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ABSTRACT

Assad, Farzin. Ph. D., Purdue University, May 2000.  Computational and Experimental
Study of Transport in Advanced Silicon Devices.  Major Professor: Mark S. Lundstrom.

In this thesis, we study electron transport in advanced silicon devices by focusing

on the two most important classes of devices: the bipolar junction transistor (BJT) and the

MOSFET.  In regards to the BJT, we will compare and assess the solutions of a

physically detailed microscopic model to standard models.  In so doing, we will explain

why the standard Drift-Diffusion model has been so prevalent and speculate about its

prospect in the future.  The physically detailed solutions were obtained using a

deterministic Boltzmann solver which incorporates an effective acceleration technique, in

order to speed up the solution time.

In connection with the MOSFET, we present a new theory, which calculates the

upper-limit performance for a given CMOS technology.  Using this theory, we assess the

performance of a present technology by using experimental data and make predictions

about the performance of future technologies.  Finally, we will speculate on whether or

not CMOS technology will be viable in the future.
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1.  INTRODUCTION

1.0 Motivation

By the year 2012, the number of transistors on a chip is expected to be around 180

million, requiring that the feature size of an individual transistor to be shrunk down to 50

nm [SIA97].  As the number of transistors grows, the supply voltages must be reduced to

maintain acceptable powers, but the power dissipation will substantially increase,

nonetheless.  For instance, according to the National Technology Roadmap for

Semiconductors, a report published by a leading industry group [SIA97], power

dissipation is going to show over a four-fold increase, while the individual transistors

have to be made more than three times smaller.  By way of scaling the transistor, CMOS

technology has been able to meet these stringent power-density requirements, but it

remains to be seen whether the scaling of CMOS could continue to be viable in the

future.

To be sure, there are many obstacles related to not only the design but also the

processing of the “nanoscaled” devices of the future.  A nanoscale MOSFET, among

other things, incorporates an ultra thin gate oxide, shallow junctions (extensions) at the

source and drain sides, and finally good ohmic contacts to source and drain.  It is well

known that the gate oxide could not be scaled below a critical thickness (~ 2.0 nm)

without the tunneling current becoming excessive [Ran96].  The junctions at the source

and drain would have to be extremely abrupt and at the same time heavily doped, and it is

not clear whether or not such abrupt profiles could at all be fabricated [Won99].  In

addition, the parasitic resistance associated with ohmic contacts, which does not scale

relative to the actual device resistance, may eventually limit the on-current performance

[Tho98].  Some of the device-related issues relevant to the nanoscale MOSFET include
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the random fluctuation of device parameters (such as the threshold voltage) due to small-

size effects [Ase99], controlling tunneling current through the gate oxide [Ran96], and

finally maintaining acceptable on-current levels [Asa99].

Tackling these issues requires a thorough understanding of the device physics and

many of these issues are still being hotly debated in the device engineering community.

In particular, modeling of the on-current is a key problem and, indeed, it has attracted a

lot of attention in the past few years [Aro93].  Modeling the response of carriers confined

in a channel with nanoscale dimensions while responding to a rapidly changing electric

field has pushed transport models to their limits.  Many alternative models have been

offered, ranging from simple classical to more sophisticated solutions incorporating off-

equilibrium transport, all the way to ballistic and even quantum transport.  Modeling

transport in advanced devices is a problem that, in view of its practical importance,

deserves a lot of attention.

1.1 Thesis Objectives

My objectives in this thesis are to: (i) develop a clear physical understanding of

carrier transport in nanoscale transistors, (ii) establish the upper performance limits of the

MOSFET and (iii) to assess the performance of present day devices against their upper

limits.

The first objective involved extending and enhancing the capabilities of a

Boltzmann solver in 1D for silicon devices.  The second, involved developing a new

theory for the ballistic MOSFET, and the third objective, called for electrical

characterization of n-channel MOSFET technologies.

1.2 Review of Transport Models

Electron transport in semiconductors can be modeled at various levels of

sophistication ranging from purely classical treatments, appropriate for devices with large

feature lengths, all the way down to quantum treatments appropriate for ultra-small

devices [Lun90].  Semi-classical transport theory has served device physicists for almost

half a century, providing the conceptual framework with which everyday integrated
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circuit (IC) design is guided.  In this section, we will briefly discuss the three modeling

paradigms of semi-classical transport that are in popular use.

Boltzmann Transport Equation:

The Boltzmann Transport Equation (BTE) provides the most detailed description

of transport in semi-classical theory [Lun90].  According to this description, electrons are

treated as classical particles, which unlike quantum particles, do not obey the uncertainty

principle and are allowed to have a definite momentum and a definite position at the

same time.  On the other hand, their interaction with the scatterers, such as phonons or

impurity ions, is accounted for quantum mechanically by a simple application of Fermi’s

golden rule.  Accordingly, the BTE is valid as long as the device dimension exceeds the

DeBroglie wavelength given by

Tkmh B/2/ *=λ , (1.1)

where *m  is the effective mass for electrons (or holes).  The primary unknown in the

BTE is the electron distribution function ( )tprf ,,  which is taken to be a function of

position r
r

 as well as momentum p
r

 obeying

.col
pr t

f
fFf

t

f

ƒ
ƒ=�〈+�〈+

ƒ
ƒ υ (1.2)

In equation (1.2), υ  is the group velocity and F  is the force due to the electric field.

Being an integro-differential equation in six-dimensions, three corresponding to position

and three to momentum in steady state, the BTE is an exceedingly difficult equation to

solve.  The voluminous effort made to solve the BTE in the past has concentrated on

approximate/analytical treatments as well as numerical approaches [McK66, Jac83].  To

solve the BTE analytically, certain simplifying assumptions are typically introduced (e.g.,

relaxation time approximation), however, even in the simplest of the cases, it is still

difficult to solve.  On the other hand, a handful of numerical techniques are available, the
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most popular of which is the Monte-Carlo method [Jac83] providing a stochastic solution

to the BTE.  Among the deterministic methods is the scattering matrix approach (SMA)

[Ala93-1, Das90], which is routinely used in this work.

Drift-Diffusion:

The Drift-Diffusion (DD) model is still the most prevalent transport model.

Because of its simplicity and robustness, it has been the backbone of device modeling for

over forty years.  In the DD model, the carriers are thought of as classical particles

capable of drifting in an electric field and diffusing in a concentration gradient according

to:

nqDFnqJ rnnn �+=
rr

µ (1.3)

where nD  is the diffusion coefficient and nµ  is the carrier mobility.  Furthermore, the

mobility may be written in terms of the momentum relation time mτ  as:

*m

q m
n

τ
µ = . (1.4)

Mobility is a key parameter in this model: once it is known the well known

Einstein's relation may be used to specify the diffusion coefficient, but before doing so,

we must specify the momentum relaxation time.  In theory, in order to specify mτ , one

needs to solve for the distribution function, which would require solving the BTE.

Alternatively, one may circumvent solving the BTE and treat mobility as a material

parameter which depends on the local doping density and local electric field.  This

assumption is quite reasonable as long as the electric field changes slowly in the active

region of the device.  In small devices, more often than not, the electric field changes

very rapidly and therefore nµ  and nD  may not be treated as local functions of the

electric field, as they are in large devices.  Often times a given mobility model which
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produces reasonable results for one technology, needs to be adjusted in order to match the

measured characteristics of another technology.

Hydrodynamic Model:

In the Drift-Diffusion model one treats mobility as a device parameter, which is

determined by the local electric field, but the dependence of this parameter on the local

electric field could vary from one device to another.  Another important assumption in

the DD model, is that the carrier energy is assumed not to exceed the thermal energy (i.e.,

LBTk2/3 ).  The Hydrodynamic model (HD) attempts to remove these assumptions by

allowing the carrier energy to exceed the thermal energy in the “hot” regions of the

device [Che92], while in the equations for total current the energy flow is accounted for

as well.

Energy flow in semiconductors may be modeled by the same means as the

particle flow in the DD model.  One possibility, among many other implementations in

common use, is to write the energy flow WF
r

 as [Lun90]

)(2 nRFF EEW �−−= µµ
rr

(1.4)

where R  is a tensor quantity related to the fourth moment of the BTE, and Eµ  is the

energy mobility which, much like nµ  in equation (1.3), may be written in terms of the

energy relaxation time.  In most implementations of the Hydrodynamic model, these

parameters are again device dependent parameters that need to be derived from external

means.  In this respect, the HD model is very similar to DD, as certain model parameters

need to be specified at the outset, which in practice depends on the technology at hand

[Cho95].  One advantage of the HD over the DD model has been its application to the hot

electron effect, where the heating of the electrons degrades the device performance.
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1.3 A generic transport model for transistors

Fig. 1.1 shows a simple conceptual model which captures the essentials of

transport occurring in a transistor.  Carriers are injected into the device from the left

contact, and after traversing the channel region, are collected at the right contact.

Interestingly, the simple model shown in Fig. 1.1 is applicable to a bipolar transistor as

well as a MOSFET.  In case of a bipolar transistor, the left and right contacts are the

emitter and the collector, but in case of a MOSFET, they are the source and drain

respectively.  The magnitude of the current through the device depends on the voltage

difference between the right and left contacts.  The carriers injected from the source, first

drift and diffuse against a barrier, which separates the source (emitter) contact from the

channel region.  The height of the barrier controls the carrier flux entering the channel in

both cases, but the mechanism to control the height is different: in a bipolar transistor, the

height is controlled by the base-emitter voltage, while in a MOSFET the height is

controlled by the gate voltage.  Once the carriers overcome the barrier, they traverse a

low field region adjacent to the barrier at the beginning of the channel (the shaded circle

in the figure).  In a bipolar transistor, this low field region consists of the quasi-neutral

base, but in a MOSFET this is the critical region that controls the slope of the energy

band at the very beginning of the channel and consequently the on-current [Lun97].

Once the carriers have traversed this critical region, they enter a high field region where

they are accelerated at a large rate and get swept away towards the drain and are

collected.  As the critical dimension of devices are shrunk, carrier transport begins to be

complicated by the complex effects occurring in different regions of the device.  In the

remainder of this section, we will examine how electron transport is modeled in each of

these regions using the conventional approach.

The modeling of transport in a barrier has historically posed as one of the more

challenging problems, but in light of the scaling of devices, this problem takes on a more

important role.  As the intrinsic region of the device is scaled to smaller dimensions, the

length of the barrier becomes a larger fraction of the total length of the active region, and

therefore, the barrier plays a more visible role in controlling the current.
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Ji
+

r J i
+

source collector

control point

EC(x)
x

Fig. 1.1. A simple, generic model for a transistor showing a source of carriers, a
collector of carriers, and a control point in between.  The vertical axis is the
conduction band energy.
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Transport in a barrier is conventionally treated using the drift-diffusion equation,

but there remain questionable assumptions when the standard theory is applied to a

barrier [Sze81].  In a barrier, carriers have to diffuse through large concentration

gradients, typically on the order of ~1018 cm -3, which makes the use of the simple drift-

diffusion theory questionable.  As the carriers diffuse through such large gradients, they

may have to acquire an exceedingly large velocity, well in excess of the thermal velocity,

but the conventional theory does not allow any limits on the maximum velocity attained

by the carriers.  In addition, the use of the low field as opposed to the high field mobility

is another issue that requires a closer examination.

Transport through a thin low field region may be regarded as a diffusion problem

so long as the width of the low field region is larger than the mean-free-path for

electrons.  In modern bipolar transistors, the width of the low-field base region may

become very small, small enough to be comparable to a mean-free-path, and therefore the

carriers may traverse the base without substantial scattering (i.e., quasi-ballistic).  In this

situation, the use of a simple diffusive transport law, which is the common practice in

modeling diffusion in the base, should be reexamined.

In the transistor model of Fig. 1.1, following the low field region, carriers are

collected through a high field region, where the electric field rapidly increases on a short

length.  Modeling transport through rapidly changing electric field profiles is a difficult

problem, as the so-called off-equilibrium effects should be accounted for.  Excellent

articles are available [Con85] in which this complicated effect, precipitated by abrupt

changes in electric field both in time and/or space, is studied in painstaking detail.

However, as far as the I-V characteristics of the device is concerned, it is the first few

qTkB /  of voltage drop right at the beginning of this high field region that determines the

current [Lun97].  This provides an immense simplification for modeling the on-current

which we will exploit later.

So far we have attempted to present a unifying picture of transport which is valid

for both bipolar and MOS devices.  The MOS devices, however, are specially important,

not only from technological but also from a commercial view point.  More than 80% of

revenues of the semiconductor electronics is generated by MOS devices and this trend is

expected to continue or even accelerate in the next century [Won99].  The MOS devices



-9-

of the new millennium are expected to have active channel lengths on the order of, or

smaller, than a mean-free path.  The dominant mode of transport in the nano-scale

devices of the future is ballistic transport, whereby the carriers will undergo little

scattering if any as they cross the channel.  Ballistic transport is a subject that has

received a lot of attention in the past, but not in the context of MOS devices.

1.4 Thesis Overview

In the foregoing discussion we identified key issues that are relevant to the

operation of a modern transistor and briefly discussed the standard methods used in

analyzing them.  Our goal in this thesis is to reexamine these issues, but instead of taking

the conventional approach, we will take a more microscopic approach, appealing to the

solutions of the Boltzmann Transport Equation.  The method we use to solve the BTE in

this work is the scattering matrix approach [Ala93-1, Das90], which is a deterministic

way to solve this complicated differential equation.  We will begin this thesis in Chapter

2 with an overview of the method and in so doing we will present a useful acceleration

technique which speeds up the convergence by more than a factor of ten!

Following the discussion of the method of simulating carrier transport, in Chapter

3 we will delve into the physics of transport in sub-micron bipolar devices and show how

the software tool developed in Chapter 2 is applied to analyzing bipolar transistors.  We

will have an opportunity to revisit the transport problem across a low-field base region in

the context of bipolar transistors and also will examine whether or not current approaches

used for simulating bipolar transistors are accurate.  We will use SMA simulations to

establish the accuracy of one model vs. another.

In Chapter 4 we will take a look at other transport problems, but instead of

simulating devices, we will choose model problems and examine them starting from the

BTE.  In particular, we will discuss the transport issues arising in a barrier as well as high

field regions that exist in the collectors (drains) of transistors.  The Drift-Diffusion model

has been a dominant force in predicting the behavior of devices for the past four decades.

We will explain why it has been successful and under what conditions it will fail.
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We will devote the last two chapters to the transport in bulk MOSFETs.  In

Chapter 5, we present a theory which determines the ballistic current in a MOS device,

considered to be the maximum on-current obtainable from a given technology.  As one

technology is supplanted by a more advanced one having a smaller feature length, the on-

current performance improves but there is a finite limit to the benefits reaped from these

scaling efforts.  This theory reveals, in a simple way, the best performance, (i.e.,

maximum on-current) that may be obtained from a given technology.  Another important

revelation of the theory is that, in addition to a maximum limit to the on-current, there is

similarly a minimum limit to the resistance of the channel, which may not be surpassed.

Conventional theory assumes that the channel resistance will shrink to zero, however in

the limit of Là0, there is finite resistance, identifiable as the fundamental limit for

channel resistance.

In Chapter 6 we will apply the ballistic MOS theory developed in Chapter 5 to

experimental data, in order to show how to assess the performance of a given technology

and indicate how close a given technology operates to its upper limit performance.

Having assessed a current technology, we will then look ahead down the roadmap and

based on the current performance, will project how close future technologies will

compare against their best performance.

Finally, we will summarize the key results of this investigation and will identify

issues for future investigation.
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2. AN ACCELERATION SCHEME FOR THE SOLUTION OF
THE BOLTZMANN TRANSPORT EQUATION IN ONE-

DIMENSION

2.0 Chapter in Brief

In the first part of this chapter, we describe a method to solve the Boltzmann

Transport Equation (BTE) in one-dimension.  The solution method is based on the

scattering matrix approach, which unlike the stochastical methods such as Monte Carlo,

provides a deterministic solution, free from the statistical noise associated with the

stochastic techniques.  The main drawback of the method, however, is that it takes a long

time for the solution to converge.  To remedy this problem, we propose and demonstrate

an acceleration algorithm which significantly reduces the convergence time.  The

acceleration algorithm discussed plays a central role in the following chapter, where we

will extensively use the software tool developed in this chapter to explore transport in

sub-micron transistors.

2.1 Introduction

With the continuing advances in silicon device technology, physically detailed

simulation approaches such as Monte Carlo and deterministic solutions of the Boltzmann

equation [Fis88, Bud94, Lin92, Gnu93, Das90] are finding increasing applications.  As a

deterministic method, the scattering matrix approach (SMA) makes use of pre-computed

Monte-Carlo simulations to provide either stochastic or deterministic solutions [Hus94].

The SMA solves for a very large number of fluxes in a discretized position-momentum

space.  For one dimension, in space using simple spherical non-parabolic energy bands,

the fluxes are typically discretized into 200-400 bins in momentum space and perhaps
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100 slabs in position space.  The resulting number of fluxes is between 40,000 and

120,000.  Full band scattering matrix simulations have also been demonstrated [Hus94].

For the simple, rectangular bin discretization of momentum space, the number of bins is

44,478 resulting in almost nine million unknown fluxes for a typical 1D device.  Because

of the large number of unknown fluxes, iterative techniques are typically employed to

solve for the unknowns.  To date, reported scattering matrix simulation have used a

simple Gauss-Seidal iteration which has well known convergence problems.  In this

chapter, we introduce an effective acceleration scheme which is analogous to synthetic

diffusion acceleration[Mor93].

This chapter is organized as follows.  In Section 2.2 we describe a one-flux

approach for which a direct solution of the unknown fluxes is easily accomplished.

Approximate one-flux S-matrices can be obtained analytically, but in this work we

extract one-flux S-matrices from physically-detailed M-flux solutions, which is the

generalization of the one-flux approach in the momentum space.  The M-flux approach

and its solution by Gauss-Seidal iteration are described in Section 2.3.  In Section 2.4 we

introduce the acceleration scheme which consists of extracting one-flux S-matrices from

the M-flux simulation, solving the system directly, and using the results to re-scale the

M-flux solution.  Results are presented in section 2.5, and the work is summarized in

Section 2.6.

2.2 One-Flux Treatment of Carrier Transport

The one-flux approach to semiconductor transport dates back to 1957 [McK57]

and was later systematized by McKelvey, Longini, and Brodley in 1961 [McK61].  More

recently, the technique has been recast into a scattering matrix format [Tan94].  As shown

in Fig. 1, one-dimensional devices are first divided into a number of slabs thin enough so

that the electric field and doping density may be assumed constant within each slab.

Transport across individual slabs is described by a scattering matrix which relates the

incident fluxes to the emerging fluxes according to
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Each scattering matrix describes the effects of phonon and impurity scattering as

well as the influence of the electric field.  For semi-classical transport, the elements of the

scattering matrix are real numbers, and 1'' =+=+ rtrt  in the absence of generation-

recombination.  As shown in Fig. 2.1, devices are simulated by cascading the scattering

matrices together so that the fluxes emerging form one slab are incident upon an adjacent

slab.  The contacts inject known fluxes into the device.  After solving the 2N unknown

fluxes where N is the number of slabs, we determine the carrier concentration, for both

electrons and holes, throughout the device, solve Poisson’s equation, and update the

electric field.  Corresponding to the new electric field, new scattering matrices are then

evaluated, cascaded and the process continues until a self-consistent solution is achieved.

To solve for the fluxes, consider slab i, as illustrated in Fig. 2.2.  The right and left

directed fluxes are given by:

ii'iii brata +=+1 (2.2)

1
' ++= iiiii btarb . (2.3)

At the two contacts, the injected fluxes 0a  and Nb  need to be specified.  The

simplest boundary condition assume that the contacts are in thermal equilibrium so the

injected fluxes are

T
on

a υ
20 = (2.4)

T
L

N
n

b υ
2

= (2.5)
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Fig. 2.1. Basic concept of the Scattering Matrix Approach
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Fig. 2.2. Labeling of slabs and fluxes in one dimension

Fig. 2.3. Concept of splitting
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where 0n  and Ln  are the carrier density at two contacts at 0=x  and Lx = , and

*
B

T
m

Tkπυ 2= (2.6)

is the thermal velocity of an equilibrium Maxwellian.

By writing equations (2.2) and (2.3) for each of the N slabs and applying the

boundary conditions (3), we obtain a banded system that may be solved for the 2N

unknown fluxes 021,21 ,...,,,...,, bbbaaa NNN −− .  From the resulting fluxes, we obtain the

carrier concentration and current density according to:

T

ii

i

ii
i

baba
n

υυ
+

=
+

= (2.7)

( )[ ]iii baqJ −−= , (2.8)

where we have assumed that the positively and negatively-directed fluxes retain an

equilibrium shape so that their velocity is Ti υυ = , i=1,2,..,N.  Using relations analogous

to equations (2.6)-(2.8), the hole fluxes and the density may similarly be computed

throughout the device.  After extracting )(xn  and p(x) and solving Poisson equation, new

scattering matrices are then evaluated and the process continues.

To implement the algorithm we need to specify the scattering matrices.  For zero

electric field, the S-matrix is symmetrical.  Neglecting recombination, we can write

[Tan94],

[ ] �
�

�
�
�

�
−

−
=

oo

oo
o rr

rr
S

1

1
(2.9)

where



-18-

hD
r

Tn
o υ/21

1

+
= (2.10)

with h being the thickness of the slab and nD  the carrier diffusion coefficient in the bulk.

Similarly, if we neglect scattering, we can obtain an S-matrix for the electric field.

Assuming that the potential decreases across the slab, we find
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In general, we have both scattering and electric field present.  To develop the S-

matrix, we split the effect of the potential drop and scattering as illustrated in Fig. 2.3.

Carriers first experience one-half of the potential drop, then traverse a field free region

where they scatter, and then they experience the effect of the second–half of the potential

drop.  The corresponding S-matrix is obtained by cascading the scattering matrices,

[ ] [ ] [ ] [ ]2/2/ VoV SSSS ∆∆ ��= (2.12)

where �  stands for the scattering matrix cascading operation [Gup81].  Using (7) and (9)

in (10) we obtain:
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We have described the one-flux approach because it readily generalizes to M-

fluxes, which provides a solution to the Boltzmann transport equation, and because the
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one-flux approach will be used to accelerate the M-flux approach.  As presented above,

the one-flux approach makes a key simplifying assumption.  It assume that each flux

retain an equilibrium shape.  As a result, the average velocity associated with each flux is

simply Tυ , and the elements of the S-matrix, which are the average probability of their

reflection and transmission, are readily evaluated.  To treat high-field and off-equilibrium

effects, we need to solve for the shape of the carrier distribution.

2.3  M-flux Treatment of Carrier Transport

The M-flux approach can be viewed as a direct generalization of the 1-flux

approach which removes the simplifying assumption about the shape of the incident flux

distributions.  Each incident flux (a and b) is discretized into M bins in momentum space,

and the 2M incident and 2M emerging fluxes are related by a 2M by 2M scattering matrix

(S-matrix) with M by M sub-matrices, [ ]t , [ ]r , [ ]'t , and [ ]'r .  For example, tij, is the

fraction of the flux incident in bin j which transmits across the slab and exits in bin i.  The

scattering matrices could be evaluated by analytically integrating the Boltzmann equation

but in practice, we have found it more convenient to evaluate them by Monte-Carlo

simulations.  To evaluate column j of the S-matrix, we inject a large number of electrons

in bin j, record the bins in which they exit, and evaluate the elements of the S-matrix by

taking the ratios of the exiting to injected particles.  The M-flux approach can be shown

to provide a numerical solution to the Boltzmann equation. [Ala93-1].

Because of the large number of unknown fluxes, iterative techniques are used to

solve the M-flux equations.  To date, a simple Gauss-Seidal iteration has been used.  An

iteration consists of two sweeps.  First, beginning at the left contact, the right-directed

fluxes are updated according to

1'1
1

−−
− += l

ii
l
ii

l
i brata (2.14)
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where i=1,2,…, N indexes the N-slabs and l is the iteration counter.  After updating the

right-directed fluxes, we begin at the right contact and update the left-directed fluxes

according to

1'1
1

−−
− += l

ii
l
ii

l
i btarb (2.15)

where i=N,N-1,…,1.  Recall that in this case, the fluxes a and b are M by 1 vectors and

the transmission and reflection coefficients are M by M matrices.  The process continues

until the fluxes converge.

We may illustrate these ideas by showing an example M-flux simulation.  In Fig.

2.4 we show the doping profile of the bipolar transistor that we simulate for this work.

The device has a nominal base-width of ~500Å and is suitable for use in high speed

applications such as a microwave amplifier.  Also shown in the figure is the electric field

profile obtained at a bias of 8.0== CEBE VV  (V).  The electric field profile would, in

general, have to be computed self-consistently but in order to make the discussion

concrete we will first discuss the non self-consistent solution.  The sub-matrices [ ]t ,

[ ]r ,… necessary for the M-flux solution were evaluated using a Monte Carlo program as

described by [Jac88], where in evaluating them, the momentum space was divided into

400 modes, uniformly spaced in energy.  A slab thickness of 50 Å was used.

In Fig. 2.5, we show the change in the carrier density, nn /∆ , as a function of

iteration as obtained from the M-flux solution.  In addition, we show the change in the

average energy, uu /∆ , where for each quantity where we plot the 1L  norm as a function

of iteration.  Fig. 2.5 shows that the normalized carrier density converges slowly but, in

contrast, the normalized energy converges quickly.  The average carrier density and

energy are important quantities in physical device simulation and their importance in this

context could be easily understood in terms of the flux distribution in momentum space:

while the carrier density is associated with the area under the fluxes, the average energy

is associated with the shape of the fluxes.  Fig. 2.5 suggests that although the area under
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the distribution converges slowly, the shape of the flux distribution converges quickly.

We will use this observation to prescribe an acceleration technique in the next section.

2.4  Acceleration of M-flux Solution

In Section 2.2, we presented an analytical expression for the one-flux S-matrix,

where we assumed that the shape of the fluxes does not deviate from equilibrium.  In

advanced devices, often times non-local effects become dominant, which would easily

invalidate this assumption.  For instance, in a thin base transistor when the base width

becomes comparable to a mean-free path, the electrons crossing the quasi-neutral base

region may suffer very little scattering.  Under such conditions, we expect the distribution

function at the top of the emitter-base barrier (i.e., at the point of injection to the base)

deviate significantly from a equilibrium.  In this section, we present a prescription to

compute the one-flux S-matrix without being confined to making similar assumptions.

Using the one-flux parameters whence obtained, we propose an acceleration algorithm,

which as we will show later, would significantly enhance the convergence of the M-flux

solution itself.
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Fig. 2.4. Doping profile for the bipolar transistor as a function of distance.  Also the
shown is the electric field profile obtained at bias of 8.0== CEBE VV  (V).
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Fig. 2.5. 1L  norm of the change in carrier concentration nn /∆  and carrier energy

uu /∆  (normalized) as a function of iteration
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2.4.1 Extracting the one-flux scattering matrix

In performing M-flux simulations, we attempt to solve for the unknown fluxes by

updating the fluxes in the forward and backward direction until they converge.  During

each sweep, the unknown fluxes are updated according to:

�
�

�
�
�

�
�
�

�
�
�

�
=�

�

�
�
�

� −

− i

i

i

i

b
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tr

rt

b

a 1
'

'

1
(2.16)

where during the forward sweep the ia ’s, and during the backward sweep the ib ’s are

updated.  The large number of multiplications necessary to update the fluxes requires

large computer times, but the fluxes have the property that they converge to the right

shape in a small number iterations.  If, during a sweep, we set the elements of the column

vector ib  to zero in equation (2.16), we could define a parameter t̂  according to:

�
�

−
=

1

ˆ
i

i

a

a
t , (2.17)

where we have taken the summations over the modes in momentum space.  According to

equation (2.17), the parameter t̂  is given by the ratio of two forward traveling fluxes at

adjacent nodes i-1 and i, and has units of transmission.  Furthermore, this parameter does

not depend on the area under each flux, because when we take the ratio of the two fluxes,

the areas under the fluxes offset one another.

Similarly, the parameter r̂  may be defined as

tr ˆ1ˆ −= (2.18)

which represents the reflection associated with the slab, assuming there is no generation-

recombination across the slab.
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The same argument leading to equation (2.17) and (2.18) may readily be

generalized, in order to extract the “reverse” coefficients '~t  and '~r  as follows:

�
� −=

i

i

b

b
t

1'ˆ (2.19)

and

'' ˆ1ˆ tr −= . (2.20)

Equations (2.17-2.20) present the prescription for extracting the one-flux

parameters from an M-flux simulation.  In deriving these equations, we made no special

assumptions regarding the shape of the fluxes and hence they are valid for off-

equilibrium as well as near-equilibrium transport.

2.4.2 Acceleration algorithm

Using the prescription for extracting the one-flux S-matrix, we present an

algorithm to accelerate the convergence of the M-flux solution.  The procedure begins

with an initial guess for the electric field, which may be obtained from an analytical or

numerical solution.  Given an electric field, the procedure would proceed as follows:

1. Beginning from the left contact, start sweeping to the right, updating the right-

directed fluxes ia , Ni ,...,2,1= .  Once the right contact is reached, start sweeping

back towards the left contact, updating the left-directed fluxes ib ,

0,...,2,1 −−= NNi .

2. Having computed the fluxes, evaluate the macroscopic quantities such as carrier

density in , average velocity iυ , and average energy iu  at each node i.

3.  Extract the one-flux scattering parameters for each slab using the prescription

given by equations (2.17)-(2.20).
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4.  Using the one-flux parameters extracted and the average velocity iυ  evaluated at

each node, solve equation (2.7) to update the carrier density in .  Note the velocity

iυ  may significantly differ from the thermal Maxwellian velocity Tυ .

5. Use the updated carrier density to re-scale the fluxes.  Re-scaling the fluxes would

ensure that the fluxes have an area consistent with the updated the carrier density

in .

6. For self-consistent simulations, solve the Poisson equation and obtain a new

electric field.

7. Go back to step 1, and repeat until convergence is achieved.

The efficacy of this algorithm depends on how fast the shape of the flux

distributions converge, but as illustrated in Fig. 2.5, it typically takes a small number of

iterations for the fluxes to converge in shape.  This is the reason why this algorithm is so

effective, which we discuss next.

2.5  Discussion and Results

In order to analyze the convergence properties of the iterative solution, we

evaluate the successive error estimate [Mor94] by subtracting equation (2.14) from (2.2)

and equation (2.15) from (2.3) to find

l
ii

l
ii

l
i rt )(1)(

1
1)( −++

−
++ += εεε (2.21)

and 1)(
1

1)(1)( +−
+

+++− += l
ii

l
ii

l
i tr εεε (2.22)

where

11)( +++ −= l
ii

l
i aaε (2.23)
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and 11)1( ++− −= l
ii

l
i bbε (2.24)

are the successive error estimates. Here i indexes the slabs and l is the iteration counter.

To proceed we Fourier analyze the errors by writing

ixjll
i e λλελε )(ˆ)( )()( ±± = (2.25)

where ( )λε
^

 is the magnitude of the Fourier component at wavelength λ .  By inserting

(2.25) in equations (2.21)-(2.22), we obtain
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where 1−−= ii xxh  is the slab thickness.  The iteration will reduce the successive errors

if the spectral radius of the matrix is less than unity.  The two eigenvalues of the matrix

are

01 =ω (2.27)

and
22

)cos(21 tht

r

+−
=

λ
ω  . (2.28)

The highest frequency errors that can be supported have h/πλ = , so we need to

consider Fourier components between 0 and h/π .  We consider two cases.  First thin
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slabs, for which there is little back-scattering and 1<<r .  For low-frequency errors,

0∪λ  and (2.28) becomes

12∪ω . (2.29)

For high frequency errors, h/πλ ∪  and (2.28) becomes

( )
.1

2 22 <<∪
−

= r
r

rω (2.30)

The results show that for thin slabs, the Gauss-Seidal iteration rapidly damps the high

frequency errors but does little to the low frequency errors.

Consider next the case of thick slabs for which 1∪r .  In this case,

12∪ω (2.31)

and the Gauss-Seidal iterations converges slowly.  This effect would cause problems in

the bulk regions of a device where thick slabs would likely be used.

We may illustrate these ideas for the bipolar transistor of Figure 2.4.  If we define

the residuals for the right- and left-directed fluxes as:

l
ii

l
ii

l
i

l
a brataR +−= −1 (2.32)

1'1'
1 +++ +−= iil

ii
l
i

l
b btarbR (2.33)

then we may monitor the convergence of the M-flux solution.  Fig 2.6 shows the

residuals as defined in equations (2.32)-(2.33), as a function of iteration, obtained from

two different slab thickness.  Clearly, the slab thickness corresponding to the smaller
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Fig. 2.6. Residual as a function of iteration for the bipolar transistor of Fig. 2.4.
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Fig 2.7. L1 norm of the change in the carrier density, ∆n/n, as a function of iteration.
Two cases are shown:  before (dashed line) and after (solid line) implementing
the acceleration
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channel back-scattering converges faster as was discussed above.  Nevertheless, both

solutions have well behaved convergence, proving that the convergence radius

corresponding to a slab thickness of 25Å and 50Å is less than unity.

Finally, in Fig. 2.7, we demonstrate the improvement provided by the acceleration

algorithm where we show the convergence of nn /∆  with and without implementing the

acceleration algorithm.  As demonstrated in Fig. 2.7, for a convergence criterion of 10-3,

the acceleration algorithm shaves off the number of necessary iterations by a factor of

~10.  Clearly, the number of iterations saved would be larger if we select the convergence

criterion to be tighter, which we chose to be 10-3 for this example.  The convergence

criterion is an important parameter that affects the computation time, particularly in self-

consistent simulations, where it is usually specified in terms of the change in the

potential.  Typically, in a self-consistent simulation, the M-flux solution and the Poisson

equation are solved sequentially and the sequence is repeated until the desired

convergence is obtained.  The acceleration algorithm reduces the number of iterations

each time the M-flux solution is obtained, therefore the total number of iterations will be

reduced by a factor 10 in a self-consistent simulation.  The real benefit, nevertheless,

should not only be stated in terms of the total number of iterations, but also in terms of

the CPU time.  Since it typically takes hours to obtain a self-consistent solution, the

acceleration algorithm would cut down the computer time to a remarkably low few

minutes.

2.6 Conclusions

In this chapter, we presented a highly effective acceleration algorithm which

speeds up the solution to the Boltzmann equation by a factor of ~10.  We discussed the

convergence properties of the solution method and identified conditions under which the

iterative solution method may not converge.  We demonstrated the acceleration algorithm

in one-dimension for a 1D transistor profile, but the benefit of this technique in two

dimensions, would even be greater.
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3. AN ASSESSMENT OF SIMULATION APPROACHES FOR

SILICON BIPOLAR TRANSISTORS: DRIFT-DIFFUSION AND

BEYOND

3.0 Chapter in Brief

In Chapter 2, we presented an acceleration scheme which helped to make the

Boltzmann solver significantly more efficient.  Our goal in this chapter is to apply the

Boltzmann solver to study transport in advanced (i.e., thin base) bipolar devices.  We will

use the solutions provided by the Boltzmann solver as a benchmark in this chapter, and

compare and assess the solutions provided by simpler approaches.

3.1  Introduction

The semiconductor industry relies on computer simulation programs to develop

new technologies, and as such, the accuracy of these models has great economic

importance.  There is currently a very large number of simulation programs in use which

implement a multitude of approaches; we have a clear understanding of how these

approaches are derived, and under what general conditions they are valid [Lau95].

However, there is little specific understanding of how various approaches compare to each

other when applied to a given technology (or even of how they should be compared).  Our

objective in this chapter is to address these questions in a specific context, computer

simulation tools for silicon bipolar transistors.  This chapter presents a methodology for

comparing simulation programs and applies the methodology to simulation tools for silicon

bipolar technology.  The results show some surprises and underscore the on-going need to

benchmark and assess device simulation programs.

The use of drift-diffusion transport equations, the most popular simulation method

for semiconductor devices, must be questioned for small devices because it relies on the

locality assumption (i.e., electric field does not vary abruptly within the device) which may

easily break down in modern devices [Lun90].  Non-local transport models, such as the

energy transport, do not suffer from this limitation and have been implemented in
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commercial packages [Tma94, Sil94].  Despite the increasing use of such models for

MOSFET simulation, they have not yet been carefully compared and assessed for bipolar

devices.  Although the models are usually “tuned” to produce agreement with Monte Carlo

simulations in specific cases, they are known to contain nonphysical artifacts [Ste93].

Because these models have been developed for MOSFET's, but are also used for bipolar

transistors, such an assessment is even more important for bipolar technology.  The Monte

Carlo technique, which is often used as the standard against which derived transport

models such as energy transport are gauged, is not well-suited to this task for bipolar

transistors.  The large emitter-base energy barrier and the stochastic noise associated with

the technique make it difficult to compare predictions quantitatively over a wide range of

biases.

This chapter presents a comparative study of drift-diffusion (DD) vs. energy

transport (ET) models for sub-micron bipolar devices.  To achieve this end, we have

developed a methodology (described in Section 3.2) which involves using realistic doping

profiles and not abrupt ones, and examining terminal characteristics and not internal

characteristics.  A key element of the methodology is the use of a “computational

benchmark” against which the validity of the derived transport models (DD and ET) is

assessed.  Our computational benchmark is a solution to the Boltzmann transport equation

provided by the scattering matrix approach [Ala93].  The methodology spans a two step

process consisting of calibrating the simulation programs to the same physical models and

subsequently comparing terminal characteristics.  Two representative technologies are

examined: a current generation device with a nominal 25∪Tf  Ghz, and a higher speed

generation with a nominal ∪Tf 55 Ghz.  A comparison of the terminal characteristics is

presented in Section 3.3.  In Section 3.4, internal characteristics are examined to explain

differences observed in terminal characteristics.  Finally, we close the discussion with a

summary and conclusions in Sec. 3.5.
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3.2  Methodology

The methodology consists of three different aspects.  The first is to select what

quantities to compare.  While it is common to compare internal quantities (e.g. average

velocity vs. position), it is the terminal characteristics that matter to circuit designers.  We

focus, therefore, on comparing a selected set of terminal parameters.  Second is to select

what device profiles to compare.  While it is common to compare model devices, it is more

relevant to compare realistic doping profiles that are being manufactured or explored in

research laboratories.  The final consideration is to select what simulation approaches to

compare.  For this study we selected drift-diffusion, because it is still the standard

technique in use, and the so-called energy transport model [Che92] because of its

increasing use.  As a standard of comparison, or computational benchmark, we used

scattering matrix solutions to the Boltzmann transport equation.  It has been common to

compare simpler, derived transport models to more accurate techniques such as Monte

Carlo simulation, but it is critical to ensure that each approach is modeling the same

physical problem.  For example, the bulk velocity vs. electric field characteristic used in the

DD model should be the bulk velocity vs. electric field characteristic computed by the

Boltzmann solver, not a measured characteristic which may be different.  In the remainder

of this section, we address each of these three issues in more detail.

3 .2 .1 . Quantities Compared

The objective of technology development is to provide devices to the circuit

designer.  As such, the relevant parameters for comparison are the terminal characteristics

deemed important by the designer.  While the particular suite of electrical tests will vary

from application to application, we chose the specific set listed in Table 3.1 which are the

most relevant parameters for RF circuit design.  In the first column , we list the terminal

characteristics which typically involves the simulation of a current or a parameter vs.

applied voltage, or DC collector current.  Circuit designers are interested in parameters

which capture the essence of the model.  Since these characteristics consist of a large

amount of data, we also extracted key parameters to capture this information.  Specifically,

IS  is the saturation current for the collector current, _o the common emitter (CE) current

gain in the constant gain region.  The parameter peakTf ,  is the frequency at which the cut-

off frequency is a maximum, and IHL is a measure of the on-set of high current effect,

which is defined to be the collector current at which the forward transit time is five times its

low-current value.   Note that while these extracted parameters sometimes have the same
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name as common circuit model parameters (e.g. a Spice model parameter), they are simply

defined here for our own purposes in order to capture aspects of the terminal characteristic

data in a single number.

Table 3.1

Examined terminal characteristics along with a list of extracted parameters

Terminal Characteristics Extracted Parameters

IC(VBE), IB(VBE)   [Gummel plot] IS , saturation current

β(IC)   [common emitter gain vs. IC] βo, maximum CE current gain

Breakdown voltage BVCEO

fT(IC)   [gain-bandwidth product] fT(peak), maximum fT

τF(IC)  [forward transit time] τFo, low current forward transit time

IHL , high current roll-off current

3 .2 .2 . Devices Compared

The second part of the methodology consists of selecting a set of devices for the

simulations.  We selected polysilicon emitter, npn transistors with metallurgical base

widths of 0.1 µm and 0.05 µm, representing two generations of high speed bipolar

transistors. The first device, which has metallurgical base width of ∪ 0.1 µm, is a

production transistor with an estimated peakTf ,  of ∪ 25 Ghz [Klo93].  The second

device, which has a metallurgical base width of ∪ 0.05 µm, has an estimated peakTf ,  of

∪ 55 Ghz.  Fig. 3.1 displays the vertical doping profile, AD NN − , for the second

transistor as a function of vertical distance.
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Fig. 3.1 Doping profile for the ∪peakTf ,  55 Ghz device vs. depth.
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3 .2 .3 . Simulation Approaches Compared

For this study, we examined three different approaches for simulating bipolar

devices:

1) Drift-Diffusion (DD)

2) Energy Transport (ET)

3) Scattering Matrix Approach (SMA)

The first approach (DD) is based on the conventional drift-diffusion equations,

while the second one (ET) additionally accounts for energy balance in the current equations

[Che92].  The third approach (SMA), solves for the carrier distribution function throughout

the device by directly solving the Boltzmann equation [Ala93] and therefore is the most

rigorous of the three.  The DD and ET approaches have both been implemented in the

commercial package, Medici [Tma94], which was used for this study.  For drift-diffusion

simulations, we also used Device [Sch91].  The significant difference between Device and

Medici was that Device uses the gradient of the quasi-Fermi level as the field in the field-

dependent mobility while Medici uses the electric field.  The ET simulations used an

uncoupled solution approach, which provided more reliable convergence that the coupled

solution approach.  We also note that the ET simulations reverted to DD for the AC

analysis; a small-signal DD AC analysis was performed about the DC ET solution.

The SMA program is a university research tool whose performance has been

demonstrated and refined in various bipolar studies over the past few years [Ste94].  The

scattering matrix simulation program, SMASH, resolves the electron distribution function

in detail but uses a simplified, one-flux approach (analogous to drift-diffusion) for holes.

It treats effective bandgap narrowing and recombination at the emitter contact.  The

program uses a spherical, non-parabolic energy band and uses scattering matrices evaluated

from a Monte Carlo program based on the work of Jacoboni and Reggiani [Jac83].  Other

details of the implementation are described in references [Ste1-94, Ste2-94].  Because it

represents the most rigorous solution we have available, the SMA Boltzmann solver serves

as the computational benchmark against which the DD and ET programs are compared.

Since our focus was on the intrinsic device, where off-equilibrium transport is expected to

matter and not on the parasitics, one-dimensional simulations were deemed adequate.
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3 .2 .4 Physical Parameters

Meaningful comparisons between different simulation approaches require that a

consistent set of material parameters be used.  The spatial grids should also be identical to

eliminate discretization uncertainties.  To treat effective band gap narrowing, a Slotboom-

type model with identical parameters for all three approaches was used [Kla92].  The

shrinkage of the band gap computed by this model was assumed to be divided equally

between the conduction and valence bands.  The contacts were assumed to be ideal ohmic

contacts, except for the emitter contact which was taken to have a finite surface

recombination velocity of 9x104 cm/s for minority carrier holes corresponding to a poly-Si

contact for holes.

The key transport parameter for the derived transport models is the carrier mobility.

For drift-diffusion simulations, the mobility model was an analytical one which relates

mobility to both doping density and electric field in an empirical fashion [Cau67].  The

doping dependence is given by

µ o (D) = µmin +
µmax − µmin

1 + D / Dref( )a , (3.1)

where D is the net doping and the other terms are model parameters selected to fit measured

data.  For the field dependence of the mobility,

µ(E) =
µ o

1 + µ oE||

υsat
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1/ β , (3.2)

where µ o  is the low-field mobility as evaluated from equation (3.1), E|| is the electric field

in the direction of current flow (or the gradient of the quasi-Fermi level for Device), and

υ sat  is the saturation velocity.  Meaningful comparisons required that the model parameters

in equations (3.1) and (3.2) be fit to the results of scattering matrix solutions to the

Boltzmann transport equation in a bulk semiconductor.  The resulting parameters are listed

in Table 3.2.

Table 3.2
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Caughey-Thomas mobility parameters for electrons.  These parameters reproduce the

results obtained for scattering matrix simulations of electron transport in bulk silicon.

Parameter Value

µmin 287 cm2/V-s

µmax 1341 cm2/Vs

Dref 2.8 ↔1018  cm-3

υ sat 1.03 ↔107  cm/s

β 2.0

In the energy transport model, the dependence of mobility on electric field is

supplanted by dependence on average energy (via the electron temperature), but its

dependence on doping remains the same.  The energy transport model also requires an

energy relaxation time.  Again, we evaluated the energy relaxation time vs. average electron

kinetic energy for electrons in bulk silicon using scattering matrix simulations.  While the

value increased somewhat for very low electric fields, it was approximately constant at 0.3

ps for larger fields.  This value was used in the subsequent energy transport simulations.

By these procedures, the three models were calibrated against each other.  All models were

then solving the same physical problem with differing levels of sophistication in the

transport model.  For more details of the device structure and modeling assumptions

readers are referred to [Nie96].

3.3  Results

In this section, we present simulation results for the two technologies considered

using each of the three simulation approaches.  This section concentrates on terminal

characteristics.  In the following section, differences in terminal characteristics are related to

differences in internal characteristics.

3 .3 .1 Device (a): ∪peakTf ,  25 Ghz

This device has a metallurgical base width of ∪ 0.1µm and has been in production

for the past few years; reference [Klo93] details the processing steps.  Some essential

circuit parameters obtained from DD and ET approaches are summarized in Table 3. This
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was the slower of the two technologies examined and, as expected, drift-diffusion and

energy transport agreed rather well to within 4%.  We made no attempt to perform

scattering matrix simulations because large differences were not observed.  There were,

however, some differences to note.  First, the agreement of the DC parameters, IS  and βo

was better than that for the ac parameters, the peak fT.  The higher value of peak fT  (or,

equivalently, the lower value of the transit time) predicted by the ET approach is directly

related to the overshoot of electron velocity, which occurs within the base-collector

depletion region.  In contrast to ET, the electron velocity in DD never

Table 3.3

Summary of results for device (a).  A 1 µm ↔1µm  emitter area is assumed.

Parameter DD (Device) DD (Medici) ET (Medici)

IS   (mA) 1.41 ↔10−15 1.40 ↔10−15 1.35 ↔10−15

βo
113 108 112

IHL 0.92 0.94 1.0

BVCEO 3.45 3.45 3.45

fT(peak)  (GHz) 26.6 27.6 33.9

τFo  (ps) 4.8 4.6 4.2

overshoots but is clamped to its saturation value, υ sat , within the high field collector space-

charge region.

Finally, because the device is being manufactured, experimental data is available for

comparison.  The measured gain is reported to be greater than 100, the peak fT to be about

25 Ghz, and the VCEO to be 3.5V.  These values are in good agreement with the

simulations.  We conclude that for devices of this type, drift-diffusion is generally

adequate.

3 .3 .2  Device (b): ∪peakTf ,  55 Ghz

As shown in Fig. 1, this device has a metallurgical base width of only ∪ 500Å; the

quasi-neutral base width is only ∪ 175Å wide. The mean free path,   l , for electrons in the

base can be estimated from   Dn = 2lυT / 3 , where Tυ  is the thermal velocity.  The
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estimated mean free path is ∪ 150Å, so this device has a quasi-neutral base width of about

one mean free path.  The simulated parameters for this device are shown in Table 3.4.  In

sharp contrast to the previous device, we found substantial discrepancies in the parameter

values computed by the various approaches.  Of particular interest are IS , βo , and peakTf ,

which are seen to be ∪ 20% higher in the ET approach as compared to DD. The increased

breakdown voltage in the ET model is expected because of the breakdown of the local field

assumption in the DD model.  The key question, then, is to determine which simulation is

more reliable.

We also performed scattering matrix simulations for this device which resolved the

position-dependent electron distribution function within the transistor.  From the carrier

distribution function, we evaluated internal parameters such as carrier density, velocity, and

energy within the device as well as terminal characteristics.  To obtain the peak Tf , we

used a quasi-static treatment.  Since the scattering matrix program used a spherical, non-

parabolic energy band description, breakdown was not treated.  The expected differences in

the DD and ET breakdown voltages could not, therefore, be examined, but the unexpected

differences in the other parameters could.
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Table 3.4

Summary of results for device (b).  A 1 µm ↔1µm  emitter area is assumed.

Parameter DD (Medici) ET (Medici) SMA (Smash)

IS   (mA) 1.43 ↔10−15 1.73 ↔10−15 1.47 ↔10−15

βo
95 122 95

IHL 3.8 4.0 3.8

BVCEO 1.4 2.6 N/A

fT(peak)  (GHz) 58.2 69.7 58.8

τFo  (ps) 2.4 1.9 2.4

Figure 3.2 and Table 3.4 compare the benchmark scattering matrix simulations with

those of drift-diffusion and energy transport.  Note from Fig. 3.2 that DD and ET predict

distinctly different β vs. IC and fT vs. IC characteristics, but the scattering matrix

simulations agree remarkably well with the drift-diffusion simulations.  Table 3.4 shows

similar results for the other parameters.  In general, when the DD and ET results disagree,

the scattering matrix results agree with the drift-diffusion.  One exception is the breakdown

voltage, where we expect the ET simulation to be more reliable than the DD simulation, but

SMA simulations were not available.  These unexpected results will be discussed in terms

of the internal behavior of the device in Sec. 3.4.  

3.4 Discussion

The key findings of these comparisons are that in comparison to DD, ET

simulations produce a higher collector saturation current (and consequently a higher _), and

a higher peak fT.  To understand these results, we examined the electron velocity vs.

position within the 55 Ghz device.  Fig. 3.3 shows the results for the entire device and for

the base region (see inset).  Note first that the ET model seriously over-estimates the

magnitude of the velocity overshoot peak.  Since ET models are routinely “tuned” against

Monte Carlo simulations, it is reasonable to ask how this can occur.  We speculate that it

occurs because the tuning is usually done for FET-like electric field profiles which are low

near the source and increase towards the drain.  In contrast, the base-collector electric field

is high where the electrons enter the base-collector junction and decreases as they travel

across the collector.  It is likely that ET models contain unphysical parameters (e.g. see


