANN equation have been considered [15].

From a practical point of view, the direct solution of BTE by a deterministic method is an
extremely demanding and often un-practical task. The Monte Carlo method provides an accurate
solution of this equation. However, the computational demand of this metheod is often too high to
be used for TCAD purposes. Also, if the distribution of high-energetic carriers is relevant, or if the
carrier concentration is very low in specific regions of the device, Monte Carlo simulations tend
to produce high variance in the results. Therefore, further approximations can be introduced
in order to derive simpler equations froon BTE and to obtain a reasonable trade-off between
physical accuracy and computational demand.

2.3.2 Moments Method

General schemes to derive transport models from BTE have been proposed by Stratton [1§]
and Blgtekjer [171. The momends method is characterized by multiplying each term of BTE
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SEMICONDUCTOR EQUATIONS 2.3 Systematic Approach

with a weight funciion and integrate the whole equation over k-space®. By this procedure the
coordinates of the k-space are saturated and a set of differential equations in {r, t)-space is left.
Consequently, some imformation originally carried by the distribution function is lost. However,
in many practical cases the information retained by the equations in (v, t)-space is sufficient
to capture the essential features of the problem at hand {18, p.112]. The moments of the
distribution function are defined by

My = () = j’ é; | 4k, (2.44)

where (;] denotes a weight funciion which can either be of scalar or vectorial type. The weight
functions are usually chosen as powers of increasing order of the vector k. These powers are
accompanied by some appropriate scaling factors to get physically meaningful guantities. In this
work moments up to the sixth order will be considered. The corresponding weight funciions for
the even orders read

do=1, (2.45)

By =& = iifj ) (2.46)

by =02 E = ZZ: ﬁ (2.47)
8 1.6

bs=vrE=1 o, (248

and the weight fanctions for the odd orders are

{ﬁl fre p (2&49}
Gy =vE , (2.50)
@5 T & (25])

where p is the momentum, & is the reduced PLANCK constant, k is the wave vector, m is the
effective mass®, and £ is the energy. It is to note that the weight functions of even orders are
scalars whereas the odd orders yield vectorial forms. As will be seen later, using these weight
functions in the moments method the even orders will lead to the balance equations whereas
the odd orders will lead to the flux equations.

A

In equs. (2.46} to (2. a single effective porabolic energy bond has been assumed®:

2 2 %2 7.2

myY s Rk

E= =g = : (2.52)
2 2m 2m

“Physically correct would be to integrate over the first BRILLOUIN zone (sometimes also termed WIGNER SEITZ
cell). However, since the effective mass of an electron is assumed to be constant in this text, and since the decay
of the distribution function is of exponential order, the error is negligible.

*In lterature the effective mass is often dencted by m”. For a clearer notation in combination with powers of
m” this text will use just m.

“A first order approximation for a non-parabolic energy band can be written a5 £{(1 + a &) = K2 E*/(2m)
with o being the non-parabolicity correction factor [19]. However, inclusion of non-parabolic effects considerably
coraplicates the formulation of adequate transport eguations since no closed form solutions exist even for this
simple first order approximation.
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SEMICONDUCTOR EQUATIONS 2.3 Systematic Approach

The following derivation will be carried cut only for electrons for the sake of clarity and brevity.
As the derivation for holes is analogous, the results for holes will be presented without derivation.
Applying the moments method to BTE the moment eguations for electrons are sbtained

Oy + Vo (vgy) +qE-(V,¢; = /qﬁf Qdk — j(p’:j’]?, d®k ., jeven, (2.53)

2.3.2.1 Gradient Caleulation

The egns. (2.53) and (2.54) contain several gradients of scalar and vectorial functions which will
be evaluated in this section. The following two identities which represent the gradients of a
scalar- and a vector-field are helpful

Vp Rp = ] with }3’ = Z (Sij e, Re; = e; ®e;, (25{))

i, i
where § is the unity tensor and p = |p|.

The calculation of the gradients of the weight functions of even order is siraightforward:

Yy o =0, (2.57)
Vo=V, (2.58)
4 ‘

g = —E V. 2.54
Vp ¢4 —E&v {2.59)

The calculation of the gradients of the weight functions of odd order takes into account tha
eqns. (2,48} to (2.51} all have the same functional form,

¢ =phip}. (2.60)
Applying the product rale and using eqos. (2.55) and (2.56) vields

Vy ®¢ =Y, @phip) =h{p)V, 2p+p® Y, h{p) (2.61)

=h{p)d  +p® f;; Vo p (2.62)

=W+ ORI ZH). (2.63)

The derivatives A'(p) are readily obtained

h{ == ] 5 u{}_ == 0 5 {2.64}
& I .
hy = — , bl = — , 2.65
Ry 37 2 (2.65)
2 a3
v £ 2y
hs ===, B ;4 ﬁ 2.66)
10
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SEMICONDUCTOR EQUATIONS 2.3 Systematic Approach

which finally allows the gradients of the odd weight functions to be written as

£~

Vp @y = -0+ vRV, (2.68)
£, 9 :

Wy © g = . (6 +dvev). (2.69)

2.3.2.2 Macroscopic Relaxation Time Approximation

The collision tero on the right hand side of eqos. (2.53) and (2.54), which represents the various
scattering processes, can be deliberately modeled as

o &) — (s
f $; @ &k~ I Al G 1 (2.70)
. e

which is commonly termed as relazation time approzimation [14, p.144]. This equation implies

that the perturbed distribution function will relax exponentially to the equilibrium function

with one time constant s when the perturbing field is removed. A discussion on the validity
7

of this approximation is given in {20, p.139].

The equilibriumn distribution function fo{k) is a symietric function. Since the even weight
functions are symmeiric in k and the odd weight functions are anti-symmetric in k, only the
even moments of the equilibrium distribution function will be non-zero whereas the odd moments
will vanish

{$ido = j $5(6) folk) 3k £0  for even j | (2.71)
{¢;)0 = ]I $;(k) folk) d°k =0  foroddj . {2.72)

Applying the relaxation time approximation and inserting the calculated gradients from the

£33

previous section into eqns. (2.53) and (2.54) leads to the equation set

do:  O{l) +V-(v) = - £, (2.73)
. () — (& .
o Y +V-vE +qE-{v) :—:“--’)-’;M + Gey {2.74)
&
; y 4 , (&2 €Y — (12
bii BWE Y (vele) + 9B (vey = -8 £>”+Gﬁm (2.75)
m 75
¢: V-(vep)  +qE-(S) :-%—’l, (2.76)
n
by: V- (vEvE) +qE‘(%g+v®v) -8 (2.77)
0 TS
o~ 2‘_
b5 - V-(v@vv:z:i')—k%E»(5('vzé+4v®v))z—(vf—w, (2.78)
7 T

where 7, 7g, 75, Ta, Tr are the relaxation times for womentom, energy, energy fux density,
kurtosis, and kurtosis flux density, respectively.

11
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SEMICONDUCTOR EQUATIONS 2.3 Systematic Approach

2.3.2.3 Isotropic Distribufion Funciion

Equs. (2.76) to {2.78) all contain a statistical average of a symumetric tensor (see Appendix A)
of the form (p ® p) which will be evaluated in this section. The distribution funciion can be
decomposed info a symmetric and an anti-symumetric part

Sl = fo(k) + falk) . (2.79)
In this section we assume that the symmetric part is isotropic
Jk) = fa(lk]} + falk) . (2.80)

This is a special case of the diffusion approzimation {21, p.49} which will be explained in more
detail for the MAXWELL distribution in Section 2.3.8.1 on page 14. By using this assumption
the statistical average of the tensor can be writien as

(p®p) =" f k@k fs(k]) d’% . (2.81)
For symmetry reasouns all elemnents outside the trace vanish. For instance, the element

(ko) = [[[ ke 85

evaluates to zero because of the integral

(@0
[ ks
-0

Since the distribution function is assumed to be isotropic, the integrals determining the elements
of the trace all evaluate to a common value J

K24+ K2) dk, i, dk, (2.82)

k2 + k;+kg) dky =0 . (2.83)

20
{ky Fop) = [//// B2 fs (\’/kg + k2 + kg} dk, dky dk, = J , [=x,9, 7. (2.84)

The value of J can be evaluated by the simple transformation

(k2) + (k2) + (k) = (k2 + b+ K2y = 3, (2.86)
(k%)
‘3’ - 7. (2.87)

Therefore, the statistical averages of the tensors are diagonal with all diagonal elements being
equal:

o -
pop =17, 2.89
2 o~
(pRpE) = f‘-g-la (2.89)
12
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2 o o . {v}
Py =V +gEB{1) ey el {2.90)
A 3 \ Tnl
I 5 g (v&)
: e VR Gl o R N E{) ="t 2.91
¢3 3 ( ) } ‘ 3 " < > TS 2 ( )
1 7 v p? &
G 3 V(v et &) + § . E (W2 E) = — = E—gf;——z . (2.92}

Note that the divergences of the tensors simplify to gradients of scalars.

2.3.2.4 Statistical Averages

Instead of the statistical averages found in egns. (2.73) fo (2.75) and egns. (2.80) o (2.42) the
following state variables are commonly used:

e Densities:

dhe {1y =mn, (2.93)
_ 3
¢a (&) = —kag nty, (2.94)
9 53 k2 .
ba: W28 = ff-é BTl (2.95)
s Fluxes:
J,
: () = = 2.96)
P, V= (2.96)
P - <V g:) = By, (297)
2 ..
¢35 : <V ’4)2 g) = '?';; Kn . (298}

n is the electron concentration, 7), is the electron temperature, and 5, is the kurtosis. Eqgn. (2.83)
represents the normalization of the distribution function chosen in this work. Formulation (2.84)

3

will be explained in more detail in Section 2.3.3.2 on page 18, Eqn. (2.95) will be justified in
Section 2.3.3.5 on page 24

Hgn. {2.96) is defined in analogy to the drift current sgn. (2.21). Equns. (2.97) and (2.98) are
reasonable extensions of the flux term o energy and kurtosis.

Introducing these new state variables leads to the final form of the transport equations:

1

$o: Gin - av “Jn =R, {299}
. 3 3 n T LY -
o —kp O (nT,) + %8, — B Jy m o Ry et = g, (2.100)

2 2 TE

5.3 k2 , 2 .. 4q 5.3 ki T -
Pq : 2 R 81 {n ’T;f B+ Ky -+ =4 E-5, = - < e L ﬁn ,.4.. Gay s

2 ™ m 2 m 75 :
(2.101}

13
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by do= I ‘v( kgnﬂ,) +qEn> j (2.102)

. — B 12 3 qu PR

bs: Sy = v( L 7 ﬁ’n) 5 =2 En nT) (2.103)
m 35 qk?

¢s: K, :mwg(ﬁw + 2 L EnTlg,) . (2.104)

2.3.3 Closure

Depending ou the order up to which the moment equalions are faken into account, transport
models of different levels of sophistication are obtained. A characteristic of the moments method
is that each equation for the moment ¢ of the disiribution function contains the next higher
moment ¢ 4+ 1. For example eqn. (2.104) contains the sixth order moment (dg). Therefore
the number of unknowns exceeds the nurober of eguations and an expression for the highest
oceurring moment must be found. This can he achieved either by simplifying the equation of
order ¢ 41 or by invoking some physical reasoning independent of the derivation of the moments
themselves. This task is referred to as closure of the moment equations.

2.3.3.1 Maxwell Distribution

To close the system of eguations an a priori assurmption aboub the shape of the distribution
function can be made. A shifted MAXWELL distribution function is a frequently used ansatz

For(k) == gt tPkock? (2.105)

Hvery distribation function can be seen as being comprised of a symmetric and an anti-symmetric
part

S} = fs(k) + falk) , (2.106)
whereby the two parts satisfy the following relations
i ,
Jolk) = Js(=k) = 5 (J (k) + f(~K)) , (2.107)
1
falke) = = fa(-k) = 5 ({ (k) - [(~K)) - (2.108)

An example of a shifted MAXWELLIan instmbumnﬂ function together with its symmetric and
anti-symmetric part is depicted in Fig. 2.1,

The diffusion approzimaison now assuines that the displacement of the distribution function is
small which means that the anti-symmetric part is much smaller than the symmetric one, Then
it is justified to approximate the shifted MAXWELL distribution function by a series expansion
with respect to the displacement and to truncate the expansion after the first term:

fk) = eptbiock? (2.109)
= POk bk (2.110)
~ full) (140 k). (2.111)

14
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L | .! ,

08l fa(k) [
— fa(k) / | \

06 = —— famalk) i

a7 N

J (k)
\\\\
=
=

=

Figure 2.1: Shape of a shifted MAXWELL distribution function fg(k) and its sym-
metric fg(k) and anti-symmetric f1 (k) parts. The displacement is assumed to be
large.

A decomposition of a shifted MAXWELLian distribution function, where the displacement is
small, is depicted in Fig, 2.2, The symmetric and anti-symmetric part from Fig. 2.2 together
with their approximations are depicted in Fig. 2.3. As can be seen, if the displacement is small
the diffusion approximation is well justified.

The interpretation of eqn. (2.111) is that the symmetric part can be approximated by a non-
displaced MAXWELL distribution funetion

£
failk) =Ae T (2.112)

and the anti-symmetric part by a non-displaced MAXWELL distribution function multiplied by

b-k.

For closing the moment equation system at even moments, an assumption about the symmetric
part of the distribution function must be introduced since the integrals of even powers of k
multiplied with the anti-symmetric part vanish. Vice versa, lor closing the moment equation
system at odd moments, only the anti-symmetric part of the distribution function must be
assumed since the integrals of odd powers of k multiplied with the symmetric part vanish.

The even moments will be calculated as powers of the energy £ since for parabolic bands
(v2 &) and (£?) only differ by a constant prefactor m/2. The same holds true for (01 &) and (£%)
where the constant prefactor yields m? /4. Starting from

(E?,) = /E*AP k;—jn d{k : (2].1_3)
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1 ! !
— fa(k) /
0.8 = —— fslk) &
— faml(k) / :
“ . 6 ;I_.‘ I\"\II
/ s
i / :
= (4
0.2 f;;’
# \‘\.‘
” \ |
—0.2
—4 —3 —2 -1 () 1 2 4 4

Figure 2.2: Shape of a shifted MAXWELL distribution function far(k) and its sym-
metric fg(k) and anti-symmetric fa(k) parts. The displacement is assumed to be

small.
1.2 | |
o .fs\:appmx.(k) :
1 i — .fS:approx.(k) 7 :
— Ja(k) \\ 5
0.8 15— fale) _
=——— .flsh'l_.api_)mx.(k) // \\
0.6 .

0

—0.2
—4 —3 —2 -1 0 1 2 3 4

Figure 2.3: Symmetrical fs(k) and anti-symmetric fa (k) parts of a shifted MAXWELL
distribution function in comparison with the result of the diffusion approximation.
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the integration over k-space is performed in spherical polar coordinates using the transformation

[v0]

/ A%k = J/ 4 k* ok (2.114)
0

Assuming a parabolic dispersion relation, £ = %—g;, eqn. {2.113) becomes
3 0
i\ 2my s I —
(& =Alx <7—2~\) : /EH% e T df (2.115)
i%

\

and making the substitution £ = kg7, w eqn. (2.115) can be written in a form suitable for
making use of the gamma function

3 - 27??; kB f[;rl % / ‘,7 D 7 —n Z_,_j:. ¢ >y
(EY=A2x <m"%7m;) (kg I,,l:) “ e ¥ du . (2.116)
0

Using the gamma function and its identity rules
[e 9]
Tz} = j[e“ uw®dy T{z+1)=2T{z} , T(1/2) = /7, (2.117}
0

transforms the even moments of the MAXWELL distribution function to

;\ 2mkg T, In g 1
(£ = A2x (wm > E) (kpTn)" ( + 5) F(z + —27> . (2.118)

By normalizing the distribution function to { 1) == 1 the coefficient A can be svaluated. Calow-
lating the momeunts is then straightforward and yields

(E% =mn, (2.118)
(Y =n>ks T, (2.120)
o 5-3 2
(“52>M =7 33 (kB Tn) , (2.121)
( 7-5-3
3 —_— b Iy ¢ I3Y3
(g :)M: =17 m (KB 7, ) {2.122)

or by using the weight functions (2.45) fo (2.48)

{do)m =10, (2.123)

. 3 ,

{do)v = 5ken T, (2.124)
53kE

D = nT? 2,120

<¢1>1\1 2 o I ( 5)

7-5-3 & ‘

{ded = TS nBz nTy . (2.126)

17
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2.3.3.2 Discussion of the Diffusion Approximation

The framework of the diffusson apprezimation allows to considerably simplify the structure of
the transport eguations. To point oub the implications of the diffusion approximation in thig
section two important moments are evaluated without this approximation.

Let now be f a shifted distribution function
J = Jolk — ko), (2.127)

where fj is not only sywroetric in k bub also in every component of k

jD(kTkavk;"‘) = fﬂ(“’kmai‘;yvkz) (2‘128)
= f@(;%_“ ""kyv ]"Z) (2129}
= f()(kmkyv """ k) . (2.130)

This stronger symmeiry property ensures that the resulting tensor quaniities are of diagonal
shape (see equ. (2.83)). Functions which satisfy this stronger symmetry criterion are for example
an isotropic’ distribution function where fy is only a function of the absolute value of k, fy =
fo{lk|}, and whose iso-surfaces are spheres. Another example is a distribution with ellipsoidal
iso-surfaces, for instance an anisotropic MAXWELL distribution.

As has already been shown in eqns. (2,106} to (2.108), every function can be split into its
symmetric and s anti-symwmetric part. Since the weight funciions k - k and k ®@ k are even
functions, only the symmetric part of the distribution function has to be taken into account

1 \ 1 , »
7506) = 5 (Joll = ko) + fo( = ko)) = 5 (Jolke = ko) + Jo + ko)) - (2.131)

is now used in the evaluation of the statistical average (k ® kj:

)

(k®ok) = /k @ k fo(k) d°k

Fan. (2.

] ]n 3 1 . N 3
. k@kfg(kmkg)d‘k+;fk®kj0(k+kg 4k
2 T 2 \WEZ/;W)
1 T , \ ‘
=3 }/(k' +ko} ® (k' + ko) fo(k') °F' + 5 /(k" — ko) ® (k" — ko) fo (k") &°%"

= fk@kfg(k) Ph+kkon . (2.132)

Cross terms containing both k and ko vanish because of [k fo(k) d®% = 0.

The statistical average of (k- k) can be evaluated in the same way yielding

(k- k) = / k-k folk) %k + kg kon (2.133)

"The assumption of an isotropic distribution function can be justified due to the strong scattering of the
carriers inside the semiconductor. Nevertheless, as will be seen in Chapter 3, this assumption is worth a detailed
investigation a8 it can lead to erroneous results.

18
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For a MAXWELL distribution the first term of the RHS of eqn. (&

as eqn. (2.120). Therefore eqn. {2.133) can be written as

133) has already been calculated

72 3 muh o
<5>:‘)m (k- k/—ﬂ( b Ty + 2“) : (2.134)

As can be seen, without the diffusion approximation the average carrier energy is composed of

a thermal component and a kinetic® ,Umpnnent A consequence of the diffusion apprommatmn
is that the kinetic term is neglected [24, p.71] 25, p.736]. By assuming T = T, = 77K,
v = 107 em/s, and m/mg = 0.26 for electrons in silicon [9, p.181] the ratio (3kg T)f(fm,-vz)
yleld,‘g 1.34. However, in reality this ratio is much bigger because in the regions, where the
assnmed electron saturation velocify is reached, the electron temaperature is mmch higher than
the latiice temperature [26, p.34]. Negleciing the kinetic term appears therefore justified. Note
that simulafions at very low temperatures would have fo include this term. Under dyvnamic
conditions this term can also be significant [27, p.413].

The first term of the RHS of equ. (2,132} has also already been calenlated as egn. (2.838).
Ban. (2.132} can therefore be written as

(vep) = (2.135)
Inserting eqn.

2 B '

3 VIEY+ V- — ku Qkon+gB() = -m ) , (2.136)

Py T

By calculating the statistical average (k)
(k) = /kfo(k — ko) &%k = [(k’ +ko) fo(l) 8% = ko /fﬁ(k,) PE =kon, (2137)

the current density can be expressed as

1) I
J=—q(v)=—q— (k)= —q-—nk, (2.138)
m m
and the second term of the LHS of eqn. (2.138) can be written as
B J\ m § m
V kg okyn= V- (J@ ) —3 VeI, (2.138)
m a2 7 G2
where in the last identity the ferm containing ¥ - JJ has been neglected.

B

Tuserting equ. (2.139) into eqn. {2.138) yields the final form of the current relation

% J 7 .
Iy 23 Ten =tV (kynT) +qBn) |, (2.140)

q 7 m

®1n literature this term is also called convective term (2%, p.157] {23, p.232]. As the expression convection is
already quite mixed np in conjunction with the current density (see footnote on page &), the expression kinebic
will be vsed heve.
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(9]

which has compared to eqn. (2.102} an additional second term [38 on the LHS, Whlch is non-
linear in J. This example demonstrates that neglection of the term —gﬂ" J-v 59 = i3 another
consequence of the diffusion approximation. Therefore, if i is justified to negleci: the kinstic
term in egn. (2.134) it is equally valid to neglect the additional term in the current eguation

The importance of this additional terrm within semiconductor equations is coniroversial. Phe-

nomena known from Huid dynamics like super-sonic transport and propagation of electron shock-

waves arise [28] [30]. The resulting transport model is referred to as (full) hydrodynamic transport
Q

model”.

2.3.3.3 Drift-Diffusion Transport Model — Closure at ¢g

\u'\

By taking only the first two moments, eqos. {2.99) and (2.182), into acconnt

o Gy - V Jp =R, (2.141)
¢ 2., Y o

¢ J,, = Uﬁ;m (3 Y {h2) + qEn/ﬁ \ (2.142}
Ry
bim

and closing the equation system at oy
3
{b2) = s knnTy (2.143)

the drift-diffusion transport model is obtained. Since no information aboub the carrier
temperature is available, the carrier temperature is set equal to the lattice temperature T,, = T3,
assuming the thermal equilibrium approzimation [31].

¥Vd, = 4 (\R + & ’ﬂ’) ’ (21/14)
Fu = pinkn (V (nTy) + E‘L sz) : (2.145)
B

This transport model takes only local gquantitiss into account. As such, it completely neglects
non-static transport effects which occur in response to a sudden variation of the electric fisld,
either in time or in space.

In order to enhance the validity range of the drift current expression, a field dependent mo-
bility'® is generally used, accounting for hot-carrier effects. Diffusivity, however, is largely
underestimated with the EINSTEIN equations, if the lattice temperature rather than the carrier
temperature is being used [7, p.145].

If needed, the average energy can be estimated via the homogenesus energy balance eguation

7ot A % 2.146
n = 4L T _"};};Tg!}’ﬂ'*/ . ( )

s

“Nomenclature in literature again is ambiguous. Sometimes the model presented in this text under the term
energy trensport model, which neglects the term in the current relation, which is nonlinear in J, is also called
hydrodynemic model, sometimes it is referred to as energy belonce model. However, the lmportant point is to
diatinguimh between including and neglecting the term nonlbnear in J.

Warious different rocdels have been developed. Examples can be found for instance in [32] {33] [a4].
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However, for rapid increasing electric fields, for instance, the average energy lags behind the
electric field. As a consequence the average energy can be considerably smalim than the one
predicted by the homogeneous energy balance equation (2.148). Another important consequence
is that the lag of the average energy gives rise {6 an overshoot in the carrier velocity. The reason
for this velocity oversheoot is that the mobility depends {o first order on the average energy rather
than on Thﬂ (‘imtrw he}d As ﬂw mobility has not yet been wdum‘d by 111&‘ increasing enexg}

carrier energy comes into ethbuum W1Lh 1}19 1-‘1ertmc F F‘ld agmn One of the hmt wmk% dmimg
with this effect is {35]. Non-local effects like this one cannot be modeled using the drift-diffusion
transport model.

2.3.3.4 Energy Transport Model — Closure at ¢; and ¢4

By taking the first three moments of BOLTZMANN's transport equation, egns. (2.88), (2,100},

;’h :nt\

and (2.102), into account

, 1

do:  Oen - V. == - R, (2.147)

3. 3 T, T N

bri Gkud(nTa) + V- (ds) —E-Jn:—§k3n-y-;-;i+izgn., (2.148)
. b — - g { n 7T ; q 3 e

G Jn=pnks (v (nTp) + = Ea) (2.149)

an energy transport model is obtained. To close the system the moment of third order {¢y)
must be evaluated. This is the only case where we close at an odd moment. For this the anti-
symmetric part egn. (2.111} has to be used. The coefficient b found in eqn. (2.111) is determined
from the first moment. Since odd moments are calculated, ouly the anti-symmetric part of the
digtribution function yields moments different from zero.

Jn“"q’(‘@ = Qﬁ kf\{b kdgk“-—%b/k(}ﬁkfl\/] dgk‘—
e
% 2 2
i /Zf fu k=231 /Ej\a L SN S (2.150)
3m 3 2
qkp o3,
=m———bnf, — b=—————
Aot ’ gkp nT,

- 2}?;2 b / k@ kA? fu dk = gf-’-ﬁ b.3 f kS fup %k = (2.151)

- %%b J,/E‘me &k = %bnz z (kg T,)" = —-3; E‘::?-fz‘n;in :

Using this closure the 3-moments energy fransport model becomes
Vod, =q(B+Gn), (2.152)
J, = bt kp (V {(nTy) -+ SB— En\;} , (2.153)
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3.0 3. Tu-To ,
V8, = —okpd (T + B Jp— 2 kg s+ G (2.154)
2 2 TE
5k
Sp = — = o T dp (2.155)
2 q

The expression for the energy flux density egn. {2.1533) describes pure heat convection. It is
often empirically extended by a conductive terin where FOURIER's law is used for the heat flow

Q, [36]

5k ‘
g8, =2 Tn I.+Q,, (2.156)

€3, = —xp VT,L . (2.157}
The thermal conductivity &, is calculated by the WIBDEMANN-FRANZ law, and is proporfional
to the mobility g, and the carvier tevoperature T,
5] k2 _
Ky, = (l -g-fﬂ) Y (2.158)
q
Care must be taken to perform this exfension in a consistent way. ¢, has $0 be set to zero since
the prefactor in eqn. (2.155) reads 3. In the literature this is often found inconsistent [37].

However, the heat How term comes naturally into existence when the first four moment

o

eqgns. (2.89), (2.100), (2.102), and {2.103) are taken into account

1
do: D -V =0, (2.159)
-
3 T,
do:  SkpB T4V 8, ~E-Jy= ok oot (2.160)
5 <8t 3 7e
S0 Fo=pake (VT + mm} , (2.161)
5 qk ‘
byt Sp= 75 ( YV {ps) + Zf 458 T) . (2.162)

o3 >

Together with the closure relation derived from a heated MAXWELLIan, egn. (2.125),

3 kB

T

nT2 (2.163)

{B4) = (Pa)m =

the resulting energy f{ranspori{ model reads

YV dn=q(R+8n), (2.164)
Jn = pnks (V (2 Tn) + B} , (2.165)
kp
3., . : T — T , \
V-L.n‘2Azkgﬁt(nTn)JrE»Jn—Ekgn——y—l—————i‘-%{}’gn, (2.166)
2 2 Ts
g /5 k& 5k
By = — 2 (?“‘Eﬂ n T, VT, +;} . Tan) . (2167\}
Tm N2 g 2 q
22
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The thermal diffusion current is included in egn. (2.165) since the gradient operates on both »
and 7},. Moreover, the velocity overshoot effect is included in this equation set since y,, depends
ont T, which in turn depends via eqns. (2.168) and (2.187) in a non-local manner on the electric
field distribution.

As already mentioned, the heat flow term is present in this model and the WIEDEMANN-FRANZ
law for Ky, is obtained counsistently. Eqn. (2.188) represents the standard form of a conservation
equation. The left-hand side represents the energy ontflow from some control volume, which
must be equal to the sum of the rate of change of the energy density, the energy delivered to the
carriers by the electric field per unit volume and fime, and the rate of change of energy density
due to collisions.

Using an energy transport model, non-local effects like the velocity overshoot are covered. Inter-
estingly, this model also predict a velocity overshoot when the electric field decreases rapidly, for
instance atb the end of a channel in a MOS transistor. This velocity avershoot is not chserved in
the more rigorous Monte Carlo simulations and thus fermed spurious velocity overshool. How-
ever, it is generally believed that the influence of this effect on device characteristics is small.
It appears that the spurious velocity overshoot is a result of the truncation of the moment ex-
pansion of BTE at a cerfain order and close the equation system by some empirical expression.
A second point is, that the relaxation times are not single valued functions of the energy. Due
to these two reasons it is believed that the spurious velocity overshoot can never be completely
eliminated using a finite number of moment equations. More detailed investigations can be

3.

found in [38

2.3.3.5 Six Moments Transport Model — Closure at ¢g

Taking the Arst six moments, equs. (284} to (2.104), into account give three balance and
three fux equations

1 _ ,
do:  hn —-2W -, = R, (2.168)
q
3. 3. Ta-TL o
$o:  tksd(nTy) +V-8, -B-J, =-Skpa-t G, (2.169)
2 2 'rg'
, 15 kg 2 4 15 k3 5
117 0 fjt (TL'_Z'jﬁn) A+ e V'Kn"i‘ """ q 'E'S'n = .U I / = ""Gﬁn )
7 m m ™m 2 m Tﬁ
(2.170)
q rg
G ;I = ynkd( (nT,) + E—En) , (2.171)
g 2
. — o ‘ 3 P 0 qu e al ¢ 6
Gs:  Sn= ( =LY mris)+ 21 En n) , (2.172)
1 35 qkZ . S
¢s:  Ku=—1x % 5V (do) + 3 LEERT24,) . (2.173)

By using just a MaxweLL distribution fanction to close the system one would not obtain any
additional information as compared o the energy transport model. A shifted MAaxwErLL distri-
bution function has only three independent parameters, namely its amplitude, the displacement,
and the standard deviation, which correspond to the carrier concentration n, the carrier velocity
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SEMICONDUCTOR EQUATIONS 2.3 Systematic Approach

Un, and the carrier temperature 7,,, respectively. By simply increasing the number of considered
moments of the distribution function no additional independeni variables can be found.

In analogy to stabistical mathematics a quantity 5, called kuriosis has been introduced, which

is in this work defined as the deviation of the fourth moment of the von-MAXWELL distribution

function frore the fourth moment of & MAXWELL distribution function with the same standard
deviation

PR G

{

’U?‘ £>M ’

(2.174)

The system is now closed at {¢g). Eqn. {2.128) is one possible closure relation obtained from a
MAXWELL distribution function. Other empirical closures are also possible {egn. (£.176)). By
iniroducing an additional temperature @,*

On=Tnf, (2.175)

the third power of the temperature T, in egn. (2.126) is substituted by empirically combining
different powers of T,, and &,

JAY

My =T, 0, =T, b

[ R

3. (2.176)

0<i

i

Ny

This is depicted in Fig. 2.4 where the different closure relations are compared with the sixth
moment obtained from a Monte Carlo simulation of a one-dimensional nT-n-n™ test structure.
As can be seen, the closure for the cagse 4 = 3 gives the smallest error within the chanoel. The
couvergence behavior of the resuliing discretized equation system also appeared most stable when
using ¢+ = 3. Hspecially for i = 1, which corresponds to closing the system with a MAXWELLian
distribution function equo. (2.128) [40] the NEWTON procedure failed to converge in most cases.

Using ¢ = & the closure relation becomes

5 o 13
5-3 kg

7.
(%)ZT

and the full six moments transport mwodel reads

nTy By (2.177)

4

Vod, =q(B+8n), (2.178)
Jn = pnks (V(aTo) + - En) , (2.179)
kB v
3 . 3. Tyl
V 8y=—3kpd(nT) +E I~ Sken -ﬂ-T--L +Gen (2.180)
5 k2 Tv‘ q I 1%
Sn =5 .éi = in <V (nT2 fy) + - EnTJ , (2.181)
15 . 5 15 ., T2
V oKy = o K8 (0 T2 ) ~ 2qE - 8y — ---/-13- k2 - (2.182)
. 35 k3 T Y q ; ,
Ky = - i ; Tm fhn (V {r TS /32‘3 + o Emﬁ ,[j’n> . (2.183)

Hote: The implementation in MiviMos N'T uses © instead of 8
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9 I
i=1 \
TFr—i=2 \
=5 \
T,
: \
3‘4

0
0 0.1 0.2 0.3 0.4 0.5 (0.6 0.7 0.8
x/pm

Figure 2.4: Cowparison of the different closure relations (2.176) with the sixth mo-
ment from a Monte Carlo simulation.

In the following the equations for the six moments transport model are rewritten by introducing
the charge sign s, for electrons and the coeflicients €; to C5. The balance equations become

V:J,=—5,q(0:n + R) (2.184)
7 o e T,
V:8,=-0Cs(nl,) +E-J, —Cen—— +Gsn - (2.185)
TE
_ ; i} T2 B, — TP |
V K,=-Cy1(nT;B,)+2s,qE 8, —Cyn—"—=+ Gz, , (2.186)
T3
with
. 8 15 '
=S ks = ZkZB (2.187)
and the following flux equations:
1,==Ci(V(nT)) —sui=En), Ci = S ks i - (2.188)
B
; ; 5k 75 :
S, — —C4 (v (T2 B,) — $n 1En'1;,_) , @p=n BB g (2.189)
kg 2 q
K, == (V( VT3 63) 1 Bn12p ) Gy = 30 Kn T (2.190)
= =0 nT? 3) —s, —EnT>4,) , i e T B S
n 2 e kB n 4 a4 Tm /

The equations for holes are obtained by replacing n by p and taking into account that s, = L:
V J,=—a(R+0p), (2.191)

(_
3y = —mpks (V(0T) — L Bp) | (2.192)
B
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3 3. BT
V. S,=—2knd(pT,) +E-Jy— —kgp—2—" 4 Gsp (2.193)
2 2 TE
5 ké Ts o q Rl ‘
Sp=_§?;;LP (V(ﬁlp Bp) — EEJ‘UIP) ! (2194)
15 . 15 T8, ~~1T?
VK, =~ ki o (p1} By) +2qE- S, Z} 12 p —?—’-f’riL +Ghp (2.195)
a
35 ki 7 ¢ rgeany G 2 ; T
Ky =7 =y (V8 - BT By) - (2.196)

2.3.4 Generation/Recombination Processes
In indirect gap semiconductors, such as silicon and germanium, it was found experimentally

that generation/recombination occurs primarily via trap centers. A theory of this effect has
been established by SHOCKLEY and READ [41] and HALL [42].

&y, €q,
¢ . Figure 2.5: Symbolic band diagram showing
& B T Ji the four partial processes involved in indi-
rect generation/recombination.
€p Ep
Ev

Interaction among the partial systems electrons, holes, and traps is described by four partial
processes (Fig. 2.5)

e +TO 2T, (2.197)

En

[
W4T =210, (2.198)
¢n: Electron capture. An electron from the conduction band is trapped by an unoccupied

defect which becomes occupied.

e,: Electron emission. An electron from an occupied trap meoves to the conduction band. The
trap becomes unoccupied.
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cp: Hole capture. An electron from an occupied trap moves to the valence band and neutralizes
a hole. The trap becomes unoccupied.

ep: Hole emission. Au electron from the valence band is trapped by a defect, thus leaving a
hole in the valence band and an occupied trap.

Here ¢, ep, ¢p, € are the respective rate constants. This description assumes acceptor-like
traps which can exist in a neutral or a negatively charged state. Donor-like traps, which have a
neutral and a positively charged state, lead however to exactly the same expression for the net
recombination rate,

The generation- and recombination rates of electrons/holes within an eunergy iuterval d€ are
described by the low of mass action which states that the rates are proportional fo the concen-
tration of the involved reactants [43, p.54]
dRﬂ - dGn = Cp f:n zVC da& (1 - ft) Ni — €p ft A‘Tt (1 - f’n) AFC.' a& , (2,199)
di, — dGy = ¢ fy Ny d€ f; Ny —epg {1 — [} N (1= fu) Ny dE . (2.200)

The occupation probability of an energy level is given by the FERMI-DIRAC statistics

(2.201)
eIy fo=1-fn, (2.202)
Ji = E—Fy (2203)

I+ge Ro T,

with 7, Fy, and F} being the respective quasi FERMI levels and g the ground-state degeneracy
of the trap [44, p.7122} which is assumed to be 1 in the following.

2.3.4.1 Thermal Equilibrium

The four rate constants are not independent. Their relation can be found by examining the
thermal equilibrivm cass. In thermal equilibrivm the principle of detaiied balence holds, which
ensures that at 71, emission and capture processes are balanced

dR, = dG, , (2.204)

dfR, =dG, . (2.205)
Furthermore, all distribution functions have one FERMI level £r in common

Fp=F, =F, =& . (2.208}
by applying equs. (2.204) to (2.206) to equs. {2.189) to {2.2083) the following relationships between
the rate constants are found

én | -

S S (2.207)
Cn

e, _‘Z:'_ié_

€ . ot (2.208)
Cp
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¥y
&

Inserting eqns. (3.207) and (2.208) into egns. (2.188) and (¥.200) yields
E—£4
ARy — dGy = ey No Ny dE (fo (1 — fi) —e 870 fy (1 — fn)> , (2.200)
AN

£-Ey A
diy — dGy = cp Ny Ny dE (fp fo—emT (1 - (1 — jp)> . (2.210)

2.3.4.2 Bteady Btate

The trap occupation probability f; can be calenlaied by examining the steady stofe in which the
following relation holds'®

By~ Gy o= Ry~ Gy (2.211}

For the non degenerated case, that is, for the FERMI level several ky T, below &g, ——];——f'— o
MAXWELL-BOLTZMANN statistics can be assumed

1, (2.212)

which further allows to assume

(1 froy=1. (2.213)

12) and (2.213) and the analog approximations for holes, equations

Using the approximations (2.5
{2.208) and (2.210) can be written as

[e.9]

Ry~ G = cn N, Jf Ne (¢ B (1 ) e (2.214)
S o
1/7, €0
SV
ExTp Enfy . .
Ry — Gy =y Ny / Ny (557 f, — %0 (1 - ft)) e | (2.215)
S oo S

whers 7, and 7, are the lifetimes for electrons and holes, respectively. The characteristic pa-
rameters describing the interaction of carriers and trap centers are the capbure cross sections oy,
and op. If they are known the rate constants {and thus also the lifetines) can be expressed as

Cn = Op¥thm s Cp = OpVihp » (2*216)

where v 5 and vy, are the thermal velocities of electrons and holes, respectively.

Using the following expressions for the electron and hole concentrations

o0 Ey e
n= / No(&)e 57 de p= / Ny (&) e T g (2.217)
Egr e

210 the time variant case a conservation equation for the trapped charge has to be added to the transport
maodel &y = (Rp — Gn) — {(Bp — Gp).
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and the handy abbreviations ny and p; for the electron and hole concentrations when the FERMI
level is equal to the trap level

o0

m= (T, By =€) = [ No@)e S5 ag (2.218)
o
gi./

£—&¢ .

pr=p(IL By = E) = [ Nu() Rt de 2.219)
aate e}

Y

eqgns. (2.214) and (2.218) can be written as

1 ) ;
R Go == (n (L= f) =1 fy) (2.220)
73
o 1y \ 9 o¢
R, -Gp=— E\pfg —p1 {1l - f-g)) . (2.221}
p

Making use of the steady state condition eqn. {2.211) the following expression for f; is found

P e +Ip1 Cp - Tph TP , (2.222)
cn{n+ni)+opto) et +rmptp)

15

3]

214} or sgn. (2.

[}

Inserting egn. {2.232) either in egn. (2 } yields the well known SHOCKLEY-

READ-HALL net recombination rate

nP — N

2 SR
" . . nypL = n; . 2.223
Tp{n -+ ny) + 1 (2 +p1) : ( J

2.3.4.3 Higher Order Moments

Integration of equs. {2.20%) and (2.210) led to the generation/recombination term which cop-
{ributes to the carrier continuity equation. The contributions to the higher order moment
equations are obiained by calculating the moments of the net recovnbination term in k-space

i { . By N s
Rﬁm\(l"ft)fn“fte kETL) 5 (2‘21“4/"
T N .
o 3 1 / - . s ¢y 636
HiR k== (1= 1) B3~ fe i) . (2.225)
; Ta
with
o~ o~ . ~ - _E=E
@ = [ s fu %5 @ = [ e &k, (2.226)

where an energy independent carrier lifetime has been assumed and the approximation (2.313)
has been used. Since the subsequent integration is carried ount in k-space rather than ivn the
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Using egns. (2.93) to (2.95) together with egn. (2.225) yields

Ly : \ ,
. o= J— — 7y fu . 2 9¢
o R .y L0~ fo)n .,anl) , (2.227)
. 3 kg ( .
2 Gen= S=(fmT -(1- fﬁaz%) : (2.228)
2 Ty !
y 5.3 k5 ¢
Bq Gon =y ?};“}3; e '7} ~ {1 - fin T ) . (2.229)

Eqn. (2.228) is writien as a net power generafion rate
G = jl ER() d%% . (2.230)

The index n must be used since in contrast to the net recombination rate the net energy gener-
ation rate is different for both carrier fypes.

The contribution to the moment equations of odd order can he neglected since the right hand
sides of equs. (2.78) to {2.78) are several orders of magonitude larger than the additional gener-
ation term’®

Rewriting egn. {2.228) leads to

¥ 3 k f Iv'al rygt el Iy el Ie &l €y i3
Gen = — 5 TB 5\'” n [t (njn +ny Ty A+ —ng In.)) (2‘231)
Ll 71 N h
3 n— fi{n+n) ftfi,
-2k (Tn : ) (T, — T—L)> . (2.232)
By — G, G:,,,

3.229) can be manipulated in the same way, so the even moments read

do - R = L _ (2.233)
o (0 + )+ 7 (p 4 )
3 1 lsal r u Ie ¢ P
$2:  Gen=-3kp 8 ((Bo = Go) Tn+Gu (T - T1) ), (2.234)
i 5 3 kf 2 2 Y 2 2\' D31
28 Gﬁn - 3 ((Rn — G, ) , O T Gy (Tn Br. — TL}) . (2“‘-"35}

The interpretation of egn. (2.234) is that a recombining eleciron on average removes the energy
1.5k T, from the system, while a generated electron infroduces an energy of only 1.5kg 71,
which means that geverated electrons are initially cold.

BYor example comparing the RHS of eqn. (2.78) with the first term of the corresponding SRH contribution
yields
LHS i I — fin
B e (4 28w,
m T Ty 4
where the term coutaining 7. can be neglected since the lifetime is mwuch larger than the momentum relaxation
time, 7 S Tine
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Chapter 3

liscretization

N ORDER to solve the system of partial differential equations, it is necessary to discretize

them on an appropriate grid. o general, the solution must be calculated by means of numerical
methods. The domain in which the solution is sought is decomposed in of a large number of
subdomains, in which the sofution can be approximated by functions with a given siructure. In
that way one obtains a fairly large system of, in general nonlinear, algebraic equations. Due
to the discretization it is bmpossible 1o obtain an exact solution of the analytically formulated
problem. There are several techniques to discretize the equations. Among them are the finite
difference method, the box integration method, and the finite element method. The former two
will be discussed in more detail.

3.1 Grid Generation

The quality of the result obtained from numerical simulations and the convergence of the numer-
ical iteration strongly depend on the proper meshing of the simulation domain. The simulation
grid has to meet several requirements. First, it has to render the device geometry as accurately as
possible, which calls for small mesh elements where complicated geometrical details are located.
A large mesh point density is also required {o resolve an abrupt change of the solutions over a
small space region. For example, the carrier concentration increases very rapidly from the sub-
strate towards the channel region of 3 MOSFET, requiring a very fine grid spacing. The source
and drain dopings also decay very steep at the po-junctions. Un the other hand, the meshing of
the body region of such a3 device can often remain quite coarse to reduce computational time.

On the contrary, a too fine grid structure increases the computation tirae and can even make the
accuracy of the result worse because of the introduced rounding errors. Since the discretization
converts a set of differential equations into a set of algebraic squations the accuracy and robust-
ness of the algorithms for the solution of such a system strongly depend on matrix properties
which in furn are related with the mesh properties.

An approach to get an initial mesh is to solve POISSON’s equation in the simulation domain
and refine the grid depending on the computed potential distribution [45]. The meshes of the
Devices 1 and 2 which are used in Chapter 4 were generated by using the MDRAW program [46],
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DISCRETIZATION 3.2 Finite Difference Method

3.2 Finite Difference Method

The finite difference method requires an orthographic grid. In the two-dimensional case the grid
points are located at horizontal and vertical lines. The points must provide a good resolution of
the regions of the device where a strong variation of the quantities is expected. Fig. 3.1 shows
an example of such a grid. The grid lines are more dense in the regions of strong variation of
the carrier concentration, like the channel and the junctions of the source and drain doping.

Source Gate Drain

Substrate

Figure 3.1: Schematic representation of an orthogonal mesh discretizing the active
region of a MOSFET.

3.2.1 One-Dimensional TAvyLOrR Expansion

For the sake of brevity, a one-dimensional investigation will be given. The results can be extended
straightforwardly to higher dimensions [8, p.150]. Cousidering a set of grid points z; the spacing
is defined by

hl :'I"z-{-l — &Iy = .I_._.....LT\"_ —1. (:i].)

Fig. 3.2 shows the notation used.
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DISCRETIZATION 3.2 Finite Difference Method

hi 1 ki
I-f. =I= .-.—-I
L1 =a;—hi € @ip1 = € + hy
— . R
(8 ¢
By SR
fi Ji1p [i Tiviro fit1

Figure 3.2: Three adjacent grid points together with some notational abbreviations
used in the derivation.

For the discretization of the flux equations the derivatives in-between the grid points are im-
portant. Therefore a TAYLOR series expansion [47, p.415] around the mid point x; + h;/2 is
considered

(1)
; X i hiyyn ;
o= 5 8 (s Y - o
hi hiyy2
. = (wi+ F) (2= (z: + %)) i
= .'f’z‘+i.;2 =t —( 1 - .f£r4.1;2 + ( o1 . fH 12 T Ok !) (3.3)

To get an expression lor the first order derivatives the series up to the order n = 2 is evaluated
at ¢; and ;1

hi h?

fi= fﬂ-lfz ?J¢+1;3+ }; fH-l,U O(h ; (3.4)

. h;_ £ V
Jigr = fi+1,f2 T 9 jH.l)rg + d j;{.l;g =+ O(hj) ? (‘3-5)
fig12 can be eliminated by subtracting the two equations and thus the first order derivative

becomes
,J\ 1 j}, 9 oy g
fr".‘-l—if’E _ +,L. (h‘ ) : (J.(}]
/ L

For the second order derivatives the TAYLOR series expansion around z;

20 ,(m) s s Fo )2 :
S R e e e L (3.7

| 21
i }
n=~0

is evaluated up to the order n = 2 at 2; 1 and @i

hf ; )
ficy = fi — Ry fi + ;Tl f'—0(h*) , (3.8)

h? ; .
fiv1 = fi+hifl! +;j’+owﬂ, (3.9)

and by eliminating f’(z;) the second order derivative is found to be

Ffogr =8  Fimdey
[ =—t 1 Oh) (3.10)
2
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No assumption about the uniformity of the grid has been made during the derivation of egn. (3.4}
and eqn. {3.10), so the estimated truncation errors are valid for a non-uniform grid. If a uniform
grid spacing is assumed, the truncation srror will be of order O(A°) in eqn. (3.6) and O(h?) in

eqn. (3.10) 8, p.153].

3.2.2 One-Dimensional Poisson’s Equation

As an example the discretized form of POIS30N’s equation (2.14) will be written using the finite
difference method. Assuming constant permittivity POISSON’s equation in the one-dimensional
case is given by

R N |
W= {n—pt N = Nj) (3.11)

The discretized representation is obtained by replacing the second order derivative by the ceniral
difference gquotient eqn. (3.10) at all inner points
Gigr =% Py
I i1 q L Rr— ey . o - o 1)
— =y —pi N, - N ) =0, 1=2,3,...,N—1. (3.12}
€

hghy—y
2

this equation in the form

bihs 1+ 2z +ai i —ri =0, (3.13)
the coefficienis are found to be
i i
;= —— by = —— =q;_1, 3.14
@ h,; ! ¢ h-,ffl @1 ( )
g e oo B R
Ziﬁ—aZ**bi.j Tﬂﬂg(nb—ptv‘wAz—Nltz)% (315)

The coefficient matrix resulting from the linear equation system equ. {3.13) is syrrnetric and
only the disgonal and the secondary diagonal are filled with elements different from zero.

3.2.3 Final Bemarks

Apart from its conceptual simplicity, the finite difference method has a number of appealing
features. The regularity of the grid is responsible for a regular structure of the system mairix,
allowing highly efficient linear solvers to be used. The disadvantage of this method is also clearly
visible. The introduction of grid lines in regions of strong variation of the quantities introduces
lots of grid points in regions where they are not needed. This is even more of a problem in
the three-dimeunsional case. Also, the orthogonal grid has little geometrical fexibility. Surfaces
which are not parallel to the grid lines are not resolved properly unless a large number of grid
points is ernployed.

In order to describe the non planar surfaces originated from, for example silicon oxidation,
mapping technigues have been proposed [48]. An irregular physical domain is transformed
into an orthogonal computational domain, suitable for discretization with the finite difference
method. Such a transformation usually requires the actual device boundary lines to be described

by analytical or interpolating expressions.
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3.3 Box Integration Method

To overcome the limitations of the finite difference method the box integration method [49,
p.191) [5[)]1 can be used. The simulation domain is partitioned into subdomains without overlap
or exclusion. An example can be seen in Fig. 3.3.

Figure 3.3: A set of 13 grid
points together with their
associated VORONOIL regi-
ons which are bounded by
the dashed lines.

o QGrid Point

The subdomains are also called VORONOI regions. A VORONOI region is defined as the set of all
poiuts that are closer to the considered grid point than to any other grid point. The differential
equations are then integrated over each of the subdomains and discretized by approximating the
integrals by numerical integration rules.

For an orthogonal grid structure the box integration method leads to the expressions obtained

from the finite difference method.

To get a counection between the global and the local attributes of fields. a relation between the
integral over a domain and the boundary of this domain must be presented. Its general form is
the GREEN transformation

/V@? AV = %n@ﬁ'dA (3.16)
Vi oV

By reducing F to a vector F = f. the theorem of GAuUSs is obtained
/V-de: fn-fdA., (3.17)
v, 8V,

where V; denotes the integration volume, dV; is the boundary of the volume and n is the unity
vector which is normal to the boundary and poeints from the inside to the outside.

'Due to the early date of this article (1953) it is especially entertaining to read. Beside proposing the hox
integration method the anthor also shows its application using electrical cirenits with “physically realizable”
electrical resistors to solve a system of partial differential equations.

?Control volume and WIGNER SEITZ cell are also common terms used in literature.
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3.3.1 Poisson’s Equation

To find a discrete approximation of MaxweLL’s fourth equation, eqn. (2.4) is integrated over a
control volume V;

f V. D dV = / odV . (3.18)
iz't Vi

Applying the theorem of GAUSS to the left hand side turns eqn. (3.18) into
% n-DdA= [,9 dv . (3.19)
8‘.»‘* i/‘x'

The integrals are approximated as follows:

Y. By g=giVi » (3.20)
F

where D;; is the projection of the flux D onto the grid edge d;;, evaluated at the midpoint of
the edge, A;; is the boundary line which belongs to both subdomains V; and V;, and p; is the
space charge density at the grid point P; (Fig. 3.4).

Figure 3.4: Control volume of
J grid point P; used for the
box integration method.

The remaining task is to find an approximation for the projection of the dielectric Hux density
Djj. This is done by the finite difference approximation
by — b
W Vi i (3.21)
di;
Ej+ £

5 (3.22)

e

With eqn. (3.20) and eqn. (3.21), the diseretization of POISSON's equation can be concluded,
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DISCRETIZATION 3.3 Box Integration Method

3.3.2  Six Moments Transport Model
3.3.2.1 Continuity and Balance Equations

The balance equations (2,184} fo (2.188) are discretized in the same manner as POISSONs
eguation. Integrating over the control volume V; and applying the theorem of GAUSS yields

% n-J, dd = / —snq B+ R) AV, (3.23)
fiv,» Vs
-~ . - Tn —TL ¢ 5 634N
% n-%,d4= [“CZ GinTy)+E-J, -Con e + Ggp dV (3.24;
ay; v B

TG 2
T B — Ty +Gay dV . (3.25)

}I,n~Kn (iA:[“C4§t (nT2B,) 4+ 25, qE -8, — Cyn
3
v

oV

The terms E - J,, and E - 8, are again discretized by the box integration method. Writing the
electric fleld as the negative gradient of the eleciric potential and using the product rale the
first term becomes

E-Jp=-Vey J,=-V - @J)+0V-J,. (3.26)

Integration over the control volume V;, applying the theorem of GAUSS, and approximating the
integrals by sums yields

/ B.1, dV ~ — % n- (g J,) dA -+ ?f n-J, dA (3.27)
'il’i BkVi {ﬂ)
= ‘J,b" 4 1l .
2y - L -—-L——é—-f{-l- I i A,j -+ 15 L Jnij Af,;j . (328}
J i

where a linear variation of the potential between two grid points has been assumed. By com-
bining the sums the discrefe representation of E - J, is obtained

by — s :
/ E-J,dV ~ - Lame ] nij Asj . (3.29)
By analogy, the discretization of - 5, looks
i — Py

jf B-S,dVe-3 L g Ay - (3.30)
i ;

Using sgns. (3.28) and (3.30) the discretization of the continuity equations can be concluded

S Juii Ay = —snq (fni+ Ri) Vi (3.31)
J
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DISCRETIZATION 3.3 Box Integration Method

i
Z S?u; = “{C? dt (nz nzj + Cany "“;_“‘““

i Ei
(3.32)

i T3 bni — T ,
Z Knm A ((/4 i (n: zﬂni) +Cymy + + G/ﬁnz) Vi
Bi

J (3.33)

where Jy5;, 8h45, Kqij are the projections of the fluxes J,, 85, K onto the grid edge e;;.

3.3.2.2 Flux Eguations

The current density is discretized by a scheme which is frequently referred to as SCHARFETTER-
GumMEL discretization [51]. The extension of the discretization to the fux equations stemming
from the higher order woments of BOLTZMANN'S equation is not beyond controversy, so different
approaches can be found in the literature. In [23] it is assumed that the electron concentration
is a known function of expouveuntial shape. This strategy is refined in {37] where the variation
of the electron concentration obtained from the discretization of the current density equation
is used for discretizing the energy flux density. This text will follow the approach presented in
[31], which is an extension of [52] and [33], where a generalized expression for the fluxes is used
and no assuwroption about the variation of the carrier concentration is made.

[—t

By rewriting the Hux equations (2.188) to (2.180)

..... | I 1) 3 3.
~Cy (V (R'T) nie BT ) (3.34)
R (V {n T,’f Bn) = sn j;“ E{n Tj Bn) Tn,ﬁﬂ) : (3.35)
i
3 53 49 3 a3 o o
K= ~Cs (V (0T 55) —sn - B(n T 67) 57 ﬁz) , (3.36)

a common functional form can be recognized. Therefore a general flux equation is introduced
C v:¢!1 3 L {_-117 1 g‘ir—y
Lo { %) — Sn k“ (& )T . (3.37)
iy

The meanings of the generalized density ¢ and temperature T is found by inspection:

o E=mn, T =1y, {3.38)
§,: f=nT,, To =T By | (3.39)
nt o E=nTlBy, Te=Ty[3. (3.40)
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DISCRETIZATION 3.3 Box Integration Method

o ary

By projecting eqn. (3.37) onto a grid line a one-dimensional differential equation is obtained

P d o] . .
= —{{T) — 5, — EE. 3.41
Ce do (&Tw) = sn kp ¢ (341)

To sclve this equation the following assumpiions have been made:

& constant general flux &,

e constant electric field

Nf
B oo 3.42
e {3.42)
# linear variation of the general temperature 7o
AV E .
Ts (:C} =Ts;+ -A—;’- (:Z) - ’Ez\} R (343}

The solution of egn. {3.41) is found by multiplication with an infegrating factor w(z) and by
sub-sequentially comparing the coefficients of the resulting equation with the tofal derivative of
the product {£ Tg) wiz):

. d ) o bod - N
on w{x) = . {ETe)w(z) — 54 % Efwiz) = i ((g‘j f@w(z)) (3.44)

d . o dw(z)
= e (E T Y {2} +ETp . 3.45
. ({To)wiz) +£{To s (3.45)

Comparing the coefficients leads to
'"'@ Elﬂ = —&y _9.'... E?.U , (3.46}
dz kg

1 dw g F .
............. S S 3.47
w dx o kp Ta(z) ( )

This equation can be solved for the integrating factor w, taking into account the assumptions
(3.42) and (3.43):

FAXY]
In{w) = sn 12; m:i@ n(Ts) (3.48)
[8%
{0 Iy A /" $
ww) =Tg) . o=t (3.49)

Tuserting the integrating factor into equ. (3.44}

& A T A d w1y a2 "
e T8(@) = 5 (g (5 -\x)) , (3.50)
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3.3 Box Integration Method

and assuming that the flux @ is constant between two grid points, egn. (3.58) can be integrated

from z; to x;

& TN E A il ,
Bt S s £T ’fl;‘“ {(3.51}
Co o+ 1 . ATy .
& Az oot 31 R Ry | .
O (e T T AT, (rept - mgit) =gy map - Tl (3.52)
Commonly egn. {3.52) is rewriiten using the BERNOULLI function
Begiuning with
, 5 o1 vt-1
Co Az Tagtt gttt Mgt et
= i = — & - c 3.55
Ax \E"} i (T@.#T@j)a'{"l & (T@j/lT@i)aJr L VA ( )
and using the abbreviations
(T@z/TG;’J}a*l - e(a+1) (T3 /T ;) qu, , (35@)
Y&
o+l = 3.58
i]’](}l'@z/'&;j) ’ ( )
the Hux eguation can be written as
& ATy Y5 . 1 1 o e
o = e wmy G G rm) (3.59)
Ca Ax hﬂ(Tq}i/T@j) 1—e¥e e Yo —1
AT@ 1 Yq\, —qu R
= ; S TP — \ 3.60
Az Wn{Tej/Te:) (53 e¥e — 1 & e 1e 'E,) ’ (3.60)
or using the BERNGULLI function as
CQ) &T@ . 3 .
@:—mw(."y —&B(-Ys)), 3.61)
n(Ts /M) ¢y a ,
S . 8y INE . 3. 2
Y5 ATa E\‘?n ks A?/) + ATQ) {3 6 }

The concept of assuming a constant Hux density was first presented by SCHARFETTER and
GUMMEL in the appendix of [31, p.73]. The assumption of a linear variation of the general-
ized temperature Ty by egn. (3.43) can be interpreted as a straightforward extension of the

SCHARFETTER-(GUMMEL scheme.

An advantage of using BERNOULLI functions in the flux equations is that B(z) is well defined

at x = 0.
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DISCRETIZATION 3.3 Box Integration Method

Inserting the abbreviations (3.38) to {3.40) used for £ and Tp yields the discretized Hux
equations
C; AT, ,
I = e e ¥ B(-Yi)}, 3.6:
In Az (T, Ths) (" B(¥1) - mi B( 13) / {3.63)
In{T, j/ Tni) 4 .
s — \ S x ] L/ ' . :\!
Y AT, (5" P “S{F") '“ (3.64)
03 A(Tn ﬁn) T \
Sp = — 71: Ty s BV n; Tni B(-Y3) 1, 3.65
n A.}’, h’l((l n], n,‘/)//(jr”ﬁn 5)) ( 7 Ang ( 3) 2 -En ( 3}) ( 3)
% 111 ( 1 @r )/l /Tn lﬁnz } q
Yy = o 8p o A A AT, B b 3.66
3 (Tn ﬁn) ( 3 n Y ( 3 4 )) ( )
. Cs AT, B2 o \ o
Ky o= - e A T s B s B(Ye) —ni Ty B B(=Y5) ), .
= e R A ey (T A BOY T A B W), 36)

111((3;” 'Ugg\ '(Tnzlﬁzzﬁ g 9
- Mgl ) A\ ) . 48}
0 A{j 1) 3%) <én kB ’?,’) (n ﬁn}) (3 68’

3.3.2.3 Growth Function

As already mentioned, some works explicitly assume a particular interpolation of the gener-
alized concentration between two grid points, for instance an exponeotial variation. Ne such
assumption was necessary to calculate the fluxes in the presented discretization. Nonetheless,
the resulting interpolation is needed in some cases and will be investigated in this section.

n

First, a variable upper boundary z is used in the definite integral (3.51}

& TeHP Ag
= get+l 3.69
Coatll, ATy s N (3.69)
which evaluates to
® Az -1 o1 : o1y - okl .
& i (157 @)~ Tg!) = €@ T8 () - 675 (3.70)
o
By using eqn. (3.52) the coefficient g is found to be
& /j'vnz-{—l TYJA—E—I
“ite Bi .
0 = oy T - (3.71)
T - Tﬂ,.
A normalization of £(z) to the range [0, 1] can be achieved by using the substitution
& ) ) . . ]
glo) = S (o) = 9l2) (& &) + & . (372

&—&
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DISCRETIZATION 3.3 Box Integration Method

where g(x) is called growth function [8, p.156]. Inserting equ. (3.71) and eqn. (3.72) into
eqn. (3.70) yields the expression for the growth funection

(3.73)

PRI et s NS 0 Tale))
glz) = ) =

- n \ Tl = (1ai/Ta )™

i

A graph of this function with « as parameter is depicted in Fig. 3.5. The curves in the upper-left
region are obtained for T; < Ty ; and vice versa.

“
e

0.8

(.6

g(z)

0.4

0.2

Figure 3.5: Functional shape of the growth function g(z) displayed in a normalized
interval with « as parameter.

3.3.3 Final Remarks

Since the box integration method is not limited to orthogonal grids, it has a basic advantage
over the finite difference method due to its greater geometrical versatility. However, this greater
versatility is payed for by a more difficult grid generation. The vertices connecting two grid
points must be chosen in such a way that negative coupling between the grid points is avoided.

One method to obtain a grid of triangles in the simulation domain is to use the DELAUNAY
criterion®: Given any set of points distributed over a simulation domain, the DELAUNAY criterion
requires that the sum of two facing angles obtained {rom a triangulation is never larger than
w. However, the plain DELAUNAY algorithm must be supplemented by a munber of empirical

*An entertaining Java applet where a DELAUNAY triangulation and its VoroNo1 diagram together with the cir-
cumeircles can be drawn manually is found at http://www.cs.cornell .edu/Info/People/chew/Delaunay.html.
The vertices of the VORONOI region associated with each node can be regarded as the circnmeenters of the triangle
formed by the nodes,
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DISCRETIZATION 3.3 Box Integration Method

constraints, which become necessary when dealing with internal interfaces. Moreover, since
the algorithm works on a pre-defined set of poings, a local grid refinement requires the entire
tessellation to be repeated. More details according to DELAUNAY triangulation can be found in

[54].

Another method o get a siroulation grid is to use a regular mesh structure within the device
inner region, such as a rectangular grid. A set of nested rectangles can be used to modulate the
mesh point density®. Local refinements can be easily performed by splitting any given rectangle
into two or four smaller elements. The rectangle set can be easily converted into a set of triangles
by diagonalization [11, p.72].

*Such a rectangle-hierarchy is semetimes termed guad-free
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Chapter 4

Standard Energy Transport

Simulations

NOMALQUS OUTPUT characteristics have been observed in simulations of partially de-

pleted SO MOSFETSs using the standard energy transport model [55, G3]. The effect that
the drain current reaches a maxioum and then decreases is peculiar fo the energy transport
model. Tt is neither present in measurements® nor in drift-diffusion simulations. Iu this chapter
the problem is investigated under various generation/recormmbination conditions and an explana-
tion of the canse of this effect is given. On the basis of this investigations a modified energy
transpori model is developed 1o Chapter 3.

4.1 Devices Used

Device 1

The device which was used for most simulation experimends is depicted in Fig. 4.1, It has an
effective gate-length of 130 nm, 3 gate-oxide thickness of 3nm, and a silicon-film thickness of
200 nim. With a p-doping of Na = 7.5 1017 cm™? the device is partially depleted. The Gaussian

n-doping under the electrodes has a maximum of Np = 8§ x 10%0 o3,

Device 2
To compare Device 1 to an eguivalent MOSFET a second device has been investigated which
has a small body contact added o pin the potential of the body to fixed values.

Device 3

This device has been generated by MINIMOS 6, the device simulator with which the Monte Carlo
simulations have been performed. It has a gate-length of 150 nm. Gate-oxide and silicon-film
thickness as well as the doping concentrafions have the sare values as in Device 1.

Y [56] the anthors report on a slight decresse of the drain current for a p-MOSFET. However, it seems that
this decrease occurs due to self-heating since it vanishes if the drain voltage is swept faster. Aunyway, even if such

an effect can occur in 3 real SOI device, the energy transport model tends to overestimate the effect considerably.
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STANDARD ENERGY TRANSPORT SIMULATIONS 4.2 Body and Bipolar Effect

11

Buried Oxide

50 nm
—

Figure 4.1: Sketch of the simulated SOl MOSFET including symbolic compact de-
vices. Important effects are SHOCKLEY-READ-HALL generation/recombination
(SRH) and impact-ionization (11).

Device 4

For comparison and verification an SOl device has been modeled after the 90 nm “Well-Tempered”
MOSFET [57] using the doping profiles available, including the super steep retrograde (SSR)
channel doping and source/drain halo-doping. To achieve a partially depleted device a sub-
strate doping of Ny = 7.5 x 107 em ? has been assumed, and the substrate thickness has been
limited to 200 nm.

4.2 Body and Bipolar Effect

Drift-diffusion simulations show a remarkable influence of impact-ionization on the drain current
(Fig. 4.2). The increase of the drain current can be partially attributed to the kink-effect [58]:
the holes generated by impact-ionization are drawn into the floating bedy where they raise the
potential. Fig. 4.3 shows the lateral potential distribution in the middle of the silicon filin. The
increased body potential leads via the body effect to an increased drain current. The second
contribution to the current increase is due to the bipolar effect. The increased body potential
acts as a forward bias to the source-body diode. Electrons are injected from source to the body,
diffuse through the body, and are collected by the drain.

Simulating the device without impact-ionization yields a comparatively small shift in the body
potential as shown in Fig. 4.4. In this simulation condition the kink in the output characteristic
does not appear.
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STANDARD ENERGY TRANSPORT SIMULATIONS 4.2 Body and Bipolar Effect
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Figure 4.2: Output characteristics of the SOI (Device 1) obtained by drift-diffusion
simulations with and without impact-ionization.
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Figure 4.3: Distributed potential of the SOI (Device 1) obtained by drift-diffusion
simulations with impact-ionization turned on. The cutline through the device is
located at a depth of y = 100 nmn.

46



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verflgbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

STANDARD ENERGY TRANSPORT SIMULATIONS 4.3 Anomalous Output Characteristic

2
: : Vs = 1.0V
1.5 f -
G : i 1 Vpg=08V
' Vps =06V
> il Voe=04V
= ; :
8 ' Vps =02V
g Vps = 0.0V
2 05 3
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—0.5
0.2 0.3 0.4 0.5 0.6 0.7 0.8 (.9 1
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Figure 4.4: Distributed potential of the SOl (Device 1) obtained by drift-diffusion
simulations with impact-ionization turned off. The cutline through the device is
located at a depth of y = 100 nm.

4.3 Anomalous Output Characteristic

Calculating the drain current with the energy transport model gives a completely different and
unexpected result. As can be seen in Fig. 4.5, the output characteristics differ significantly
from those obtained by drift-diffusion, Fig. 4.2. After reaching a maximum at about Vpg =
0.2V, the drain current decreases considerably. This negative differential output conductance
is predicted by two different device simulators. Fig, 4.5 shows the results obtained from our
device simulator MiNiMos-NT [33] and the commercially available device simulator DESSIS
[34]. An implementation error of the energy transport model can therefore be ruled out as
the cause for the anomalous characteristics. The results are in good gualitative agreement. The
small quantitative differences are due to slightly different default values for mobility and impact-
ionization parameters. Self-heating cannot cause such a large negative differential conductance
and has been neglected in the simulations.

4.4 Body Contact

The order of magnitude of the involved currents can be estimated by looking at simulations
of the same device, but with a body contact attached. This body contact prevents the body
potential from dropping below its equilibrium value, Fig. 4.6 shows the output characteristics
of this device. Because of the pinned body potential the drain current is not much affected by
impact-ionization. The kink in the drain current does not appear because both contributing
effects are suppressed, namely the body eflect and the amplification of the impact-ionization
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STANDARD ENERGY TRANSPORT SIMULATIONS 4.4 Body Contact
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0.5 = —— MMNT with I ;"'
—— DESSIS without I
04 |LL—— DESSIS with Il /
j -
(-5 /f";.'
Z 13 :
0.2 = it
0.1
0
0 0.2 0.4 0.6 0.8 1
Vos/V

Figure 4.5: Output characteristics of the SOI (Device 1) obtained by energy transport
simulations using the device simulators MiNIMOS-NT and DESSIS. The influence
of impact-ionization i8 also shownn.
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Figure 4.6: Output characteristics of the SOl with a body contact (Device 2) obtained
by energy transport simulations.
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STANDARD ENERGY TRANSPORT SIMULATIONS 4.4 Body Contact

current through the bipolar effect. As expected, a positive output conductance is obtained.

The strong influence of impact-ionization can be seen in the corresponding bulk currents (Fig. 4.7).
With impact-ionization included the expected result of a body current flowing out of the transis-
tor is obtained (Ig < 0). But if in contrast impact-ionization is neglected there is a body current
flowing into the device (I'g > 0), which is several orders of magnitude smaller. It is to note that
the real substrate current due to impact-ionization has the opposite sign. The situation of a
positive substrate current shows that even in this bulk MOSFET hot electron diffusion into the
p-body oceurs. Note that this is a prediction of the energy transport model only, and is not
confirmed by experimental data.

10 °
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101 i e — =
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0 0.2 0.4 0.6 0.8 1
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Figure 4.7: Bulk currents of the SOl with body contact (Device 2) obtained by energy
transport simulations.

To estimate if the resulting drain current obtained by the drift-diffusion simulation using impact-
ionization shown in Fig. 4.2 is really caused by the increased body potential, simulations using
the same transistor but witha body contact applied (Device 2) were made. The resultsare shown
in Fig. 4.8 where the curve from Fig. 4.2 which used impact-ionization is depicted again—this
time the full Ip range is shown. From Fig. 4.3 it can be seen that the body potential is shifted
from —0.46V at Vpg = 0.0V to +0.47V at Vpg = LOV resulting in a total shift of 0.93 V.
This voltage is now applied at the body contact of Device 2. In this case the source-body diode
(and at small Vi even the drain-body diode) is biased in forward direction yielding a negative
drain current of fp = —0.5mA at Vpg = 0V. Accounting for this negative current offset total
agreement with the curve using impact-ionization is obtained at Vpg = 1V.
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STANDARD ENERGY TRANSPORT SIMULATIONS 4.5 Cause of the Effect
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Figure 4.8: Comparison of the drain currents of the SOl (Device 1) and the device
with body contact (Device 2) obtained by drift-diffusion simulations.

4.5 Cause of the Effect

A characteristic difference between a drift-diffusion and an energy transport simulation is that
while the carriers stay at lattice temperature in the former one, they can reach significantly
higher temperatures in the latter one. Carrier heating occurs in the pinch-off region near the
drain. While the vast majority of electrons from the channel flow into the drain, some of them
have enough energy to diffuse into the p-doped body, where a certain percentage recombines
with holes. The remaining electrons flow into the source and drain regions, and are of no harm.
The problem is, that pair recombination causes a lack of holes and hence a steady decrease of
the body potential. The difference between drift-diffusion and energy transport can be seen in
Fig. 4.4 and Fig. 4.9, respectively, where the distributed potential is shown at a vertical position
of y = 100 mn. In Fig. 4.9 an anomalous drop of the body poteutial is observed with increasing
drain voltage. Not only is the drain-body junction reverse biased but also the source-body
junetion. Therefore, leakage currents from both junctions flow into the floating body. Clearly.
the dropping body potential has an influence to the drain current via the body effect (Fig. 4.10).
The gate overdrive Viog —V}y, gets reduced because V}y, increases while Viig stays the same yielding
to a reduced channel charge and therefore to a smaller drain current.

The balance of the drift and diffusion currents is affected by carrier heating as follows.

Jaiftasion]  ksTi [V nl 1 for drift-diffusion
i q nlE T/, for energy transport

(4.1)

This means that carrier diffusion in the energy transport model is enhanced by a factor 1), /11,
as compared with the drift-diffusion model.
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4.5 Cause of the Effect
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Figure 4.9: Distributed potential of the SOl (Device 1) obtained by energy trans-
port simulations at a depth of y = 100 nm. The body potential drops below the

equilibrium value of —0.46 V.
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Figure 4.10: Threshold voltage as a function of the body bias of the SOl with a body
contact (Device 2) obtained by drift-diffusion simulations. The threshold voltage
was defined as the gate-source voltage at which the drain current equals (.1 mA,
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STANDARD ENERCY TRANSPORT SIMULATIONS 4.5 Cause of the Effect

To the occurrence of the current drop four pariial effects contribute:

# In device regions where electrons reach high femperatures, such as the pinch-off region,
electrons diffuse farther away from the interface and spread deeper into the p-body. This
effect is also known as real space transfer (RST).

e Fxcess electrons accruing from the pinch-off region recombine with holes in the p-body
{Fig. 4.1).

s Removing holes causes the body potential to drop and the source-body junction to become
reverse biased. A steady state is reached when the reverse junction leakages of both the
source-body and drain-body junctions compensate for the recombining holes.

& Due to the body effect the drain current decreases with decreasing body potential.

The RST of hot electrons from the pinch-off region to the depletion region underneath is at the
outset of the effect. With drift-diffusion, the RST does not appear since electrons cannot move
from the Jow quasi FErMI level (QFL) in the pinch-off region to any higher GFL in the depletion
region or in the p-body. The difference in the electron concentration between drift-diffusion aund
energy transport can be seen clearly in Fig. 4.11 and Fig. 4.12. In Fig. 4.12 the spread of elecirons
into the body is remarkable. This difference has a great impact on the SHOCKLEY-REAaD-HALL
generation/recombination rates depicted in Fig. 4.13 to Fig. 4£.18. The critical area is the
depletion region underneath the pinch-off region. While the drift-diffusion siroulation predicts
carrier generation in this area, which is the expected stfuation in this depletion region, in the
energy transport simulation carrier recornbination takes place because of the excess electrons. As
a consequence of recombination, holes are removed from the p-body. If the body is contacted, the
recombining holes are substituted by holes from the body contact, leading to a small substrate
current which fHows into the body (Fig. 4.7). However, in an SOI MOSFET the situation is
different. The holes removed by recombination make the body potential drop. Eventually the
reverss bias of the source-body and drain-body junctions becomes large enough such that the
junction leakage currents compensate for the recombination current and a steady state is reached.
Via the body effect the drop of the body potential causes the drain current to decrease.
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STANDARD ENERGY TRANSPORT SIMULATIONS 4.5 Cause of the Effect
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Figure 4.11: Electron concentration in the SOI (Device 1) obtained by a drift-diffusion
simulation.
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Figure 4.12: Electron concentration in the SOI (Device 1) obtained by an energy
transport simulation.
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STANDARD ENERGY TRANSPORT SIMULATIONS 4.5 Cause of the Effect
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Figure 4.13: SRH net-generation in the SOI (Device 1) obtained by a drift-diffusion
simulation. Generation occurs only in the drain-body junction.
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Figure 4.14: SRH uet-generation in the SOl (Device 1) obtained by an energy trans-
port simulation. Generation oceurs in both junctions.
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STANDARD ENERGY TRANSPORT SIMULATIONS 4.5 Cause of the Effect
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Figure 4.15: SRH net-recombination in the SOl (Device 1) obtained by ‘a drift-
diffusion simulation. Recombination occurs only in the source-body junction.
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Figure 4.16: SRH net-recombination in the SOI (Device 1) obtained by an energy
transport simulation. Recombination occurs in the whole p-body.
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4.6 Transient Behavior

A reason for the lack of experimental evidence for the effeet could be that it has a large time
constant. In this case possible transient measurement technigues which sweep the applied voltage
wotld not capture the effect. Fig. 4.17 shows the body potential as function of time obtained
by a transient simulation using the standard energy transport model.
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Figure 4.17: Body potential of the SOI (Device 1) obtained by a transient energy
transport simulation.

Due to the very small current produced by the injected electrons, the decrease of the body
potential is guite slow. The drain current obtained for different ramp-functions for the drain
voltage Vpg can be seen in Fig. 4.18. The sweep-time in this fgures ranges from 100ns to
100 ms.

In Fig. 4.19 the time-dependence of the body potential is shown with the sweep time as param-
eter. First the body potential increases because of the capacitive coupling to the drain. Then
the parasitic DC current due to hot carrier diffusion beging to dominate over the displacement
current and charges the body negatively.

From Fig. 4.18 and Fig. 4.19 it can be seen that a possible transient measurement of the effect
has to use a moderately long sweep-time.
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Figure 4.18: Drain currents of the SOI {Device 1) obtained by a transient energy
transport simulation showing different sweep times.
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Figure 4.19: Body potentials of the SOI (Device 1) obtained by a transient energy
transport simulation showing different sweep times.
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4.7 Doping Dependence

This section tries to answer the question at which doping level one should measure if the effect
is real. The dependence on the body doping is depicted in Fig. 4.20.
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Figure 4.20: Drain currents of the SOl (Device 1) obtained by a energy transport
simulations showing different body dopings Na.

The decrease of the drain current vanishes, if the doping is reduced by about one order of
magnitude. A similar result has been reported in [56]. The doping-dependence of the simulated
characteristics is difficult to interpret because several partial eflects contribute. First, the body
effect parameter which plays a key role increases with doping. Second, there is a doping-
dependence introduced through the carrier lifetimes, which are modeled by the SCHARFETTER
relation [59] [60]

Tmax — Tmin (42J

'T(NJ} = Trnin + o amay ek
s U\Ii/Nr&zf) !

This is the default model in DESSIS (which was used in [56]) and it was also implemented and
used in MINIMOS-NT. The advantage of this model is that with increasing doping concentration
the lifetimes get reduced, which strengthens the coupling between the electron and hole subsys-
tem, which in turn improves numerical stability. The same effect could be achieved by using
small static lifetimes, but equ. (4.2) provides a more physical model. The simulations show
that with shorter lifetimes the negative differential conductance gets more pronounced, which
corresponds well with the suggested explanation of the effect.
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4.8 Impact-lonization

Is it finally possible that the effect cannot be measured because it is compensated by the impact-
ionization current? The results shown in Fig. 4.7 could suggest this. One problem is that the
device characteristics depend sensitively on impact-ionization. Turthermore, the kink-effect
occurs at higher drain voltages, such that a region with negative differential conductance can
still remain (Fig. 4.5). Therefore using just impact-tonization in the simulation canuvot be treated
as & solution to the 501 problem.
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Chapter 5

odified Energy Transport Model

N CHAPTER 2 several assumptions and simplifications have been made during derivation of

the transport models of different order. Additional information extracted from BOLTZMANN'S
transport eqoation by taking higher order moments of the distribution function info account is
supposed to improve the agreement between simulations and measurements.

The energy transport model has, commpared to the drift-diffusion fransport modsl, the advantage
that it provides information about the mean energy {temperature) of the carriers, which can be
used to develop better models for, for example the relaxation times, the impaci-ionization rates,
or the gate tunneling currents. The drawback of including higher order moment equations is
that the simulation time increases because of the increased system matrix size. Convergence of
the numerical iteration also seems to degrade due to the strong coupling of the equation in the
system.

However, the decrease of the gate-length into the deep sub-micron range fogether with s much
slower reduction of the operating voltage leads to high values and large gradients of the electric
field in regions of the device which are essential for its physical behavior. Therefore advanced
transport models are necessary o capture the non-local effects which occur in scaled devices.

The drift-diffusion transport model is the mostly used one in TCAD. To fit at least the terminal
characteristics, which are in most engineering applications in the focus of inferest, a saturation
velocity of more than twice the bulk value has been used in [61] which definitely does not model
the physics inside the device accurately., Furthermore the author menfions that it is unclear
whether the value of the saturation velocity is applicable for different MOSFET structures and
under different operating conditions. This treatment of the physical parameters merely as fitting
parameters may provide shori-term fixes to available models but have limited valus for predictive
simulations.

The increased demands for accurate iransport wodels, combined with the steadily increasing
compuiational power of simulation hardware makes the energy transport model more and more
attractive. However, the simulation study of a partially depleted 50! MOSFET presended in
Chapter 4 demonsirated the complete breakdown of this transport model. To improve the
transport model this chapter will compare the relevant guantities with Monte Carlo simulations,
and a modified energy transport model will be derived.
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5.1 Moute Carlo Simulations

The Moute Carlo code described in [62] has been nsed to generate reference data for compar-
ison. BSuch comparison shows that the energy transport model significantly overestimates the

electron diffusion into the snbsirate, (Fig. 5.1} whereas the drifi-diffusion model underestimates
it (Fig. 5.2).

In Monte Carlo simulations the spreading of hot carriers away from the interface is much less pro-
nounced than in energy transport simulations (Fig. 5.3). Another Monte Carlo/energy transport
comparison is reported in [83]. The authors state that the electron concentration resulting from
the energy transport model are several orders too high in the substrate region of a MOSFET,
and propose a reduction of the heat flow by multiplying it with a constant 0.2 to get better
agreement between energy transport and Monte Carlo results. However, even with this crude
measure the electrons under the pinch off region still spread deeply in the substrate [63, Fig.5].

5.1.1  Amnisotropic Distribution Function

In the current equation (2.76) a temperature tensor cccurs. The diagonal components of this
tensor are defined as

m ]‘ Y
Taw = = (U P2} (5.1}
11 e
N W, {vy py) (5.2
11
Ty = . {v:p:) (5.3

and the temperature 7), nsed in the energy transport model is defined through the mean carrier
evergy (cf. equ. {2.94))

2 11
Ty = 5 oo =

£ . (5.4
Sk n (5:4)

"

For parabolic bands the relation

Lo = 3 (, e Tyy + T:sz) (5-5}

holds.

Monte Carlo simulations of a one-dimensional n-n-n" test structure show that the temperature
components parallel (T, ) and normal (7, to the direction of the current flow are quite different
{(Fig. 5.4). In particular, the transverse temperature component is smaller than the longitudinal
component [64, Fig.7]. This encourages the derivation of a trausport model which takes an
anisotropic distribution function into account.

T
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MobDiriED ENERGY TRANSPORT MODEL 5.1 Monte Carlo Simulations
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Figure 5.1: Electron concentration ina MOSFET (Device 3) obtained by energy trans-
port and Monte Carlo simulations.
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Figure 5.2: Electron concentration in a MOSFET (Device 3) obtained by drift-
diffusion and Monte Carlo simulations.
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MobDiriED ENERGY TRANSPORT MODEL
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Figure 5.3: Comparison of the electron concentration in a MOSFET (Device 3) at
a vertical cut located in the middle between source and drain obtained by drift-
diffusion, energy transport, and Monte Carlo simulations.
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Figure 5.4: Components of the temperature tensor compared to the temperature 17,
from the mean energy obtained by Monte Carlo simulations.

5.1 Monte Carlo Simulations
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MODIFIED ENERGY TRANSPORT MODEL 5.2 Model Derivation

5.1.2 Non-MaxweLrian Closure

For a given electron concentration, a MAXWELLIan distribution is uniquely characterized by the
electron temperature. In a semiconductor device, however, the carrier temperature is no longer

sufficient to characterize the distribution function uniguely [§ Fig. 5.5 and Fig. 5.6 show

the mean electron energy together with the electron distribution functions iuside a channel of
a MOS transistor. Poiots B, C, I are in the channel while the points E and F are located in
the drain region. In the drain region, the formation of a high-energy tail is obvious, whereas in
the channel a significant thermal tail is observed. This high energy tail does not only represent
some memory of the initial distribution at the injection boundary dne to ballistic transport, bat
is also affected by electron-phonon interaction [66]. When hot carriers from the channel of a
MOSFET enter the drain region, they mix with the large pool of cold carriers [67].

An approximation of the distribution function by a MAXWELL distribution funciion at the six
points from Fig. 5.6 is depicted in Fig. 5.7. Inside the chanuel the sumber of hot electrouns is
dramatically overestimated because the MaAaxwarLL distribution cannot reproduce the thermal
tail. Inside the drain region, a cold and a hot population are visible, which cannot be resolved
with a single MAXWELL distribution.

Fig. 5.8 displays the gualitative shape of the distribution function in four characteristic regions,
Region I shows the electrons entering the channel where they are accelerated and gain energy
{Region I1}. In Region I the electrons mix with the pool of cold electrons in the drain and
Region IV shows the cooling of the high energy tail [68, G4].

5.2 Model Derivation

5.2.1 Anisotropic Distribution Function

In this section the flux equations of an energy transport model assuming an anisotropic dis-
tribution function will be derived. The balance equations are not affected by an anisotropic
distribution function since the tensor quantities only appear in the odd moment equations {2.7§)
to (2.78).

In order to allow for an anisotropic distribution function the starting point will be a MAXWELL
distribution

fulk) = A exp(~kan} = A exp(—%) = A exp(*%) ) (5.8}
where
oy = \»/@ (5.7)
is the sfondard deviation.
To get the value of the coeflicient A the normalization
n (1) = J/ 1 (k) &3k = / A exp(_é%) &k . (5.8)
t
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Figure 5.5: Temperature from the mean electron energy along the channel of a MOS
transistor. Six characteristic points are marked for later reference.
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Figure 5.6: Electron distribution funetion at six characteristics points along the chan-
nel of a MOS transistor. Note that the average energies for the points B and E
are the same.
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Figure 5.7: The distribution function at six characteristic points approximated by a
MaAxXwELL distribution. Except for the contact regions the distribution function
is never anything like a MAXWELLian.
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Figure 5.8: The shape of the distribution function in four characteristic regions. (Pic-
ture gratefully taken from [69] with kind permission from the author.)

is used. By using spherical polar coordinates and the substitution k = k’ k; the integral can be
written as

. o ) k_IZ
n = 3 _:fi ] _— '.'f. 0.t
n=Am Ak /I. exp( 5 ) dk (5.9)
0
Setting &' = V2t gives
n=4nAk} / V2112 exp(—t) dt = 4w A K} V2T'(3/2) , (5.10)
]

where the GavmMA function has been used

og

Bila) = [exp{—l[} -LgE De+1)=al(z). F(1/2) = /7. (5.11)

I
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The coefficient A and the distribution function is found o be

T
A ey ) 3.12
(V7 k) (612
Full) = s exp(~oy) 5.13)
T (Vark)’ 2k} ’

An anisotropic MAXWELL distribution function is obtained by splitting the argument of the
exponential function into three separate componenis

KRk kD kD RD R fm kg Ty
EE S A A kg == 5-; + :‘% + ;-fﬁ; with o; = “b/ T B B =gy, {5.14)
" &z Yy 2
1 E? ,
wlk) = ( : ) : 5.15
Jamlk) = n ﬁ \/“ p — KD 57 {(5.15)

Since the odd moments of this distribution function are zero, current How would not be possible.
To allow for current How, the distribution function is shified

3 ' =\
X 73 - 1 (kl - Az)? N
foam(k) = oo | 1 — 3 ( B . 5.16
fua,M{, ) (2 ’[‘1"/\!3.’,2 ”];:E 0_2 (XI) 2(7';); /} ( )
Again, the diffusion approzimation is applied which assumes that the displacement is small,
Ei oy
o S

fsam (kx Ko \ ky — Ky , k. — K, }

Ty Gy Ty ~
(k ky f_) Ofa Ky Ofan Ky  Ofaw Ky _ (5.17)
Moy Oy O Hhglow) on  Blkyfoy) oy  Hkfo,) o, o
e ke Ky Ky Ky kB K,
= fam(i) (1 4+ 2 d )
Fana (k) ( + a? + oy + o?
The symmetric and the anti-symmetric part are found to be

J3(0) = fa (i) (5.18)
Sk K ‘
Falk) = folk) Bt (5.19)

.

g==1 g

The eguations for the current density and the energy Hlux density are obtained by calculating
the statistical averages of the tensors occurring in egns. (2.76) and {2.77)

(g)zfi(k2):f’iw+k2+k?>:f&(A )+ (82) + (k) (5.20)
2m vyoE T 2m ' .
52 s [(B2) 0 0
(vep)=—(ksk)=—| 0 &) 0|, (5.21)
T m 0 0 <kj>
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Ak Rk BE° B . . y
0V E) = (e @ e = e (k@ k(B2 4 B2+ kD)) =
(vave) (‘m m 2 ) Zms @K gy z>>
it ks 007
m= e (V0 k2 0 (R4 ED R = (5.22)

2m® o 0 kz d
o [+ 2R + (2K 0 0
st (00 (2R (kD) - (2R 0
0 0 (KD + (k2RD) + (k)

The elements outside the {race are zero due to the symmetry properiies of fg, introduced by
the diffusion approximation. The statistical averages present in equs. (5.20) to (5.23) all have
one of the forms (&2}, (&%), or (k2 k2), and will be integrated in the following.

z vy
2y _ 2 2 (1) Ak Al dE — 2
(k2) = f f f K2 fs(k) dk, dky di, / Ko exp( 20;) dk,
o] — 0
o2 T o2 kT,
1/2 . . o mkpnTy,
= -——“—;; 2n / 1% exp(—t) di = —‘7%2711 (3/2) =noj = = , {(5.23)
0

Ay ( 7 s 1 k2
(51 = [/[k (k) iy e = s /iﬂ ( )U;) Ak, =

- 00 00
4 4 3 2 LZ T..
= ;;;477/ 132 exp(—1) di = 7-— nD(5/2) = 3nol = % , (5.24)
0
[ 7 K2
(K2 RD) = // K = exp( dk( / k2 Fxp 5;-’3) dky, =
-0 - ¥
m? k4 1 Ty T,
= oh Cf?j B Fi i 4 {5.25)
tuserting these results into egus. (3.20) to (5.23) finally yields
[ o, . 2 kgn | 13 . .
(\é> = 27”/ ((\k,ﬁ) { ‘(i\;) - '(:i\;)) ----- 2 (7.;;{ Tqy | Tzz} = 2 k}j, ) ]n P (52@}
which reflects equ. (5.5},
2 [ 0 0 Tws 0 O B
(vep == 0 (k) 0 |=kpn| 0 T, ©0|=ksnT (5.27)
o0 & 06 T,
and
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MODIFIED ENERGY TRANSPORT MODEL 5.2 Model Derivation

- (k2 + k ko) A+ (k2 k2)
<V@V6> = m D < ]"Tj!) ‘f’ /i{’/l} /k k
0 0 2ED 4 (R2E g
ki n (375 + Toa Ty }Tw T?Z ¢
- Zm U Tz TWJ + 317, yy Tyu Tz,, Of =
) ﬂ O T’l‘l‘ T/J.o + Trj_g Tz,4 "1‘" ST';;

2 (T (3T + Ty + Tz D9
= b VO Ty (Top + 3Ty + To) 0] = {5.28)
2m
0 0 Ty (T + Ty + 37%,)

[T (2T +3T5) 0 0
= —=— |0 Tyy (‘nyy +3Tﬂ) U =
0 0 T, (27, +37,)

_;‘ 0 T, O 6 27, O |+ 0 3T, 0 ||=
e 0 T 0 0 27T, 0 0 3T,
k?
= 27T +3T, 8} T
21 ( + 3T ']
The Hux equations of the anisotropic energy fransport model thus becoms
Jo= - (py =4 (‘V (kpnT) +qEn) 7 (5.29)
m "
/ k% n 13 ~ 1 -~
Sy (vE) m—7s (V- (22 (2T +37,8) T) + aB (= S kgnTud+ —kynf)) =
‘ \2m m 2 "
_ Tskg o FaodyAY L 9 mfam L oa
= -2 8 (v (0 (3T +27)T) + o (313 +2T)) (5.30)
and their one-dimensional projection onto an arbitrary direction e; reads
T, :
Tt = qm”” (dg (kpnTy) + q B q) : (5.31)
Mt por®
tin
~ Y7 7§ kg 7, P T T A
Snyp == L B0 (0 (3T +2T0) Tu) 50 By (3T, + 2Th) =
227
5 75 k3 3T +2Ty N g 3T, + 27y :
= e fly 2 0(,——————————————T — F —) 5.32
zﬂn?_m 4 (z L 5 u)JrkB &L 5 ; {5.32)
In terms of the general flux equation (3.41)
By = ~C (8 (£ Tp) ~ 80 E; £) . (5.33)
the quantities Cg, £, and T read
R Co = 55, kg pin , E=mn, Tp =Ty, {5.34)
5k% 75 3T, +27) .
8, Cp = — -2 75 [T E=mn gdnt2tu , To =Ty . {5.35)
2 q Tm 5

Note that the discretization egn. (3.61) can be used without modification.
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MobDiriED ENERGY TRANSPORT MODEL 5.2 Model Derivation

5.2.2 Non-MaxweLLian Closure

In the channel of state-of-the-art MOSFET devices, strong gradients of the electric field occur.
These highly non-uniform feld distributions give rise to distribution functions which deviate
significantly from the MAxwELLian distribution. However, the standard energy transport mod-
els are based on the assumption of a heated MAXWELLian distribution. Even in a homogeneous
semiconductor the distribution function cannot be described properly by a heated MAXWELLian
distribution at high hield values. Fig. 5.9 shows the distribution function in homegeneous silicon
with a bulk doping of Np = 10" ¢ *. The deviation from the MAXWELLian shape is obvious,
which would appear as a straight line due to the logarithmic scale.

10° I | ]

L Z : S0kV/em | |

10! & - : =t ——— 100kV /em 15
j&_ : | —— 200kV/em | |

e ! i

® 100 —Q\ : - —— 400kV /em 5
'-;: L \ \\\_ ‘“\‘\ : - 600kV /em |
i - B e T s - -
= -2 L N N |
el \ a \ \ - :
~ i = X\ : 1
= 3 N : 3 . |
107 F : \. \ \ ]

I X : l

101 . e \ !
10 ._ \ \ ; ks |

0 0.5 1 1.5 2 2.5 3 3.0 4

£ eV

Figure 5.9: Distribution function in bulk for different electric field values.

The energy flux equation (2.162) contains the moment of fourth order of the distribution func-
tion, (¢4):
kg Ty

B (kB V (¢4) +qEn Tn) e L (5.36)
q T,

Sn:_

R | o

To close the set of energy transport equations, (¢1) needs to be expressed as a function of lower
order moments. Assuming a MAXWELLian distribution function gives (¢4) = nT?2, whereas a
non-MAXWELLian distribution function can be characterized by (¢4) = n 8,772, using a non-
MAXWELLian parameter [J, #* 1.

Regions of the channel where the high energy tail is underpopulated (points B, C, D, E in
Fig. 5.6, Region II in Fig. 5.8) are characterized by 8, < 1.

The non-MaxweLLian effects turned out to be important for SOl simulations. It is believed that
standard energy transport SO| simulations yield anomalous results mainly because these effects
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MoDIFIED ENERGY TRANSPORT MODEL 5.3 Combining the Modifications

are neglected. The problem is that in the energy fransport framework there is no information
about the non-MAXWELLian parameter 5,,. In Chapter §, several attempis are made o estimate
this additional information.

5.3 Combining the Modifications

By combining the modifications for an anisctropic carrier temperature and a non-MAXWELLian
closure relation the modified energy transport model becomes

YV J,=q(R+n), (6.37)
I = i kn (V -(n ’i,’;) + L w) , {5.38)
kg =~/
3. \ R
v.sn:_;jkndt(wnwmgnmékﬁnmﬁ;@L+<:gn, (5.39)
5 k% 7 $Thd+27 =\ q . 3T, 0+27
S = 0B T8 (v : (n -------- n TSN m) b L, in0 el ) : (5.40)
2 g ™ y KR 5

4

Ouly the flux equations (3.38) and (5.4
{5.39) remain nnchanged.

{1} are changed whereas the balance equations (5
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Chapter 6

odeling and Application

N THIS chapter empirical models for the anisoiropic temperature and the non-MAXWELLian

closure relation expressed by the kurtosis §,, which appear in the modified energy transport
model, are presented. The mwodel is then used to simulate the devices described in Section 4.1,
showing that the drop in the drain current vanishes.

6.1 Temperature Tensor Modeling

To incorporate an anisobropic temperature into the standard energy fransport model, it is of
advantage to retain 7, as the solution variable and to model T, and 7, empirically by means

(0

of some anisotropy fum:tmns Yo (T}

Tow =2 Th T;yy = Yy Tn - (Gl}

Fig. 6.1 shows the anisotropy function v, obtained by Monte Carlo simulation. The two branches
of the Monte Carlo results stem from the different circurstances in the regions of carrier heating
and carrier cooling. Since modeling of the anisotropic temperature is only an approximation of
a second-order effect, usage of a single valued function appears to be justified. An important
property is that 7, {7, ) drops beginning from unity and saturates for high temperatures. This
means that the distribution becomes anisofropic at high temperatures whereas the equilibrium
distribution stays isotropic, which is consistent with the fact that the equilibrium solution of
BOLTZMANN’S transport eguation is the isotropic MAXWELL distribution function.

Two analytical anisotropy functions shown in Fig. 6.1 have been investigated:

, ) exp(— T2 Tk o
Yo, {T0n) = Yoy + fl - ’YD,J ezp( . : ) 3 (6.2}
rf‘
\ Th — TL 2
N ref,y 4

Implemeniation of both funciions showed that the convergence properties are vastly improved
by uvsing eqn. {6.3) instead of eqn. {8.2). It is believed that the steep decrease of egn. (8.2}
near equilibrinm and the non-vanishing derivatives under this conditions result in an unstable
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MODELING AND APPLICATION 6.2 Closure Relation Modeling

behavior. The analytical model for T, using eqn. (6.3) is depicted in Fig. 6.2, with v, = 0.75
and Tier, = 600 K. Excellent agreement with the Monte Carlo data is obtained.

6.2 Closure Relation Modeling

6.2.1 Six Moments Transport Model

To obtain information about the distribution function additional to the average energy several
authors proposed usage of higher order moment equations, see for example [70] [71]. These
equations were based on a distribution function expanded around a Maxwellian distribution.
SONODA [48] added two equations for the fourth and fifths moment of BOLTZMANN's transport
equation {o a standard energy transport model, taken from [72]. A more consisteni approach
has been presented in Chapter 2 where a transport model using six moments of BOLTZMANN’S
transport equation has been derived, with the kurtosis 0, as an additional state variable {38,

G3l.

Although this approach appears promising from a physical point of view, it has not been used
to tackle the SOI problem as the additional balance equation significantly increases numerical
complexity and computation times. Convergence behavior also worsens considerably. Instead,
the framework of energy transport equations was adopted and corrections accounting for distri-
bution function effects were introduced.

6.2.2 Bulk Case

3 O

By neglecting in the six moments transport model (eqns. {2.178) to (2.183}) all terms containing
derivatives, equations for the homogeneous case are obtained

Jn=qunEn, (6.4
8, = -~ kg KEA rnEnT, , (6.5
2 i
3 T — 11 .
G:E'Jn_Fan"L“‘i ’ (6{3)
2 TE

15, 5 T f —T¢

D=-2qE-8, - —kin2 (6.7)
4 7B
Inserting eqn. (8.4} into eqn. (§.6) and eqn. (8.5) into egn. (6.7) yields the equations
3., T, -1 N
Gin E? = kg B ’ (6.8)
2 TE
Ty 3, T2B,-T¢
0 BTy = S P T (6.9)
Tin 4 78
which can further be reduced to a bulk relation for the non-MAXWELLian parameter
T2 TS T8 7 :
Bt = ok 42578 12k ) . 6.10
B oull ,Z-; % t T Te (i T ( j

T4



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

MODELING AND APPLICATION (.2 Closure Relation Modeling
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Figure 6.1: Approximation of the anisotropic temperature by the analytical models
(6.2) and (6.3).
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Figure 6.2: Components of the temperature tensor obtained by Monte Carlo simula-
tions compared to the analytical model of T, equs. (6.1) and (6.3).
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MODELING AND APPLICATION (.2 Closure Relation Modeling

Unfortunately, the models for the relaxation times are not accurate enough to obtain a realistic
estimate for J, puk. Therefore the following fit to Monte Carlo data has been developed

T8 T3 T]_. ‘
2= "= =uq+u (l - exp(—:l:g —)) : (6.11)
Tm TE I‘n
with zp = 0.69, z; = L34, and z4 = 1.89. This expression is accurate for doping concentrations
around 10'® em ? but the doping dependence of By bulk 18 only relevant at lower temperatures

(Fig. 6.3).

Ll T
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Figure 6.3: Kurtosis #, as a function of the temperature 7}, for bulk silicon with
the doping concentration as a parameter together with the analytical expression
(6.10) and (6.11).

Unfortunately, the presented formulation for 3, ) did not solve the problem of anomalous SOI
simulation results—presumably because the decrease of the kurtosis with increasing temperature
occurs too slowly.

6.2.3 Inhomogeneous Case

In this section heuristic models for 5, will be presented. which have been fitted to Monte Carlo
results of nt-n-nt test structures.

The points B and E in Fig. 5.5 can be distinguished by taking, for example, the gradient of the
carrier temperature into account. To capture both the 3, < 1 and g, > 1 region (Fig. 6.4), such
a dependence on the gradient of the carrier temperature is introduced:

. k
) -"erurd(j;l) 3 {-’TT = % Tn. . (ﬁ.l?)

VUr 3 1

.Hn d = (-I-
' 1J] Emax
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MODELING AND APPLICATION (.2 Closure Relation Modeling
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Figure 6.4: Monte Carlo simulation of an n*-n-n™ structure showing the normalized
moment of fourth order §, \i¢ compared to the analytical model (6.12).

To account for the non-parabolic band structure used in the Monte Carlo simulation a non-
parabolicity factor due to BORDELON [73] [74] is included

3 2 WY
-HBur:] (Tn) = ?} H(ﬂ;) (]- + q H(TH)) . (_f}.l.f]
3 kB T,
H(Tn) = % a=05eV ', (6.14)
14+ 2« % —B—q i

The model (6.12) reproduces the peak of 3, in the region where the hot carriers from the channel
mix with the cold ones in the drain (Fig. 6.4). In this way, the hysteresis of #, shown in Fig. 6.5
can also be reproduced at least qualitatively.

However, the model eqn. (6.12) leads to severe stability problems with the numerical iteration.
Furthermore it turned out that the reproduction of the peak is not essential for solving the
problem related to SOl simulations since the important peoint is to allow for a reduced 3, along
the channel—especially in the pinch-off region.

In most of the channel region the high energy tail is less populated than that of a MAXWELLian
distribution which means that 3, < 1 (Fig. 6.6). It is believed that proper modeling of the
Bn < 1 region is very important for the SOI problem described in Chapter 4. because the smaller
amount of carriers in the high energy tail will give reduced hot carrier diffusion into the Hoating

body.

To avoid numerical stability problems a model for 5, as a function of T}, only has been developed

A
Baz =B+ (L— o) EKIJ(— (,7[) ) -. (6.15)
} rIre{',;ﬁ
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MODELING AND APPLICATION (.2 Closure Relation Modeling
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Figure 6.5: Monte Carlo simulation of an n"-n-n" structure showing the hysteresis

of the normalized moment of fourth order 3, nic compared to the analytical model

(6.12).
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Figure 6.6: Comparison of the non-MAXWELLian parameter obtained by Moute Carlo
simulations and the empirical model (6.15).
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MODELING AND APPLICATION 6.3 Summarizing the Models

which neglects the peak in the drain region (mixing of hot and cold distributions). Parameters
are only weakly dependent on doping and applied voltage which can be seen by comparing
Fig. 6.4 and Fig. 6.6 which were obtained by using two different devices.

6.3 Summarizing the Models

For discretization the one-dimensional projections of eqns. (3.38) and {5.40) onte a direction g
has to be considered:

Jn 1= gy k}} (31 (n ng) q l:J -n} (6.16}
5 k% rg ¢ 3T, + 27 L 3T, 27

Sn,g e --E A fy (f)’g ( i-----Ji------{(- ng 5 \ﬂ + }’/; —----’-L--i------{-é> . (6.3_7)
2 q Ty A B k 5

By assuming an isctropic MAXWELLIAN distribution, which results in Ty = T, and 5, = 1, the
¥ ) y il ~ ;
conventional evergy transport model is obtained.

The carrier temperature 7, defined by eqn. {2.94) is a measure of average carrier energy. The
diagonal component of the temperature tensor is given by kg 7y = {v; ;). Off-diagonal compo-
nents are neglected. The solufion variable is still the carrier femperature 7, wh@reaq the tensor
components and the fourth order moment are modeled empirically as functions of T}, {engs. (6.3}
and (8.15)):

w=ut (=) en(~(F—=) ) v=lh (618)
o= o+ (1= ) e~ (F=2)) (6.19)

The empirical model for the temperature tensor distinguishes between directions parallel (}])
and normal (.1} to the current density

Ty =5, Ty, ]| (6.20)

The diagonal temperature for a generic direction g; = {cos ¢, sinp} is obiained from the average
{v-e;p-e) after neglecting the off-diagonal terms as

Ty =T} cos? w7 gin? §.21
I @

i = arccos{e; - ey} . (6.22)

The graphs of th@ functions of equs. (6.18) and (8.19) are displayed in Fig. 6.7, Both faunctions
assume unity for 7, = 71 and an asymptotic value for large 7,,. The exact shape of the transition
between these two regions is only of minor importance and mainly affects the numerical stability.
Therefore the fransition should not be too steep. Tior = 600K appeared to be an appropriate
vajue. Parameter values for g, Gy, and Trer can be roughly estimated from Moute Carlo
simulations of one-dimensional n't-n-n" test siructures {Thl §.1).

Monte Carlo results for the anisotropic temperature in a MOSFET are shown in Fig, 6.8 and

Fig‘ 6.9 in mmpari@,on with the anaiyticai mr;dei }15 6.8 mdma‘(m that values for the

MAXW BLLian pd,‘fa,ﬂletﬂi in Lhe k,harmei mgmn can be eatnma,ted from Fig. 6.9, "j_ hese pammeters
show only a weak dependence on doping and applied voliage.
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MODELING AND APPLICATION 6.4 Using the Modified Energy Transport Model
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Figure 6.7: Shape of the functions used to model v, and §,. vy and gy have been
chosen to be 0.75.

Yo | Tour Bo Trety | Tretyy | Trers
1 0.75 B.75 600 K 600 K 600 K

Table 6.1: Paraweter values estimated rom Monte Carlo simulations.

6.4 Using the Modified Energy Transport Model

Fig. 6.10 shows the influence of the anisotropy parameter ~g, on the output characteristics.
By accounting for a reduced vertical electron temperature it is possible to reduce the spurious
current decrease, but only to a certain degree and by assuming a fairly large anisotropy.

By combining the modifications for an anisotropic temperature and a non-MAXWELLian clo-
sure relation the artificial current decrease is eliminated (Fig. 6.11). Parameter values roughly
estimated from MC simulations can be used, for example 7y, = 0.75 and &y = 0.75. In the
parameter range where the current drop is eliminated the output characteristics are found to be
rather insensitive to the exact parameter values.

When the modified model is applied to a body-contacted MOSFET, the difference in the output
characteristic is only marginal compared to the standard energy transport model. For example
using the values vg, = 0.6 and fy = 0.75 leads to a maximum deviation in the drain current of
about 0.3 % compared to the standard energy transport model within the bias range.

Using the modified energy transport model good agreement of the electron concentration in
vertical direction with Monte Carlo data is obtained (Fig. 6.12 and Fig. 6.13). This confirms
that the correction of the SOI output characteristics obtained with the modified model is based
on a corrected behavior of the electron distribution in the bulk.
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MODELING AND APPLICATION 6.4 Using the Modified Energy Transport Model
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Figure 6.8: Monte Carlo simulation of a 90 nm and a 180 nm MOSFET (Device 3 with
different gate-lengths) showing the y-component of the temperature tensor at the
surface compared to the temperature T, mc from the mean energy. The analytical
model for T, uses yyy = 0.6.
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Figure 6.9: Monte Carlo simulation of a 90 um and a 180 num MOSFET (Device 3 with
different gate-lengths) showing the normalized moment of fourth order 5, mc at
the surface compared to the analytical model for 5, with G5 = 0.75.
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Figure 6.10: Output characteristics of the SOI (Device 1) obtained by anisotropic
energy transport simulations without closure modification (8y = 1).
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Figure 6.11: Output characteristics of the SOl (Device 1) assuming an anisotropic
temperature (yg, = 0.75) and a modified closure relation at Vgs = 1 V.
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MODELING AND APPLICATION 6.4 Using the Modified Energy Transport Model
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Figure 6.12: Electron concentration ina MOSFET (Device 3) obtained by simulations
using the modified energy transport model compared to Monte Carlo data.
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Figure 6.13: Comparison of the electron concentration in a MOSFET (Device 3) at
a vertical cut located in the middle between source and drain obtained by simu-
lations using drift-diffusion (DD), standard energy transport (ET), Monte Carlo
(MC), and the modified energy transport (MET) model.
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MODELING AND APPLICATION 6.5 “Well-Tempered” SOf MOSFET

6.5 “Well-Tempered” SOl MOSFET

To verify the modified energy transport model, another SOl device has been investigated (De-
vice 4). The standard energy transport model predicts the drop in the drain current also for
this device () = 1.0, 79, = 1.0 in Fig. 6.14). Applying the modified model using the same pa-
rameters as before leads to output characteristics with only positive output conductance. The
different order of magnitude of the drain currents seen with Device 1 and Device 4 mainly stems
from the rather high threshold voltage of Device 1.
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Figure 6.14: Output characteristics of the “Well-Tempered” SOI (Device 4) at Vigg =
1V,

The difference in the electron eoncentration is shown in Fig, 6.15. In the case of the standard
energy transport model, the spreading of the hot electrons is much more pronounced than with
the modified one. By looking at the potential in the device at a vertical cut located in the middle
between source and drain (Fig. 6.16), the difference between the standard energy transport model
and the modified one is also clearly visible. The standard eunergy transport model produces an
anomalous decrease of the body potential.

6.6 Grid Matters

It appeared that in contrast to MOS devices the grid in the floating body region plays a crucial
role to the stability of the simulation and the quality of the result. This is due to the fact that
the drain current is very sensitive to the location of the potential drop in the floating region.

For example, when using a too coarse grid in vertical direction in the body area, unphysical rip-
ples are observed in the output characteristics (Fig. 6.17). With increasing drain-source voltage
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MODELING AND APPLICATION

6.6 Grid Matters
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Figure 6.15: Electron concentration in the “Well-Tempered” SOI (Device 4) obtained
by a standard energy transport and a modified energy transport simulation.
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Figure 6.16: Vertical potential distribution in the “Well-Tempered” SOI (Device 4)
obtained by drift-diffusion, energy transport, and modified energy transport sin-

ulations.
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MODELING AND APPLICATION 6.6 Grid Matters

the floating body area becomes smaller and the junction moves deeper into the semiconductor.
Each time the junction reaches the next grid line, a pronounced drop in the drain current can be
observed. The grid in vertical direction must be refined until the interpolation of the quantities
between the grid lines has no influence on the output characteristics.

Fig. 6.17 shows output characteristics of such a device using different parameter values for the
modified energy transport model.
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Figure 6.17: Output characteristics of an SOI similar to Device 1 but with coarser
grid in vertical direction.
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Chapter 7

Summary and Conclusion

N SIMULATIONS of partially depleted 501 MOSFETs anomalous cutput characteristics have

been observed which indicate a complete failure of the standard energy iransport model
Therefore, the derivation of the energy transport model has been reconsidered. A system-
atic techuigue based on the method of moments allows the rigorous derivation of increasingly
sophisticated transport models from BOLTZMANN’s transport equation. BOLTZMANN'S trans-
port eguation is multiplied with weight funciions of increasing order and is integrated over
momentum-space which yields an ionfinite set of equations. These equations are coupled as the
eguation for a given moment conbains a moment of next higher order. To obtain a fractable
equation set this hierarchy has to be truncated. The highest moment has $0 be modeled as a
function of the available moments to close the equation system. The closure has been performed
at different orders:

& When only the first two moments are considered the drift-diffusion model is obtained
which is still predominantly used in engineering applications. Its advantage is that the
nurnerical methods are robust because only one balance eguation needs to be solved. As the
drift-diffusion model cannot capture non-local effects, which gain increasing importance
for miniaturized devices, its use becomes questionable. Therefore, higher-order equations
have been considered.

¢ The model obiained by using the first three moments is seldomly used. The energy fux
equation is often extended in an inconsistent way and the model has no advantage over
the four moments transport model, since also two balance equations have to be solved.

& Inclusion of the first four moments of BOLTZMANN’s eqguation results in the full hydrody-
namic model which is, however, foo complicated for every-day’s use. Within the framework
of the diffusion approximation the convective terms in the hydrodynamic models are ne-
glected. This results in simpler energy transport models, which are offered nowadays by
leading commercial and acadermic device simulators.

e The derivation of a six moments transport model appeared to be very instructive for the
development of the modified energy transport model. However, for every-day’s use it
cannot be recommended since the third balance equalion increases the complexity of the
system further and numerical stability seems to be worse than with the energy transport
meodel.
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SUMMARY AND CONCLUSION

A detailed study reveals some fundamental problems common to transport models using the
first three or four moments. Most importantly, the energy distribution function is frequently
modeled by assuming a heated MAXWELLian distribution. This distribution function model is
then used to derive a closure relation. Monte Carlo simulations show that the energy distribution
function is only poorly described by a heated MAXWELLian distribution function, both for bulk
and inhomogeneous devices,

In the particular case of partially depleted SOl MOSFETs the error in the closure together with
the assumed eqguipartition of the energy in the directions parallel and normal to the current
density cause a complete breakdown of the energy transport model. The number of carriers
with sufficient energy o surmount the barrier towards the bulk is significantly overestimated
which results in a spurious drop of the body potential with increasing drain voltage instead of
the expected rise. Via the body effect the transistor is then virtually turned off, visible as a
strong decline of the drain current in the output characteristic.

An improved energy transport model has been developed and implemented in Minvos-NT.
By using this advanced model i is possible to successfully simulate partially depleted SO! de-
vices. The unphysical current drop in the ouiput characteristics predicted by the standard
energy transport model is entirely avoided. The modifications to the standard energy transport
transport model consist of the introduction of an anisotropic carrier temperature and a modi-
fied closure relation. The new model appeared to be very stable, especially when compared to
simulations of 501 MOSFETs with the standard energy transport model, because it produces &
physically sound solution. The spurious diffusion of hot electrons perpsndicular to the current
direction is sufficiently reduced.

Based on the observations made during the evaluation of transport models including the first
four moments of BOLTZMANN’s transport eguation, an extended model has been proposed which
includes the first six mornents. The additional even order moment is the kurtosis of the distri-
bution function. While not applicable for 50! simulation due to numerical stability problems,
its derivation gave valuable insight in modeling the closure relation used in the modified energy
transport model. Furthermore, it has been proven to be highly beneficial for other works per-
formed at the institute. In particular, an analytical model for the energy distribution function
[69] has been proposed which accurately captures the features observed in Monte Carlo simu-
lations, notably the thermal tail inside the channel and the contribution of cold carriers inside
the drain region. This analytical distribution function model has been used to model impact

oy

ionization [75, G6] [76] and the hot-carrier gate currents {77].
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Appendix A

Vector and Tensor Notation

OR THE SAKE of convenience and to better describe the structure of the moment equations,
a few symbols will be introduced. Let a, b, ¢, ... be vectors in a {real} space of dimension
N.

g = {ai} \ 1<i< N, (A1)

Then, the symbol

A

&@b-‘:{agbj}, 1f_§?;,j__N (AQ}
represents the seb of all pairs of the components a;, & of two vectors, where the indices ¢ and
4 range independently over all the admissible values. Hence, eqn. {A.2) defines a tensor, whose

elements are the quantities a; b;. The definition can be extended to the triplets

a®bec={aba}, 1<4,5,6< N, (A.3}

and so on. The following notation is adopted

f’z =a®b, T =aiby, (A4)
Ty=a0boc, Typ=abjc, (A.5)

where the numerical subscript refers to the rank M of the tensor. The rank equals the number of
vectors defining it. For instance M = 2 in eqn. (A2} and M = 3 in eqn. (A.3). Hence the tensor
has in general N different elements. From equ. (A.2) it follows, that a® b # b ® a. In the
special case a = b = ¢ = ..., however, the tensor s completely symmetric and any permutation
of indices in an slement leaves the tensor unchanged. In this case, the number of elements which
are different from each other is smaller than N, and the tensor is invariant when the order of
the vectors is changed.

Tt is useful to expand the tensor product to scalars as well, and to identify it with the normal
product,

c@a=ca=aRc. (A.6)
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YVECTOR AND TENSOR NOTATION

In the following, the scalar product will be used as well. If necessary for the sake of clarity, it
will be expressed explicitly like, for example in

N
Tya=4% Typap ) , (A7)
k=1
_ N
a- T3 = EaiTijk ; (A.8)
Fu=
N
Ty-Up=4 > TyulUpyp - (A.9)
Jh=1

In general, the scalar product depends on the order of the tensor, and becomes invariant only
when all tensors involved are symmetric,

Let now &4, &o, ..., Ev be spatial coordinates, which will also be referred 1o as £, and let the
tensors be functions of £ as well. Indroducing the nabla operator

sz{agi}ﬁ 1<y

AN

N, (A.1D)

the divergence of a rank M tensor is defined as

N
Ve T =4 O Tijory (A1)

ozl
where it is intended, that the multiplication by W is symbolic. It is seen, that ¥ - Ty is a tensor
of rank M —1. Consistently, the gradient of a rank M tensor is defined as the rank M 41 fensor
Vel = {9, Tk},  1<r<N. (A.12)

Fromequ. (A.11) and equ. (A 12} useful ideniities can be derived. For any ¢ = g{¢), the following
relationships hold:

Ve (g Tae) = gV T+ Ts - Veg, (A.13)
V- (TNM g) = T Ve-g+g- Ve Tas - (A.14)

Another definition which will be used is the statistical average of a tensor

(f’M) e j[ Togw d £, (A.15)
o

where D is the definition domain of Ty in the £-space and w is a distribution function.
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Appendix B

Jiscretization

Driving Force

O IMPLEMENT the discretization scheme described in Chapter 8 into the device simulator
MiNiMOS-NT an expression for the driving force was reguired. The driving force ¥, is
defined by

In = qunnFy . (]31}!
To obtain the discrete driving force the discretized current density equns. (3.63) and (3.64)
Cr — | == AT,
J, = — *Th<,4£“'¥ —n; B m}”), Ty = e B.2
7 A,’L‘ TIJ 3 ( 1) lnl ( 1/’ n Ell(fz—yny.}/,_—l;qz) ( ‘}
Y; = 1( LAy + AT, (B.3)
1 - ?::,'7": A‘b?’l‘ kB ‘:Jj ‘i‘l) ) ( RS

must therefore be divided in sore way by the electron concentration n. Thus, an average carrier
concerration 7 is introduced via the following definition

1 (_;1= s ) R
Jn & = T (BB (A) - 7B (A }) . (B.4)
By comparing the coeflicients of eqn. (3.4} with those from egn. (B.2)
aBA)=n; B(Y1) . (B.5}
RE(-A) =nB(-Y1) , (B.6)
and using the identity
B(z) Ly .
, = , B
E ( “":I:} € ( )
the new argument A of the BERNOULLI funciion can be calenlated
e Bl gy (B.8)
L2:
A = ‘(7‘1 - ’m(n, /n,;) . (Bg)

and the average carrier concentration is finally found to be

LB B(-Y)
7= 0y B(AY i B(~-A)
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PRrRIVING FORCE DISCRETIZATION

Applying the identity
Bi{z) - B{~z)=—2z, (B.11)

Y

to equ. (B.4) yields
Ch s
Iy = :z T (EEA) - B(- A)) = A; TaiA . (B.12)

After inserting Oy from egn. {2.188)

By k & e Ax L
Jn = %;n ToTA =qunTisy —BT v (B.13)
the expression for the discretized driving force can easily be obtained
kp — A k AT, Yy — In{n;/n;
Fp=sy B A ke ATn  ¥i—In(n/ng (B.14)
q AN g (T, /Thi) Az

The consistency of the discretization can be checked by calculating the driving force in the limit
of Az — 0

. kg T, Vs T;Ahl(n) P
iy o= i o (e~ 8w ) (B.15)
. kg g Ay AT, AT, A hl(?’l) :
e tim s, 5B (L, LAY _Alnin)y B.1
Ano ™ q ( on kg Az Az Al(T,) Az ) (B-16)

where the abbreviations for A and ¥\ have been expanded. Using the total derivative yields

. dyp kg (dTﬂ ar, 1t d'ﬁn(’n}) .
by, mmn e S - e e B.1
r az o g \do dz (_‘A}%_!_r_l dz (B.17)
z
kp 1 a7, i -
~FE- "—E—(r o *Tﬁ) (B.18)
g n dx dz
kp 1 din .
= K — sy, R d\[”) ; (B.19)
g n dzx
which is the one-dimensional projection of the driving force
kg 1 1
F,=E - s, i‘; YV (nT,) = i (B.20)
q qfhn D
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