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ABSTRACT

Title of Thesis:

UMDFET — A TWO-DIMENSIONAL GENERAL DEVICE SIMULATOR
AND ITS APPLICATION IN EPROM ANALYSIS

Name of degree candidate: Zezhong Peng

Degree and Year: Master of Science 1939

Thesis directed by: Jeffrey Frey, Professor of Electrical Engineering Department

A generalized single-electron-gas energy transport model for simulation of sub-
micrometer dimension GaAs devices is described, in which the effects of the heat
flux and the potential energy of the electrons in the upper valley are included. The
electron temperature includes the effect of introduction of the potential energy.
A numerical method for rigorous solution of the current continuity and energy
transport equations is presented. A two-dimensional general device simulator —
UMDFET was developed using some of the principles of the model and has been

used to simulate EPROM devices.
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Chapter 1

General Information

UMDFET (University of Maryland Field-Effect Transistor Simulator) [1,2,3,4,
5,6] is an newly developed, user-oriented, two-dimensional numerical device sim-
ulation program, which may be used for MOSFETs, LDD devices, MESFLTs,
IIEMTs and planar multi-layer structures. The device material can be Si, GaAs
or any other material for which a user can provide characteristics. Both a drift-
diffusion (DD) model and an energy transport (ET) model are available. In the
latter, the two-dimensional energy balance equations are rigorously solved, includ-
ing heat flux and diffusion terms, and impact ionization as well as the potential
energy of electrons in satellite valleys in compound semiconductors. UMDFET is

capable of simulating the performance and reliability of devices with deep submi-

cron channel lengths and under high bias operation.




1.1 User’s Guide

UMDFET is a friendly simulation program which can interact with a user, and
guide the user to a successful simulation.

UMDPFET has the following capabilities:

1. With the energy transport model, UMDFET can accurately simulate de-
vices with effeetive channel lengths below 0.1 micron. Such short.channel
effects as velocity overshoot and electron temperature lowering are accu-

rately described[1.5]). Refer to TM of OPTION ecard in Chapter 2.

2, UMDFET is able to calculate hot electron induced gate injection current
and substrate current [3,6). Refer to IG in OUTPUT card for gate current;
IMP and Tl in OPTION card and IMP in OUTPUT card for substrate

current.

3. User can easily specily materials, i.e, Si and GaAs, or any other material

whose characteristics are known. Refer to LAYER in Chapter 2.

4. Capability of analysis of planar multi-layer device structures enables user to
simulate conventional MOSFETs, LDD MOSFETs, MESFETs and HEMTs.
Refer to DEVICE, LAYER, PROFILE, IMPLANT and LDDIMP cards in
Chapter 2.

5. User can get on-line information on the UMDFET simulation process by
speéifs;ing PRINTLEVEL, so he/she can check whether the simulation is

processing properly.

6. Convergence at very high bias is good. Methods of global convergence check-
ing, 2D potential extrapolation and convergence refining are used to improve

convergence[2,3]. Refer to OPTION and END cards in Chapter 2.



7. User has good control of UMDFET in order to achieve optimum simulation

on a spccific problem. Refer to INTBIN, NREFINE, MCYCLE, ERROR
and PRINT in Chapter 2.

8. UMDFET has two kinds of simulation bias modes, i.e., an 1-V curve gen-
erating bias mode and an EPROM bias mode. Refer to BIAS and STEP.

9. UMDFET can usc previous UMDFET simulation resulls as an initial
guess for a new simulation. User can refine the convergence of a previous
simulation to any desired level, so that a hard-convergence problem can
be solved incrementally. Refer to INTBIN and NREFINE in OPTION in
Chapter 2.

10. Uscr has three options for mesh generation:

1) user defined mesh;
2) taking a mesh from UMDFET.INT; .
3) auto-mesh gencration.

Refer to MESII in Chapter 2.
11. Auto-mesh updating.

12. Versatile doping profile generation.

Refer to PROFILE and LDD in Chapter 2.

13. Good interfaces. Refer to UMDFET File System and Block Diagram.



DEVICE S'MULATION FOR 0.1 MICRON MOSFETS - Performance and Reliability

Jefirey frey
University ot Maryland. College Park, MD 20742

The Energy Transport {ET) method tor solution ot the Boltzmann {ransport Equation is
an ethcient and economical approach 19 the simulation of the pertormance and retiability
of devices with active lIengths aown 10 only hundreds of Angstroms  Trus method 1s rapid
enough, even with accuracy-ennancing measures taken. and when applied 1o two-dimenstonat
problems. 10 be used at an inavidual engineer’s workstaton

While oniginal ET oevice simulations were contined to use ot a symmetrical distribu-
tion tunction. current simufatons using this method either aad an aaditional moment equa-
tion, 1o account tor heat tiow. Or approximate the distribution tunctior with physicatly
reasonabte tunctions. We have aoopled the latter approach. and incorporaled the method
into our two-aimensional device simulation program UMDFET .| 1] 1 he distribution tunction we
use is an expansion in Legenare polynomals. 10 account tor a spnernically symmetrical and
an asymmetrical component. ang yielas energy asstripution tunction results very close 10
those obtained by MC simulalions--at a very small tracuon of the cost. In addition use
of this expansion atlows the £1 moment equahons 10 be expressed in very simple and easily
caiculaple torm.

We have used these methods in our two-dimensionat & | program 10 study n-channel
silicon MOSFET s with gate lengins between 0 05 ana 0.25 microns. With constant-neid
scaling. maximum electron temperature in these devices decreases sigmficantly as channel
lengih decreases. tor channel lengins less than (. 18 microns. Ths phenomenor., whichis a
result ot the decreased ratio of eleCctron fransit ime [0 energy relaxation ime as gate
lengins are shortened. indicales tnat snort-caar  2f devices can be more relilable than
simular long channel devices as ingicaled also by recent experiments. | 2}

Our short-channel ET simutations which require onty SUN-level workstations show that
not-electron refated MOSFE T reianinty problems should become less tireatening tor siicon
MOSFET s with very short channel lengins  I'hese simutations will be equally useul 1or
preaicting basic device pertormance 1aclors. as weli--it suiiapie proc " s-relaie-2 constants
can be obtained--as tor predicting asvice rehability

[11Z. Peng. "UMDFET A Two-adimensional General Device Stmulator and its Apphication in
EPROM Analysis™. Master s Thesis ot 1969, in the University ot Maryiand.

{2] G.G. Snahich, D.A. Antoniadis, and H 1. Smitn, "Reduction ot Channel Hot-tlectron-
Generated Substrate Current in Sub-150nm Channel Length St MUSFE [, IEEE Electron Device
Letters, vol 9. no. 10. p 497.1988




SUSCEPTIBILITY OF GALLIUM ARSENIDE AMPLIFIERS TO SINGLE PULSES OF INTENSE
MICROWAVE RADIATION

John H. McAdoo, W. Michael Bollen, Robert Seeley, Will Catoe
Missian Research Corp Newington, Va.
Jeffrey Frey
of Electrical

UmvemyufMaylmd.CoﬂcgePathd.

Gallium arsenide (GaAs) monolithic microwave integraled
circuits (MMICs) are starting 10 be inserted into milituy
systems becanse they are exmremely compact, light weight,
and bave low power requirements. Becaase of thar low
noise figore, the smallest and most sengitive of these de-
vices are expected (o find especially wide nse as receivers
for radar frequency signals and herein lies a problem. The
sobomeron mansistor elements have low heat capacity and
therefare it takes lintle energy to beat them to point of per-
manent damage. An aircrafl employing GaAs MMIC radar
receivers can expect to have the receivers damaged by 2
close approach 10 any powerful search radar. But even
worse, the incorporation of these devices into aur military
sysiems will give an enemy an inceudve to develop elec-
womagnetic directed energy systems capable of destroying
the small mansistors from ranges of several kilomaters, For
many applications it will be possible to protect the receiv-
ers by placing a conventional limiting diode betweea the
antemma and the receiver, However, for phased armay radar
the packing deasity of the individaal receiver elements will
have 10 be wo high to permit the inclpsion of macroscopic
power himiting aiodes and therefore a microscopic solution
for bardening the system mnst be found

Fgure 1 shows a typical experimental seaip ased
for determining susceptibility and for studying damage
mechaisins. The coegit is used 0 meesure the power
mput 1o the Gevice mder test (DUT), the oatput powex and
the power reflecied in the fundamental frequency and several
barmonics.,

Musowave radiation from a directed eonergy
weapon is expected to consist of a single intense micro-
wave palse lasting from 10 w0 100 os at 1 w 12 GHz with
an miensity on target as high as 1 Kw/cm? In the labora-
tory, we have simnlated this eavirooment by injecting sigle
puoises of radiafion into the imput pors of wproiected
devices. The testiug procedare to determme susceptibiliry
was similar for all devices. First & low-power pulse was
nsed 10 verify that the device was fimetioaing normally.
meats muil the device was damaged. Damage was ascex-
tained tirough varioas techuiques. In the carly tests, the
bias cuomrents, mwoise figwre and small signal gain were
measured after cach pulse. A change in noise figure of %
dB was a significant indicator of damage and was always
accompanied by a comespondingly significant redoction in
small signal gain. As the testing proceeded, it became
appareat that viszal mspection of the circuit 8t a magnifi-
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Figure 1

A typical experimeatal senip for sasceptihility tests and

bardening related smdies.
cation of abomt 500X often provided an even maore strin-
gent test for damage than efther noise figire or small sig-
nal gain, and therefore, in the later tests, we nsed culy
visal checks and changes in small signal gain as indica-
tors of damage.

Figure 2 exhibits the main resalts of our snscep-
tbility tests. It shows the device type vs the incident energy
in the polse that resolted in detectahle damage. The length
of the black bars is propartional to the average of all the
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Iast shots for the carresponding device type tested, while
the length of the grey bars is proportions] 1o the average of
all the penpliimate shots. If ope applies more incideat
eaergy than thar shown by & dark bar, the device will
probebly fail, bt if one applies less wian that shown by the
ey, the device will most likely survive, The Jdevice types
are abbreviated as follows: Power = GaAs MESFET power
amplificr, LNA = low poise amplifier employing GaAs
metal-semicondnctor Geld effect wansisor (MESFET,
HEMT = low noise amplifier employing high <.ectron
mobility transistars. Along the vertical axis, with the de-
vie types, is @ nomber. 7). that indicates the frequency
maich between the et frequency and the design frequency
of the device,

1=10 g [“— ”;). 1

where £, is is the st frequency, f, the design frequency
and Af the bandwidih The devices are listed in arder of
frequency match, with the worst match at the top. Amang
the low-naise amplifiers, oue can discem a wlight trend
wward greater sasceptibility as the frequency maich m-
proves. The relation is weak becanse the reflectivity of the
to-band devices increases with increasing incident power,
while that of the oat-of-band devices decreases. Thisis a
resolz of the power dependence of transisior impedance.
One low noise amplifier bucks the tread.  This employs a
Japanese traunsistor designed with a larger mumber of par-
rower gales than its Amexican counlerpans.

Focussing au the overall picture, the tests show
that GaAs MMIC and MIC devices fail at stress levels that
are ane arder of magnimde less than the goals set by ruilitary

planners, Especially worrisome are the results o devices
eoplrying high electron ruobility transistors (HEMTS).
These are mare susceptible by sn order of magnitude than
the cider metal field et ">t transistor techmology.

The susceptibility tests that indicated the problem
were largely completed in 1987. Although susceptibility
tests are continging as new devices are ma Xe available, onr
efians bave shifted towands research zimed at hardening
solmtions. ‘These salutions fall into two categorier tech-
niqocs that Emit the power uansmined © the sensitive-
MESFET gates, and wecimiques that enable the gates
withstand greater abuse. 'We have been focusing on the

Danage to £ MESFET gate frc.a 2 9GHz, 10ns pulse
at 360W.
latter categary by studying dsmage mechanisms.  Eary
smudies gsing photomicrographs of damaged gates (Figore
3) revealed that the coergy deposition is concentraied at
gae necks.  These results suggest that the comers of the
soarce and drain electrodes shoald be roonded to redoce
be added to spread the energy mare evenly over the vanions
paralell gate channelc

More recent wak employing spectroscopy and
high speed photographs of developing sparks bas revealed
a failire mode called rectification faitare commeon 10 GaAs
MESFETs. The mechamism resnlts in the destruction of
the rectifying pioperty of the Schottky junctions. A juoc-




tion that has so faile . can no longer block the flow of
cuzent in either direction and acts as ao ordinary chmic
resistor.  Catagtrophic failure follows fom amrent driven
by bixs volrages through the failed junction

Previoas investigators employing trains of lower
power pulses hac identified metal migmtion as 2 key fail-
ure mode for extended exposure to moderate levels of
microwave radiation'®. Bowever, we have found the fail-
e signatore W be different when daomge is cansed b~
single high power microwave pulses lasting for a time short
campared t» the thermal transfer time of a MESFET gate®.
In 1986 Anderson’ described a single pulse failare mecha-
nism called “snbsurfiace bwnout™ He based his arguments
on postmart~m observations of the sur.aces of the damagea

Recifi~ating falrre differs significantly from
snhaurface brrnont. We have ideatified rectificu Son failore
with 2 combination of disgnostic techmiqnes never before
iorought 10 Lear. High-speed photograpuy was ased to clock
the emission of optcal radiation afier the arrival of the
high power microwave palse, optical spectroscopy was
cmployed to determins the sowce of the oprical emissions,
and rf spectroscopy was applied (0 moaitor the generation
of harmoaics of the incidzat radiation as a function of time
during each test pulse. Devices tested incloded packaged
low-poise emplifiers, and power amplifiers.

The high-speed photograpos were obtamed with
an opical sreak camera. Figure 4 is a superposition of the
image of ne circuit with the streaked image of & spark that
barned at the point marked with tbe arow. The figure
shows that the spark first became visible abom 1.25 ps
anzd)camvalothemxcmwavcpuh: This is somewhat

i SRR

ﬁf,.'uww BT

Figure 4
Stex k photograph showing the time developmeat of a
spark oo a MESFET. The spark lasted longer thaa the
xf test puise that suppasedly geperated the spark.

remarkable considering that the nxcrowave pulse oaly lasted
for 80 rs. Even mare revealing is the growth in brightmess
of the spark for the remaing 6 ps of the sceak camera
sweep pexiod. The circnit shown in Fgure 4 was 2 power
amplifier fully biased for narmal operation. Rectification
failure occurred possibly throagh of heating of the Schotiky
Juncton. Afier the rf pulse had passed, the reverse bias po-
tentials were able tn drive cuments thet gradually heated
the gare 1o incandecence. This incandescence was re-
caded by th= streak camera as a spark of growing imten-
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Nitrogea line radiaton emined by & spark from en un-
biased device indicates an arc between electodes oo the
surface of the MMIC.

sity.

A spectrograph of the Eght emitted from a similar
device, Lewise biased for normal operation, indicated a
continuons specirom over the range of the field of view
(432 < waveleagth (A) < 632 nanometers). Figure 5 shows
spectrum obtaimed from an mbiased dc . The peaks in
the scan of miensity vs wavelength are cansed by bend
ewission from excited nitogen molecnles. The positioas
of the known bands are ideatified in the fignre. The close
agreeraent between the observed peaks and the kuown
wositions of the nitrogen bands is evidence that arcing occurs
between electrodes on the surface of the chip. A micro-
graph of the damaged region showed signs of mild beating
bat o anods-cathode pits comxranly a_sociared with arcs
between electrodes in air. ' We sarmised that of joole heat-
ing of the material in the high-field region of the gate neck
encouraged field emission of electhoas Iasting for some
fraction of the of palse.

Figure 6 shows the history of the rectified second
barmoaic emitted fram the inpes ; vt of the device on two
soccessive shots: the polse precew.g the damaging pulse,
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and the damaging pulse iself. Prior to damage, the ampli-
mde of ibe harmanics are proportional to that of the fom-
damental, but on the damaging shot, the barmaonics vanish
early while e fandamental continges on.  This is the
signamre of rectification failore. Harmonics are generated
by the chpping action of the gate umcion which acts as a
diode altemately driven inio forward conduction daring the
forward balf cycle and mto avalanche breakdown during
the mverse half cycle. When the junction ceases to act as
2 diode, the clipping action ceases and the harmonics vanish,
Microscopically, the cause of rectificaton faflure is still
wnknown. The juncion wmetallorgy mey be altered by
heating ar the pheoomenoa may be rehied 1o a type af
crent mode second breakdown observed by Van Lint et
aP. This year we have plans 1o study both possible canses
the metallurgy, using tumueling electron spectroscopy, and
the breakdown, using broad band video pulses in place of
the f palses used i the previous experiments.

While these stdies are i progress, we are ex-

.. 3P

ploiting the knowledgewe have gained on damage mecha-
nisms by heving some off-the~shelf MMIC amplifiers al-
tered 1o withstand greater incident energy. This first gen-
eration of kardened devices is scheduled for testing i Jaly
of 1991.
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Rectification Failure in GaAs MESFETs Subjected to Single Pulses
of Intense Microwave Radiation

John H. McAdoo, W. Michael Bollen, Robert Seeley, and Will Catoe
Mission Research Corporation
8560 Cinderbed Road
Newington, VA 22122

Jeffrey Frey
Department of Electrical Engineering
University of Maryland
College Park, MD 20742-3020

Rectification failure has been found to be a major high-power microwave fail-
ure mechanism in amplifiers employing gallium arsenide metal field effect transistors
(GaAs MESFETs). The mechanism results in the destruction of the rectifying prop-
erty of the Schottky juncticns. A junction that has so failed can no longer block the
flow of current in either direction and acts as an ordinary ohmic resistor. Catastrophic
failure follows from current driven by bias voltages through the failed junction.

Previous investigators employing trains of lower power pulses had identified
metal migration as a key failure mode for extended exposure to moderate levels of
microwave radiation (1-5). However, we have found the failure signature to be different
when damage is caused by single high power microwave pulses lasting for a time short
compared to the thermal transfer time of a MESFET gate {6). In 1986 Anderson (7)
described a single pulse failure mechanism called “subsurface burnout.” He based his
arguments on postmortem observations of the surfaces of the damaged devices.

Rectification failure differs significantly from subsurface burnout. We have
identified rectification failure with a combination of diagnostic techniques never before
brought to bear. High-speed photography was used to clock the emission of optical
radiation after the arrival of the high power microwave pulse, optical spectroscopy was
employed to determine the source of the optical emissions, and rf spectroscopy was
applied to monitor the generation of harmonics of the incident radiation as a function
of time during each test pulse. Devices tested included packaged low-noise amplifiers,
and power amplifiers. The tests proceeded by the direct injection of a single pulse
of microwave radiation into the input port of the device. The pulses typically lasted
for 100 ns. Testing would start at power levels too low to inflict damage and would
proceed with successively higher power pulses until damage was observed. Devices
were tested both with and without bias voltages applied.

1




ENHANCED RELIABILITY IN SI MOSFET'S WITH CHANNEL
LENGTHS UNDER 0.2 MICRON
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ABSTRACT

Simulations of n-channel silicon MOSFET’s with gate
ogths between 0.05 and 0.25 microns, performed using & two
mensional self-consistent energy transport model, show that
ith constant-field scaling maximum electron temperature de-
eases significantly as channel length decreases for channel
ngths less than 0.18 microns. This result, indicates that
10rt-channel! devices can be more reliable than similar long
sannel devices.

INTRODUCTION

Reduction in MOSFET channel lengths and consequent
icreases in pesk electric fields have led to reductions in de-
ice reliability through hot-electron effects such as threshold
oltage shift and pearasitic gate current. However, it is im-
ortant to realize increases in electron energy require not only
hat high electric fields be present, but also that sufficient scat-
ering events occur to randomize electron momentum and/or
mergy. As channel lengths are shortened, chances that such
nteractions are “sufficient” are reduced, and for a given field,
slectrans in a shorter device may acquire less energy-i.e. be-
;ome less “hot”- than electrons in a longer device. In fact, re-
sent experimental results indicate! that hot-electron induced
rubstrate current in Si MOSFET’s is reduced with channel
lengths less thig 0.15 micron. Therefore, the hot-electron reli-
ability problem may not monotonically become more severe as
thannel lengths are decreased.

In order to verify this apparent shorter-channel benefit,
and to quantify where beneficial results might be expected, we
have investigated the behavior of n-channel silicon MOSFET's
with gate lengths under 0.25 micron, using techniques which
yield true electron energies. These techniques are very efficient,
tonsuming only a few minutes of SUN 3/60 cpu time per device
bias point. Thus, submicrop device reliability predictions can
be made using an engineering workstation.

THEORETICAL TECHNIQUES

N-channel siicon MOSFET's with channel lengths
between 0.05 and 0.25 micron were simulated using the pro-
gram UMDFET.??® UMDFET self-consistently solves the Pois-
pon, continuity, and energy balance! equations in two dimen-
sions. Changes in electron energy due to acoustic and optical
phonon acattering, heat flow, and diffusion are included.

The devices in our computer experiment were designed so
as to keep the magnitude and shape of the lateral electric field
the same in all. Doping concentrations and bias voltages on
the gate and drain were therefore adjusted, as shown in Table
1. A maximum lateral electric field of 200KV /cm was imposed
on all devices. The gate and drain bias voltages for each device
were kept almost equal so that the transverse electric field was
negligible in comparison to the Iateral electric field near the
drain, where the electrons reach their maxamum temperature.
The ambient temperature for all of the devices simulated was
SOOK.

RESULTS

Sample profiles for lateral electric field at the surfaces of
three of the simulated devices, and the resulting curves of sur-
face electron temperature as a functon of distance from the
drawn gate edge, are shown in Figure 1. The results are
summarized in Figure 2. These results show that for channel
lengths below 0.18 micron the maximum electron temperature,
related to the maximum energy available to cause reliability
problems, decreases as channe! length is decreased. For chan-
nel lengths above 0.18 micron the maximw - :ctron energy
changes little. For very long channels elec..un temperature
is expected to approach a maximum value around 4300k, the
temperature reached in a constant 200KV /cm field 5

DISCUSSION

The electron temperature shown in Figures 1 and 2 is an
average quantity which is a measure of the “randomness” of the
electron energy, i.e., the spread of electron energies around an
average value. Thermalization, an increase in this randomness,
is caused by scattering events as the electrons travel through
the device. A higher electron temperature at any point implies
that more electrons have undergone randomizing collisions up
to that point. Some of the electrons may have, on balance, ac-
quired energy from the lattice; some may have lost it. Electrons
with epergies larger than the lattice temperature are “hot”. If
hot enough, these electrons cause reliability problems. In any
case, the average electron temperature (plotted in Figs. 1 and
2) is an indicator of the spread of energies to be found in the
electrons; the larger this spread, the greater the number of hot
electrons.

In a MOSFET electrons are accelerated by the lateral elec-
tric field over the length of the channel. If the channel is very
short, the field has only a limited time to act on the electrons,
and the electrons can suffer only a relatively few randomizing
collisions. However, as channel length is increased, the elec-
trons have time to reach a maximum value of energy (i.2., the
range of energies which they exhibit reaches some equilibrium
value). Figure 2 shows that this critical length is around 0.18
micron for the field profiles we have used. This is also the
value of channe) length at which velocity overshoot, a related
effect, has been shown to appear in short-channel MOSFET’s.®
A more complete discussion of the relationship of electron tem-
perature to device reliability has been given elsewhere’.

CONCLUSIONS

In very short-channel devices, the transit time of electrons
through the high electric field may be shorter than the en-
ergy relaxation time. When this bappens, the electrons do
not have enough time to fully exchange energy with the lat-
tice. The result is a lower average electron temperature than
would occur in a similar long-channel device. Hot-electron re-
lated MOSFET reliability problems should therefore become
less threatening for silicon MOSFET's with very short chan-
nel lengths, even if the electric fields and drain-source voltages
in these devices remain relatively high. For devices scaled as
those here, improvements should be noticed for channel lengths
under about 0.18 micron.
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L Nd Na x] tox Vg Vd
0.05 2.90el9 2.36e16 0.013 20 0.30 0.32
0.08 2.70el9 2.36e16 0.013 25 0.60 0.56
0.10 3.00el3 2.36el6 0.018 25 0.64 0.65
0.15 3.00e18 3.47¢16 0018 25 0.90 0.83
0.18 3.00e19 3.47e16 0.018 25 0.98 0.90
0.25 590e19 2.64el6 0.038 25 150 145

L=gate length

Nd=max. doping concentration at drain and source (cm-3)
Na=implant concentration in channel (cm-3)

xj=drain and source junction depths (micron)

tox=oxide thickness (nm)

Vg=gate bias (V)

Vd=drain bias (V)

Ve=Vb=0.0, where Vs and VD are the bias voltages of the
source and bulk (Device doping profiles obtained using
process simulator from MINIMOS. Drain and source
junctions are diffused As, channels are B ion implants)

Table 1. Device parameters of the simulated MOSFET’s.
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Figure 1. Lateral electric field (long dash short dash) and elec-
tron temperature (solid) profiles vs. distance from drawn gate
edge for (a) 0.05 micron gate length, (b} 0.15 micron gate
length, and (c) 0.25 micron gate length n-channel silicon MOS-
FET's.
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Figure 2. Maximum electron temperature at surface of chan-
nel vs. channel length for 0.05, 0.08, 0.1, 0.15, 0.18, and 0.25
gate length n-channel silicon MOSFET s with peak lateral elec-
tric field of 200KV /em. Error bars of +/-150K reflect under-
certainties in scattering parameters and simulation program
convergence tolerances.




Efficient calculation of ionization coefficients in silicon from the energy
distribution function
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A method for calculating impact ionization coeflicients by solving the Boltzmann transport
equation is presented. The distribution function is taken 10 be expressible as a Legendre
polynomial expansion, which is substituted into a Boltzmann equation that incorporates the
effects of nonparabolic band structure, deformation-potential phonon scattering, and impact
ionization. The resulting Boltzmann equation can be expressed in a linear form, and solved
using sparse-matrix difference-differential methods. lonization coeflicients are obtained
directly from the distribution function. Calculated values for the ionization coefficients agree
very well with experiment for electrons in silicon.




RELY: A PHYSICS-BASED CAD TOOL FOR TIME-DEPENDENT HOT-ELECTRON
INDUCED MOSFET RELIABILITY INVESTIGATIONS
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RELY, 8 new MOSFET simulaior for predicting hot-
electron induced degradagon problems is presented.  RELY
uses the distribution function calculated by solving the Energy
and Boltzmann transpon equations to allow prediction of the
tme dependence of gate-leakage cumrent, oxide charge
deposition, and device 1-V characieristics. Results agree with
experiment and Monte Carlo calculations, and are obtained in
only several CPU minutes.

We present here RELY, a novel, physics-based CAD 100!
for predicing MOSFET reliability problems. As device
dimensions continue o shrink, many forms of device
degradaton will be prevalent Gate-leakage current, threshold
volage shifts, and transconductance shifts, anising from hot-
elecron damage, are partcularly threatening; these phenomena
degrade device operanng characieristics over time, and may
ulomately lead to device failure. Models previously proposed
for predicing rebabilry problems, including the popular
Richardson’s Equation Method for emission over a bammier, are
ofien based on the incorrect assumption that the electron
distnbution funcoon is Maxwellian [1]. Other methods,
including Monte Carlo simulation, are more physically
rigorous, but require prohibiove amounts of CPU time, and are
thus inappropriate far use in most CAD tools for predicting
device rebability [2]

The new device reliability simulator, RELY, is both
physics-based, and compuuationally efficient RELY uses a
new, Transpon-Bolzmann Transpont Equaton (ET-
BTE) mode!. Since RELY is physics-based, the need for many
fiming paramcters, ofien associsted with predicting device
degradason, is eliminsted The ET-BTE mode! uses real device
physics — scanering mechanisms and ponparabolic band
structwre — W0 cajculate the average electron and the
electron distribution function throughout a device. By utilizing
this information, RELY predicts MOSFET gate-leakage current
and threshold voliage shift 10 ascertain their effects on device
operation i i i Excellent
agreement with expeniment is atiained; calculatons have also
been shown ©0 agree with Monte Carlo simulstions while
requiring less than 1/100 the CPU time w0 evaluate.

MODEL DESCRIPTION
EI-BIE Model

The ET-BTE mode! consists of five equations: the Energy
Transport equation (ET) (1), and the Boluzmann Transpon
equanon (BTE) (2), as well as the Poisson (3), continuity (4)
and current (5) equations.

% V-(nvw)=-envE+ n%(%i’

of(k) of(k)!
3 Eer Vi) = [T o’ [Tl.-v

VVy+(eE)Y@-n+N)=0
V. J=eR @)
Jo==e(pynVy~ D, Vn) 5

where y is the elecoostatic potential, n and p are electon and
hole concentrations, N is the net fixed charge density, R is the
net recombination fate, J,, is the electron current density (/, = -

env). v, &, E, f(k), Egp t,. and k, arc the electron average
velocity, electron sverage energy, electric fieid, dismibution
function, effective electnc field, energy relaxation time and
wave vector respectively. The subscripts ac and iv in the BTE
represent the effects of acoustic and intervalley phonon
scatiering on the distribution function.

To facilitate predicting time-dependent device reliability
problems, RELY calculates the change in  curmrents and
clectrostatic potential due to hot-electon degradation as a
function of operation time. To begin these calculations, the
initia] values (time t=0) for electrostatic potential and carmer
concentrations are provided by 8 2-D Poisson-continuity
equation solver, such as MINIMOS [3]. With concentration and
potential as imput, RELY then solves the energy balance
equation (1) in two dimensions. To solve equaton (1), & finite
difference (FD) scheme is applied  Discretization is performed
at boundary elements by modification of the FD farmulae using
the mirror image technique [4). This technique provides more
accurate use of equaton (1) by eliminating the typical
requirernent that  carrier and lamtice iemperanrres be equal a1 the
boundaries. Finally, a consant value for encrgy relaxanon
time, shown by Monte Carlo calculazions to be 2.6x10713 sec,
is used {5). The solution of equation (1) provides the sverage
electon energy as a function of the device's space coondinates.
Device regions of high electon energy are potential problem

sreas.
To find the disribution function s esch channcl
coordinate, the average energy found above is used in
icpnjumdorauq with oolu:au D«: the hanogcrl\:wsoﬁeld Bolmh;n‘
ranspont Equation (2). wis xity, we present
only s symbolic nﬁnnd:hcgﬁ. ithin RELY, the
homogencous-field BTE i formulated using Legendre
polynomials, while accounting for the effects of silicon’s |

8}
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nonparabolic band structure, intervalley and acoustic phonon
scanenng (6] The detils of the phonon collision integrals are
expressed in terms of deformation potential scanering theory.
Values for deformanon potentals are identical to those used for
Monte Carlo cakulasions [7]. To account for space dependence
an effective electric field Ey is used as input 10 equation (2).
E is oblained by mapping position-dependent average energy.
found from the solution to equation (1), to the cormesponding
electnc field an the homogeneous-average-energy versus
electric-field curve. This curve was caiculaied by Monte Carlo
analysis Ixforehand Afier inputing E4 RELY numenically
solves the BTE using the finite difference method.

The solutions 1o the above five equatons provide the
avenage cnergy and the electron distribution function throughout
the device, as well as the I-V chanctenistics.

Gale-Leakage Current

MOSFET gate leakage current appears when electrons
gain enough energy 1o surmount or tunnel through the oxide
barrier The magnitude of thermally-emiaed gate-leakage current
is gven by the number of electrons which are energetc enough
to surmount the oxide barmer, multplied by their respective
velocities in the direction of the oxide. Mathematcally this is
given as

Jl(x)tj e n(x) v,(k)F(x,k)djk 6)
ko

where Jo(x) is the gate current density, a(x) is the electron
concentration, k; is the minimum elecron wave veclor

necessary for surmounting the oxide barmer, v, (k) is the
electon velocity perpendicular o the interface, F(x.k) is the
space-dependent momenturn distributon functon.

By performing s great deal of algebraic manipulations,
which are made difficult by silicon’s elbpsoidal, nonparabolic
band structure, we convent the above equation to an explicit
expression for calculating gate current densiry in MOSFETs
[8]. This new expression is similar o Richardson’s equation for
thermal emission over a barrier. However, unlike Richardson’s
equation which is based on a Maxwellian, the new expression is
derived from the physics-based hot-elecoon distributon
function, which is found from the ET-BTE mode! described
above. This new exprcssion is

2xen(x) 1 +..3‘72]J f(xeypexde (7)

Jyx )———3——-( m,)
where m and m; are silicon’s transverse and longitudinal
effecive masses respectively, ¥(¢) is silicon’s nonparabolic
dispersion relation [7], @g is the oxide barrier height. f(x.€) is
the space-dependent energy distribution function, which has
units of cm?3,; it gives the probability of finding an electron in the
vicinity of energy ¢ and location x.

The effecs of barrier lowering and electron
wnneling are accounted for by adjusting the oxide barrier height
according to the following expression [9):

0 = 3.1-bE Lag )2 ®

E,, is the electric field in the oxide. 8 and b, which have been

determuned by comparison with experiment, have the values
1x1073 e{cm? V)3 and 2.6x1074 e(cmV)!/2 respectively.

RELY sumerxally integrates equation (7), while

inserting proper values for  €x) dewermined by the ET-BTE

method, 10 ascertain gate Jeakage current density as 8 function

of channel coordinate. Total gate-leakage current Il 15 obuined

by integratng J'(x) along the channel:
g
1 oWl J(x)dx 9
§ sL. ¢ ®)
W, is the width of the MOSFET gate. x, and x4 &re the source
and drain coordinates respectively.

Time

A small fraction of the hot electrons which surmount the
oxide barier become in oxide siates. The oxide charge
deposition gives rise o higher channel resistvity and increased
threshold voluage. and ultmawely affects the basic J-V
characteristics of the device. RELY predicts time-dependent
oxide charge buildup by using the following equaton which
describes the exponental relabonship berween the occupation of
oxide states, the gate current density, and the device sressing
time {9):

ox“)'zjvou [l-exp(—-'——)

where N, is the densny of type i oxide maps. N, (1) is the

number of oxide states filled at ime t, ©, is the cross section of
oxide trap i.

Using the previously calculated gawe current densiry,
RELY evaluates equaton (10) to predict values for oxide charge
accumulanon with time. The default values for trap densioes
and cross sections are {10]

g, = 1.711x10°V7, 0, = 8.81x10"17, 0, = 1.93x10716

Ny 1=9.65x101), N o = 9.43x10", N g3 = 1.14x1012

The trapped charge disributions in the oxide ofwen cause 2
localized ion on the potential and carner disgibutions
near the drain region of the device. This perturbation potential is
determined in two dimensions using the tme perturbation
method [11]. At time 1}, the Poisson's equation can be written
as

(10)

V-Vo (xy.) =p(x.y.4y) /€, . inoxide (11

V-V (xyt) =e(a—p’-N) /g, . insilicon  (12)
where f (x,y.1;) is the new potential because of the perurbation
caused by the trapped charges, a” and p” are the new electron
and bhole concentrations, p(x.y.hy) (= ¢ N (x,y.})) is the
trapped oxide charge calculated above.

The pew potential can be decomposed into a8 time
independent part and a time dependent part At time (;,

¢ (x,y.4)) = Yx.y) + u(x.y.yy)
where u(x,y.l;) is the perturbation potential at time t;.
We san with a potential distribution and electron
concentrations obtined from MINIMOS. Then, the
Kmvbmonpamnd is obwined afier substituting relasion (13)
to(ll)nnd(lZ).mdhnwmngdnmﬂnn;eqmms Afier
the perturbation potential is determined, local carrections are
made © the camier concentrations. In time, as mare charge
becomes trapped in the oxide, we penodically use the
penurbation method 10 re-evaluate the Pbmon md continuity
equations. At each iteration, inene\vlv chancteristics and
hruhddvolugednﬁnuhﬂmdmxtheupdmdpoenual
distributions and charge concentrations. The flow diagram of
RELY is shown in Figure 1.
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Figuwe | The Flow Diagram of RELY

To demonstrate the capabilides of RELY, we simulated
n-channel MOSFETs on a SUN deskiop computer. Fifun 2
shows energy versus position along the channel, areas o ¢
electon energy indicate regions subject w0  increased
degradation. Figure 3 compares distribution functions calculated
by RELY (Legendre polynomial technique), the Monte Carlo
method. and the Maxwellian dispibudon. While there is &r-od
agreement berween Legendre polynomual and Monte lo
techniques, the Maxwellian disagrees significantly over all
encrgics. Such agreement between Monte Carlo and Legendre
polynomial techniques indicates that the new ET-BTE method
docs indeed predict realistc values for distributon functon.
RELY predicts values for gate current which match very well
with experiment for over four order of magnitude as shown in
Figure 4. Unlike other models, which ignore the actual physical
mechanisms, RELY attains agreement for 8 wide range of bias
conditions, using the poorly-known phonon deformation
potental s its only adjustable parameter. When more reliable
values for these phonon-electron coupling factors are available,
we we likely wo render unnecessary the one fitting parameter
currently required by RELY for gate current predictons. Figure
S compares oxidk charging of the test device afier operation
times of 0.0!, 1.0, and 100 hours. Reasonable values for
emporal evolution of drain current have also been obuined as
shown in Figure 6. The presented method of oxide charging has
also been gpplied © simulair EPROM programming
chanactenistics and excellent agreement with experiment has
been obuained as shown in Figure 7 [12).
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ABSTRACT

Thus paper describes a novel technique, which
combines the attributes of the Energy Transpon and
Monte Carlo methods, for determining MOSFET gate
current that anses {rom electron heating in the device.
This method is based upon a non-Maxwellian hot-
electron distribution {unction found from Monte Carlo
simulation, and utlizes a physically-calculated average
electron energy. Calculated values for gate current of a
sample subnucron MOSFET device show reasonably
good agreement with experiment without the need for
any fitnng parameters.

INTRODUCTION

Hot electron inpxtion into the gate oxide is the
underlying mechanism largely responsible for MOSFET
gate leahage current, MOSFET performance degrada-
tion, and EPROM programming. To accurately investi-
gate these hot-clectron phenomena, the energy distribu-
uon function is needed. However, neither the conven-
tonal Drift-Dilfusion (DD) model nor the more complex
Hydrodynamic Encergy Transport (ET) model provide
the distnbution function. Therefore, much elfort has
been invested in predicting oxide inpction. Many
maodels previously proposed, including the popular
Richardson’s Equation method [1,2), are based on the
disputed assumption that the distribution function is
Maxwellian. Other approaches do not make such an
assumption, but are computationally too expensive to
by of day-lo-day use for device design (3.

In this paper we present a novel technique,
which couples the Energy Transport and the Monte
Carlo (MC) methods, to determine oxide injection and
MOSFET gate current. The merits of this new Energy
Transpuri-Monte Carlo (ET-MC) approach are: (1) it
incorporates  the semiconducior band structure and
scatlering mechanisms; (2) it requires less CPU time
than a standard MC analysis; (3) it uses a robust distri-
bution function tail population-enhancement scheme;
(4) it is a candidate for CAD applications.

" ET-MC MATHEMATICAL MODEL
The ET-MC is composed of a homogeneous-field
Monte Carlo calculation in conjunction with the Poisson
(1), continuity (2), current (3), and energy balance (4)
equations.

Vz\yﬁ--f-(p-n«»N):O %))
s
Vi, =eR Q)
Jp= -ea,nVy - D, Vn) (&}

rVu = ovE) - -2-V~(nvm) + ﬂ] “)
3n o coll
where n, p, ]n, 0, w E R By and D,l are the electron
concentration, hole concentration, electron current den-
sity, electron drift velocity, electron average energy,
electric field, recombination rate, mobility and diffusion
coefficient respectively.

ET-MC ALGORITHM

To evaluate the mathematical model described
above, we perform the {ollowing operations.
1. The electrostatic potential and carrier concentrations
within the device are calculated by a 2-D Poisson-
continuity equalions solver, such as MINIMOS or
UMDFET [4,5).
2. The average electron energy as a function of device’s
space coordinates is obtained by solving energy balance
equation (4) using the algorithm described in reference
[6). The electric field obtained from the above Poisson-
continuity solver is used as input to equation (4).
3. An cffective-eleciric field profile is then determined o
facilitate determining the space-dependent disiribution
function.
4. The space-dependent distribution function is ascer-
tained using homogencous-field MC simulations with
the effective field as input.
5. The gate current density is found by employing ther-
mionic emission arguments while using the newly-
calculated distribution function.

The novelty of this work is contained in steps J
through § which are described in detail below.




Effective-Electric Field Profile

To account for the effects of nonlocal
phenomena we define an effective-electric field profile.
We determine the effective-electric field by mapping the
average energy to the corresponding electric field on the
homogenevus-electric field versus average energy curve,
which is shown in Figure 1. After performing this
operation for each space coordinate, an effective field
profile is obtained. The space-dependent average energy
has already been found from the solution of energy bal-
ance equation (4), while the homogeneous-electric field
versus average energy curve was calculated by MC
analysis beforehand. The effective and the actual electric
field prodiles in the channel, parallel to the interface, are
shown in Figure 2.

Space-Dependent Distribution Function

For phenomena which occur in silicon on the
tne svale of the energy relazation time, the average
elaciron energy s an accurate pardmeter 0 use as a
guideline  for  interpolating  homogeneous-field
phenomena 1o space-dependent phenomena [7). We
utilize this concept to delermine the space-dependent
distnbution function from homogencous-ficld MC cal-
culations. More specifically, we first determine points
where average energy is greatest. We then perform
homogeneous-liedd MC simulations at each of those
points using the effective-clectric field values as input.

Calculating the High-Encrgy Tail of the Distribution
Funclion

To obtain the tail of the distribution function,
where the occupation probability is very small, we
divide our energy domain into high and low regions.
We first generate a distribution in the low energy region
where elevtron states are easily accessed. Once this
region is statistically well defined, ie., enough evenss
have occurred to make the curve that is well defined, or
simooth around this point, we need not generale any

more events in this region, it is considered known.
Now we start the electrons at the next energy region.
This region begins at the highest energy point where
this initial distribution function is well defined. We let
this stage of the Monte Carlo proceed as usual, but
when the electron energy falls below the energy break-
point we have picked, it is thrown away and another
electron is started again at this breakpoint. The part of
the distribution function generated by this sequence of
events must now be properly weighted with respect to
the initial distribution function. This is easily done,
because we already know the ‘correct’ probability of an
occurrence at the energy breakpoint from the initial dis-
tribution function. Thus, we match values for the dis-
tribution function at the breakpoint. This maiching is
accomplished by mulliplying all of the probabilities in
the low probability region by a single weighting factor.
We can extend the distribution function to higher and

higher energies, or lower and lower probability regions,
by iterating this scheme many times.

This process may be more easily understood in
mathematical terms. If N,(€) is the occupation number

in the initial easily-generated energy histogram at an
energy €, N,(€) is the number obtained at energy € in

the tail, and ¢, is an energy breakpoint, then the weight-
ing at each energy breaipoin: is periaTes af dullows

LForezg
N(eX=N, (e}+N,(¢) &3]
2. For € 2 ¢, multiply each such N(c) by the weighting

facior
‘ hd Nl(tl)
W) = e~ Nye)

3. The unnormalized distribution function is then given
by

(6

(7a)

(7b)

Fe) = N,(e) £Sy;

F(e) = N(e)W(e)

Gate-Leakage Current Calculation

MOSFET gate leakage current appears when
electrons gain enough energy to surmount or tunnel
through the oxide barrier. The magnitude of thermally-
emitted gate-leakage current is given by the number of
electrons which are energetic enough to surmount the
oxide barrier, multiplied by their respective velocties in
the direction of the oxide. Mathematically this is given
as

Czt“

1w = ‘f entx)o,(IF LMk ®)

¢
where lx(x) is the gate current density, n(x) is the elec-
tron concentration, k; is the minimum electron wave
vector necessary for surmounting the oxide bamier,
v,(k) is the electron velocity perpendicular to the inter-
face, F(x k) is the space-dependent momentum distribu-
tion function.

By performing a great deal of algebraic manipu-
lations, which are made difficult by silicon’s ellipsoidal,
nonparabolic band structure, we convert the above
equation to an explict expression for calculating gate
current density in MOSFETs [8). This new expression
is similar to Richardson’s equation for thermionic emis-
sion over a barrier. However, unlike Richardson’s equa-
tion which is based on a Maxwellian, the new expres-
sion is derived from a physics-based hot-electron distri-
bution function, which is found from the ET-MC simu-
lation described above. This new expression is

2xen(x)m,m 12
.= (i 1 . 2
8 3]1-3 m[lfz m“lz

J fix.ende)de (9)
*




where m, and m, are silicon’s transverse and longitudi-

nal effective masses respectively, () is silicon’s nonpar-
abolic dispersion relation, ¢p is the oxide barrier height.
fix£) is the space-dependent energy distribution func-
tion, which has units of cm3; it gives the probability of
finding an electron in the vicinity of energy € and loca-
ton x. The effects of Schottky barrier lowering and elec-
tron tunneling are accounted for by adjusting the oxide

barrier height according to an empirically determined
algorithm [9]. Values for J (x) are determined by
integrating equation {9), while inserting proper values
for f{ex) determined by the ET-MC method. Total
gate-leakage current Ig is oblained by integrating ]g(x)

along the channel,

RESULTS AND DISCUSSION

We demonstrate the new ET-MC method with a
calculation of gate leakage current arsing from an n-
channel MOSFET with 0.9um efflecuve gate lenygth using
a SUN deshtop computer. The dispersion relation and
scattering coupling factors are taken from reference
{10]. Figure 3 shows energy versus position along the
channel; arcas of large electron energy indicate regions
subpect 10 increased degradation. The distribution func-
gon at channel coordinates 1.045um and 1.061um,
corresponding  to  effective-eleciric field values of
202kV/em and 237kV/am are plotied in Figure 4. The
excellent resolution in the high-energy region of the dis-
tribution function, demonstrated by the smooth curves
in Figure 4, is attributable to the tail population-
enhancement method discussed above. The electron
energy distribution functions are muluplied by the
density of states and normalized to unuty. Values calcu-
lated for gate current using the presented ET-MC
method and Richardson’s equation are compared with
experiment as shown in Figure 5. Figure 5 shows rea-
sonably good agreement with expeniment is obtained
using the ET-MC method without the need for any fit-
ting parameters; Richardson’s method is in error by
approximately 8 orders of magnitude. While reason-
ably good agreement with experiment was attained, we
belivve our miethod will be even more accurate when an
even more detailed MC program is used. Furthermore,
calculation times can be significantly reduced by pro-
viding a database of distribution functions, each
corresponding to diiferent elfective field value.

CONCLUSION

In sum, a new MOSFET gate injection current
calculation method which combines the atiributes of the

MC and ET techniques is presented. Calculated values
for gate current agree with experiment without the
need of fitting parameters. The method allows for excel-
lent resolution of the high-energy tail of the distribution
function. Furthermore, the ET-MC mode! requires less
CPU time than standard MC methods, and is therefore

appropriate for use in the computer aided design of
semiconductor devices, especially after establishing a
database of distribution functions.
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