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EVALUATION

This project was proposed to RADC by the former MOSTEK Corporation in
response to a general PRDA announcement on Failure Mechanisms in
Microelectronics. An important, attractive feature of the contractor's proposed
effort was his intention to do a study of the "latent" physical defects in thin film
silicon dioxide test capacitors, in addition to the usual electrical lifetime
characterization. This he did, using TEM surface replica imaging and biased EBIC
sample current imaging.

The effort involved study of the time dependent dielectric breakdown
characteristics of oxides of 200 Angstrom, 100 Angstrom, and 50 Angstrom
thickness under constant current stress. Current and temperature were
the main stress variables used. The test vehicle was a small (less than .00l square
centimeter) poly silicon/silicon dioxide/silicon capacitor fabricated with a process
similar to that used in commercial dynamic random access memory (DRAM)
products. The test matrix included 34 wafers of test capacitors, arranged in |7
cells, with about 1200 individual capacitors per cell.

An automated wafer level system was used to control stress and log data.
Sample voltage was monitored during stress, and C-V curves were taken initially
and after partial stress. Lifetime statistics, trapped charge density, and trap
generation rate were extracted from the data. An attempt was made to correlate
electrical test results with physical characteristics of the films, such as latent
defect type, density and location, as determined by transmission electron
microscope (TEM) surface replica imaging and electron beam induced current
(EBIC) unbiased and biased sample current imaging techniques, which were done on
both stressed (failed) and unstressed samples.

Qualitatively, the 50 Angstrom films exhibited about 10 times lower trap
generation rates and correspondingly lower trapped charge densities at failure than
the 200 Angstrom films. The 50 Angstrom films also had lower latent defect
densities, especially at the gate/field oxide periphery. (Section 6 summarizes
conclusions).

Most of the raw data from this experiment is available on mag tape. At
another time, further analysis may be done to look more carefully at lifetime vs.
wafer position, early vs. main population failure modes, and failed vs. surviving
capacitor electrical characteristics.

S

?c,.,\-.s.\ﬁ Ny
DANIEL J.BURNS
Project Engineer
RADC/RBRP




TABLE OF CONTENTS

Section Title Page
1.0 Introduction . . . . . . ¢ ¢ i i i i 4 e e e e e s« 1
2.0 Experimental Design . . . . . . . . . ¢« ¢ 4 4 o« o . 3
2.1 Scope of the Project . . . . . . . . . ¢ + « +« . 3
2.1.1 The Object of the Experiment . . . . . . . 4

2.1.2 Background Research . . . . . . . . . . . 4

2.1.3 Stress Factors . . . . . . +« ¢« ¢« ¢« ¢« « « . 4

2.1.4 Evaluation of the Data . . . . . . . . . . 5

2.2 The Hadamard Matrix . . . . . . . . . +« . « « « . 6

2.3 Stress Factors . . . . . . . . . .« . 4« o . v . 6
2.3.1 Electrical Stress ~- Time Dependence . . . 6

2.3.2 Radiation . . . . . . . . . . 4 4 s e 4 . . 6

2.3.3 Elevated Temperature . . . . . . . . . . . 9

2.3.4 Electrical Stress -- Currents 9

2.1 Electrical Characterization . . . . . . . . . . 9

2.4.1 The Electrical Stress and Characterization

Technique . . . . . . . ¢ . . « ¢ ¢« o+ . 9

2.4.2 Prober Hardware . . . . . . . . « +« « « « « 9
2.4.3 Prober and Test Software . . . . . . . . . 10

2.5 Physical Characterization . . . . . . . . . . . . 10
2.5.1 TEM Replicas . . . . . . « .« « « ¢« « « . .10
2.5.2 SEM Signal Current . . . . . . . . . . o .11

3.0 Sample Preparation and Test Set-Up . . . . . . . . . 13

iii




Section

TABLE OF CONTENTS

Title

3.1 Introduction . . . . . ¢ ¢ v 4 e e o

3.2 wafer Fabrication . . . . ¢« ¢ ¢ ¢« o o

3.2.1 Capacitor Growth Cycle . . . . .

3.3 Electrical Test Set-Up . . . . . . . .

3.4 Electrical Test Set-Up Software . . . .

4.0 Electrical Measurements and Stress Results . .

4.1.1

Electrical Measurement and Stress
Results . . . ¢ .« v v ¢ ¢ o o o .

Pre-Stress Testing . . . . . . . .

.2.1 Pinhole Test . . . . . . . . .
.2.2 Pre C-V Testing . . . . .

.2.3 Oxide Thickness Determination

Oxide Stress Parameters . . .
Post Stress Testing . . . . . . .

Results and Discussions . . . . .

.5.1 Delta VFB . . . . . « « « « .
.5.2 % BVT e e e e e e e e e e
5.3 PT . v v v e e e e e e e e e

.5.4 % Tot Fails

.5.5 Ebd . . . . . .

.5.6 T10, T16, T50 . . .

.5.7 Time-to-Fail Dependence . .

.5.8 Field Breakdown Dependence

Page

. 27

32

32
32
32
32
34




Section

TABLE OF CONTENTS

Title

4.1.5.9 Time-to-Fail . . . . . . . . . .

4.2 Wafer Defect Mapping . . . . . . . . . . .

4.2.1 Introduction . . . . . . . . . .
4,2.2 Analysis e e e e e e e e e e e e

4.2.3 Discussion . . . . ¢ ¢ v 4 e v o .

4.3 Charge Trapping . . . . . . . . « « « + . .

4.3.1 Theory and Methodology of Charge
Trapping Analysis . . . . . . . . .

4.3.2 Analysis of Data Concerning Charge
Trapping Characteristics .

4.4 Statistical Analysis . . . . . . ¢ ¢ ¢ .+ . .

4.4.1 Factorial Analysis . . . . . . .

Page

40

57

4.4.2 Characteristics of Factorial Experiments 57

4.4.3 The Design and Analysis of 2-Level
Full-Factorial Experiments . . .

4.4.4 Guidelines for Designing 2-Level
Full-Factorial Experiments . . .

4.4.5 The Analysis of the Measured Data

4.4.6 The Design and Analysis of Screening

Experiments

4.4.7 The Matrix Applied to Cumulative Percent

Fails and Charge Trapping .

4.4.8 Analysis of Cumulative Percent Fails in

Time as an Output . . . . . . . .

4.4.9 Analysis of Charge Trapplng Propertles

Nt and G as OQutputs

7

.

62

63

70

.71

72




Section

TABLE OF CONTENTS

Title

4.4.10 Summary of Statistical Results .

5.0 Physical Analysis . . . . . . . . . . .+ . . .

5.1 Electron Beam Induced Current Analysis.

5.1.1 Introduction . . . . . . . . .
5.1.2 Analysis. . . . . . « « ¢ o o . .
5.1.3 Observations. . . . . ¢« v « « « o

5.1.4 Results and Discussions . . . .

5.2 Oxide/Si Surface Morphology Examination

by TEM. . . . . . . . . . e e e
5.2.1 Introduction. . . . . . . . . . .
5.2.2 Analysis.

5.2.3 Results . . . . . . . . . . « . .

5.2.4 Discussions and Summary . .

5.0 Conclusions e e e e e e e e e e e e

AL

[\9]

4

Conclusions from the Electrical Data

Conclusions from the Physical Data
(TEM Replicas)

Conclusions from Physical Data
({SEM Signal Current) . . . . . . .

Recommendations . . . . . . . .

References . . . . . . . .« « . .

The Appendix

vi

Page

101
116
116

117

117
117
119
121




Figure

4.1A
4.1B

4.1C

FIGURES LIST

Title

Test Structure . . . . . . . . . . o . .
Capacitor Growth Cycle . . . . . . . . .
Test System . . . . . . . . . . .

Vg vs. Time (During Oxide Stress) .

Vg vs. Time (During Oxide Stress) . .
Pre/Post Oxide Stress C-V Curves . .

I-v Plot of Oxide Tunneling Current
Voltage at Fail vs. Time of Fail . . . .
50% Failure vs. Breakdown Field

TTF Plot (Cumulative % Fail vs. Log Time)
200 Angstrom Wafer Map

50 Angstrom Wafer Map

Typical Delta Vg vs Time Data (200 Ang.)
Typical Delta Vg vs Time Data (50 Ang.)

Illustration of Heavy Electron Trapplng
Just Prior to Breakdown ..

Illustration of Instantaneous Hole
Trapping . . . . « « .+ « « .« . .

Example of the 10X Difference in the
Density of Trapped Charge for 50 and
200 Angstrom oxides e .

Example of the 10X Difference in Trap
Generation Probability for the 50 and
200 Angstrom Oxides e e e

g m
=
D

ect of Temperature on Charge Trapplng
perties of 50 Angstrom Oxides

vii

Page
15
17
19
26
26
26
28
31
33
35
37
39
42
43

44

45

47

48




Fiqure

4.

0l

(2]

(W]
.

w

.15

.16a

.16b

.17a,b

.18

—

[\o]

.
J

)Y

Title

Effect of Temperature on Charge Trapping
Properties of 200 Angstrom Oxides . . .

Effect of Temperature on Charge Trapping
for Different Current Densities for the
50 Angstrom Oxides-Density of Trapped
Charge . . . . . « ¢ o o 0000 e e

Effect of Temperature on Charge Trapping
for Different Current Densities for the
50 Angstrom Oxides-Trap Generation
Probability . . . . . . . . . . .

Effect of T2mperature on Charge Trapping
for Different Current Densities for the
200 Angstrom Oxides-Density of Trapped
Charge and Trap Generation Probability

Effect of Injected Charge Density on
Charge Trapping of 50 Angstrom Oxides

Effect of Injected Charge Density on
Charge Trapping of 200 Angstrom Oxides

Depiction of Three Factor Experiment . .

Two Factor Example Showing Interaction
Effects . . . . . . . o o . L.

Example of Curvature
Signal Current Circuit

Photo 1 Cell 4 WwWafer 27 Secondary
Electren Image . e e e

Photo 2 Cell 4 Wafer 27 Signal Current
(EBIC) Image .. e e e e e

Photo 3 Cell 3 wWafer 37 Secondary
Electron Image e e

Photo 4 Cell 3 wWafer 37 Signal Current
(EBIC) Image . e e e e e

5 Cell 5 wWafer 1 Secondary
tron Image e e e e e

viii

Page

50

51

52

53

55

56
60

61
64
81

85

86

87

88

89




(9]

(S)]

Ut

W

wl

A

1,0

.10

.11

.12

.13

.14

.16

f—
~l

.18

Title

Photo 6 Cell 5 Wafer 1
(EBIC) Image . ..
Photo 7 Cell 1 Wafer 23
Electron Image .
Photo 8 Cell 1 Wafer 23
(EBIC) Image . .

Possihle Propagated Crystal Defects

55,714x

Cell 7 Unstressed Oxide

50 Angstrom Tox -~ More Pittlng

Replica 55,714x

Cell 13 Unstressed Oxide

Signal Current

- - . . . .

Secondary

Signal Current

Replica

No Radiation

Radiated

50 Angstrom Tox - Less Plttlng

Replica 55,714x

Cell 2 Unstressed
200 Angstrom Tox -
Replica 55,714x

Oxide

Cell 9 Unstressed
200 Angstrom Tox -
Replica 55,714x

Oxide

Cell 16 Unstressed
Stress 50 Angstrom
Replica 55,714x

Cell 11 Unstressed
Stress 50 Angstrom
Replica 55,714x

CTell 2
Stress 200 Angstrom Tox -
Replica 55,714x .

Less Pitting

No Radiation

More Pitting

Radiated

Oxide 30 Degrees Celsius
Tox - More Pitting
Oxide 125 Degrees Celsius
Tox - Less Pitting

Unstressed Oxide 30 Degrees Celsius

More Pitting

Cell 2 Unstressed Oxide 125 Degrees Celsius

Stress 200 Angstrom Tox -
Replica 55,714x .

Shadowing Difference
A. PLnjection
B. Depression

enetal View of Overshadowing

G
A. Bubble Artifact
B. Acetate Contaminant

ix

Less Plttlng

Replica 55,714x

Replica 55,714x

Page
90
91
92

99

102

103

104

105

107

108

109

110

114

115




Ul

wul

(W2

o

ul

(21

(s3]

LIST OF TABLES

Title
Hadamard Experimental Matrix . . . . . . . .
Wafer Process Flow . . . . . .+ +« « & « o «

Experimental Thickness Ranges

Argon : Oxygen Ratios . . . . . . . . . . .

Summary of Electrical Test Set-up . . . . .
Electrical Test Routines . . . . . . . . .
Input / Output Table

Coded Design Table

Decoded Design Table . . . . . . . . . . .

Computation Table for Factor Effects Related
to Cumulative Percent Fails at 1 Second

Values used in Calculating the MSF

Computation Table for Factor Effects Related
to Charge Trapping for 50 Angstrom Oxides

Computation Table for Factor Effects Related
to Charge Trapping for 200 Angstrom Oxides

Instrument Parameters

Thin Oxide EBIC Observations . . . . .

EBIC Observation Summary . . . . « « « + .+« .
TEM Data and Trend Summary . . . . .« . . . .
TE!N Data and Trend Summary Continued

Overall Pitting Trend for Unstressed 50 and
200 Oxides e e e e e e e e e

Overall Pitting Trend for stressed 50 and
200 Oxides

Page

14

16
20
22
29
66
67

73
74

76

78
82
83
84
111
11la

112

1i2a




ACKNOWLEDGEMENTS

This work was supported by Air Force Systems Command,
Air Development Center, Griffiss Air Force Base, New York
under Contract No. F30602-85-C-0164. The authors
gratefully acknowledge Sharon Cummings for her work in
producing the signal current micrographs, Chuck Davin for
his modification of the Auger stage for use in the signal
current work, Margaret Jarvis for her dark room work in
printing the many TEM micrographs, Ric Stone for his help in
the statistical analysis and Tim Turner for his input in the
signal current analysis and other work. The authors would
also like to thank Dennis Gonsalves and Bob Banks for their
encouragement and management support in this project.

xi




Time Dependent Breakdown of Silicon Dioxide under
Constant Tunneling Current Stress

1.0 INTRODUCTION

The scaling of microcircuits in order to achieve higher
packing densities and performance {1] has resulted in the
introduction of scaled oxides on the order of 100 Angstroms
thick or less. This document contains a study of time
dependent breakdown characteristics of oxides in the 200
Angstrom, 100 Angstrom and 50 Angstrom thickness range under
constant current stress.

A Hadamard matrix technique has been used to study the
effects of constant current electrical stress, oxide
thickness and its interdependence with the accelerating
variables time dependence, radiation effects and elevated
temperature on charge trapping and oxide breakdown. An
attempt was made to gain some understanding of the
fundamentals of the oxide-silicon interface characteristics;
as well as, the nature of latent defects and their
development in the oxide. A goal was to gain some
understanding of oxide defect interaction with these
acceleration variables. One of the main objectives of the
study was to develop a mathematical model expressing the
effects and interdependencies of the test wvariables on
charge trapping and oxide breakdown.

An automated prober system with computer control of
electrical stress, temperature stress and computerized data
aquisition and analysis of the electrical data was used in
this study. The system and software will be discussed in
the experimental set-up section of this document.

The computerized aguisition and analysis of data and
the use of the Hadamard matrix analysis technigue allowed
for the analysis of a large data base in a short period of
time.

The test wvehicle for this work included oxide test
capacitors arranged with two test wafers per cell, 1200 test
capacitors each cell. The test capacitors are of small area,
less than 0.001 sguare centimeters 1in area and are oxide
test wvehicles of the type wused £for oxide feasibility
studies. The fabrication process used to produce these test
capacitors was that similar to
the rprocess wused to produce commercially available dynamic




random access memories (N polysilicon/(silicon-dioxide)/P
silicon).

Physical, as well as electrical analytical techniques
were used in the characterization effort. These techniques
included TEM replication [2] of the capacitor oxide surfaces
of electricaly good and failed test capacitors and SEM
signal current (with and without negative bias) study of
some of the good and failed oxides of the cell capacitors;
the Si substrate under some of the cell capacitors was
replicated to study any relationship between Si defects and
defects in the capacitor oxides. '

One of the objects of this investigation was to attempt
to physically image latent defects or the physical effects
of these latent defects in the oxides wusing TEM replicas
and/or the SEM signal current technique and to relate what
was detected in the physical data to what is observed in the
electrical data. Other techniques, such as liquid crystal
detection of high current points, can be used to image areas
drawing high current in thin oxides; [3] however, it was
hoped that signal current imaging would provide lower
current detection limits than other methods.

Another object was to study the effects of and
interactions of the several stress variables on the rate of
trap generation and oxide breakdown and to study the
relationship between this and the development of and/or
activation of early life failures and latent defects in the
oxides and to draw a mathematical conclusion expressing the
effects and interdependencies of these test variables on
~harge trapping and oxide breakdown.

The replica technique has been used with the voltage

ramp method of stressing oxides to image defects in the
nxides in the past {4]; therefore, it is a logical technique
to use in the evaluation of oxides under constant current
stress. Differences between what was detected with oxides
stressed wusing the voltage ramp method and oxides stressed
under ccnstant current were observed.

Some of this data was presented to RADC in the two oral
presentations (5]. Three physical defects could be detected
using this technigue, round pin heoles, larger areas that
seemed to be thin areas in the oxide and oxide defects
that looked like two small marks in the oxide. When the
substrate Si under the oxide was replicated, it was seen that
the "twn mark" defects were related to material defects in
the Si substrate [6].




One might expect the constant current stress method to
yield different results, and it did. 1In general, the three
physical defects seen in the voltage ramp method were not
seen in the constant current stress method.

It was determined that signal current with no bias
would not show the oxide defects; therefore, a variable
negative bias was applied to the substrate so that the image
of the oxide defects was enhanced (the technique will be
expounded upon in the experimental set-up and physical
analysis sections).

This work represents the effort of several persons in
the Advanced Technology Group and Reliability Group at
SGS-Thomson Microelectronics over a 2 year period. Thanks
are expressed to all persons involved in the effort over the
last two years.

We hoped to explore some new areas in this study and
develop a <clearer understanding of the physics of these
ultra-~-thin oxides.

2.0 EXPERIMENTAL DESIGN

The experiment was designed to be run wusing standard
VLSI test vehicles of a type wused in development work
involving DRAMs. The test vehicles have been designed to be
tested with an automated stress and characterization system
to yield data for evaluation of the effects of the several
stress factors wused in this experiment on the integrity of
the thin oxides in the test vehicles. The development of
latent defects in these test vehicles was monitored using
analytical methods that can provide relationships between
the integrity of the oxides wunder test and the stress
factors.

The fabrication and structure of the test vehicles will
be more fully covered in the sample preparation section of
this technical report.

2.1 SCOPE OF THE PROJECT

The scope of the project 1is the study of defects
produced in thin oxides in the three thickness ranges, 50
Angstroms, 100 Angstroms and 200 Angstroms, wunder constant
current stress, and the evaluation of the processes involved
in ultra-thin silicon dioxide breakdown.




The effects of and interaction of oxide thickness,
constant current stress, temperature, time and radiation
exposure on the rate of trap generation and oxide breakdown
were to be studied. The development of latent oxide defects
was electrically and physically monitored in the wultra-thin
oxide of the capacitors.

Three characterization techniques were wused in the
study of these ultra-thin oxides: electrical
characterization (I-V and C-V), TEM replica imaging and SEM
imaging wusing wunbiased and negative biased signal current
and secondary electron imaging.

2.1.1 The Object of the Experiment

The object of the experiment was to gain knowledge of
the effects of several stress factors on the production of
defects in these wultra-thin oxides and the development of
latent defects and to produce a mathematical model for the
interrelation between these stress factors and oxide
quality, latent oxide defects and charge trapping.

2.1.2 Background Research

Scaling of VLSI design dimensions has occured in recent
years in order to provide for higher packing density and
better circuit performance; therefore, reliability of oxides
in the 30-300 Angstrom thickness range is of deep concern.

Concerns include the reliability of such oxides wunder
radiation exposure, electric field stress and tunneling
current leakage. Study of the tunneling characteristics and
dielectric breakdown modes of oxides in this range of
thickness may provide an understanding of the dielectric
strength and oxide-silicon interface characteristics of
these oxides. The relationship between these stress factors
and stress time-to-fail, <charge trapping and charge trap
generation was investigated.

2.1.3 Stress Factors

The stress factors that were -evaluated included:
temperature, constant current stress, stress time and
radiation dose. The relationship of these stress factors to
oxide time-to-fail, charge trapping and charge trap
generation was investigated.




2.1.4 Evaluation of the Data

The automated electrical stress and characterization
system was used to study the largest number of experimental
test vehicles in the shortest time.

The Hadamard matrix evaluation technique (7] was used
to analyze the data and evaluate mathematical relationships
between the input variables and the several output
variables.

In one-at-a-time experiments, only one factor in each
run is changed, while the other factors are held constant.
In an experiment with five factors, this would require 335
runs to determine the relationships between those factors.
Obvicusly, this may lead to incomplete coverage of the
experimental space, missing relationships between factors,
and the possibility of erroneous assumptions.

In factorial experiments, the use of factorial
arrangements for the factors in an experiment make each run
yield information concerning every factor. The Hadamard

matrix makes wuse of one such design involving factorial
experiments.

Our experimental matrix is a Hadamard arrangement which
is designed as a two-level, half-factorial matrix (i.e. 2E5
= 32 runs for five factors), we have elected to wuse a
half-factorial matrix which involves 16 runs plus one center
point run for a total of 17 runs. In this way, our
responses no longer contain information about a single main
or interaction effect. However, they contain response
information from two or more effects. This is known as
confounding. These special cases of factorial matrix design
will be discussed more extensively in the specific section
concerning our experimental matrix design and analysis.

Micrographs documenting defects observed were made in
the signal current mode, secondary electron mode and TEM
micrographs were made on the replicas of the areas on the
test wvehicles to be evaluated and 8X10 TEM prints were
produced for evaluation of this physical defect data.

An eoffort was made to relate physical data to
electrically observed effects and it was found that there
was some relationship between the physical observed data and
electrical data.

w




2.2 THE HADAMARD MATRIX

The Hadamard matrix was used to obtain the most
information with few experimental splits. The Hadamard
matrix technique will be discussed in more detail in the
Statistical Data Analysis and Discussions section. The
experimental matrix consisted of 17 cells of two
semiconductor wafers each having 600 test dice for a total
of 1200 test dice per experimental cell (see Table 1.1 ).

The following were experimental matrix input variables:
cell, wafer, oxide thickness, stress temperature, stress
current, stress time and radiation exposure dose.

The following were the main electrical output:
time-to-fail data, charge trapping data, I-V data and C-V
data; these, as well as, the physical data were evaluated in
the Electrical Measurements and Stress Results section, the
Physical Analysis section and Statistical Data Analysis and
Discussions section of this report.

The output variables for the physical data included:
TEM replica trends observed on the micrographs and SEM
signal current trends observed on the micrographs. These
data will be covered 1in the Physical Analysis section of
this report.

2.3 STRESS FACTORS

The effects of each of the stress factors have been
evaluated wusing the Hadamard matrix technigque and this is
covered in detail in the Statistical Data Analysis and
Discussions section of this report.
2.3.1 Electrical Stress -- Time Dependence

Three stress times were used in the experiment, 1 sec.,
10 sec., and 60 sec.

2.3.2 Radiation

The wafers to he exposed to radiation were exposed

accordinga to the schedule of the experimental matrix and
were electrically stressed and characterized within one week
of the exposure, After the electrical stress and
characterization, physical analysis was conducted on the
wafers.




©=: 15T  WrTRS TMISYNESS GAMMA DOSE STPESS TLMPIRATURE STRESS
] ' ' Angs. {KRAD | GRRET =sIus ==
1 PSO=328 23,47 200 $00 -3.L=t 30 1 szc
2 . 28,46 200 0 -5.5—4 30 1 sze
3 . 37,38 300 $00 =5.L4 125 1 sze
4 . 27.43 200 0 5. Lt 125 60 sz=
5 . 01,27 50 500 =%, E—t 125 60 src
; . 3. 200 800 2.5 125 60 sz=
7 . 02,16 s0 8 5.4 30 60 src
s . H.Q 200 ° 2.0~ 15 1 ses
9 . 18,40 200 500 5. Ewd 30 60 scc
10 . 03,18 50 o =5.E~4 125 1 st2
1 . 04,14 S0 0 «2.E~4 125 €0 src
12 . 36,19 200 0 «2.E~4 30 60 scc
13 . 0s,:3 50 500 -5.L—4 10 1 se=
14 . 06,31 50 500 -2.E=4 125 1 sec
15 . 08,10 $0 s00 -2.5~4 30 60 stz
16 . 09.0%A 50 -2.E~4 30 1 se2
17 . 20,30 100 0 =1.5E~4 7 10 SEZ
ABLE 1.1 HADAMARD EXPERIMENTAL MATRIX
7




Radiation-induced defects in MOS oxides have been the
object of several studies and hydrogen atoms have been
considered to have a a role to play in the generation of
these defects; however, their role in the process or other
areas of the process are not yet clear. SIMS and FT-IR
measurements have indicated results consistent with a model
where free hydrogen atoms generated by the irradiation move
toward the interface and attack a Si-Si bond forming a SiH
bond and an Si dangling bond or a Si-0-Si bond forming an
SiOH and a hole trap. It has been determined by SIMS and
FT-IR that under irradiation, hydrogen atoms do move toward
the 1interface and that SiH and SiOH bonds increase at the
interface giving credence to this model; therefore, it may
be necessary to limit the exposure of ultra-thin oxides to
hydrogen in the fabrication process [8]

The radiation exposure was performed at Texas A and M
University, Nuclear Science Center, College Station, Texas.
The radiation source at Texas A and M is calibrated using a

traceable Mdh electronic ion chamber. The following
conversions were used to determine the proper irradiation
times necessary for this work: from the Radiological Health
Handbook the conversions were found:

1 RAD = 100 erg/g (1.1)

1 R =86.9 erg/g air (1.2)

Readings at the surface of the source where the samples
were placed were calibrated to be 1454 R/min.; therefore,
for 500 KRAD ivradiation, the time was found by first
converting rads to roentgen 575 KR and then dividing by 1454
R min. The time for irradiation of the 500 KRAD sample
wafers was found to be 6 hours, 35 minutes (for example).

An assumption that had to be made here was that the
silicon wafer has the same dose factor as for air; from this
the conversion factor from rad to roentgen is made (9]:

2]

1R 1Rad = 100,84,

0O
i
—

.1

2

R rad (1.3)

CTells were exposed to cne of three doses of Co 40
radiation, 0 KARD, 30 KRAD, 100 KRAD and 500 KRAD. Co 60
produces gamma radiation and the energies of the modes of
decay for (€060 are the following: Beta -- 0.315 MeV
(99,72, 0.A7 NMey7 (0.27%) and 1.49 Mev (0.1%) with a decay Q




value of 2.82 MeV; gamma -- 1.33 MeV (100%), 1.17 MeV
({99.9%) and 2,200 m/sec neutron absorption cross section
(barns) = 2.0 [10].

2.3.3 Elevated Temperature

Cells were temperature stressed at one of three
temperatures 30 degrees Celsius, 70 degrees Celsius and 125
degrees Celsius

2.3.4 Electrical Stress -- Currents

Three stress currents were wused in this experiment:
-2.0E-04 amp, -5.0E-04 amp and -3.5E-04 amp. These currents
were selected after indications of data taken before the
start of the experimental matrix electrical stress ( the
area of each test capacitor was 6.35E-4 cm**2).

2.4 ELECTRICAL CHARACTERIZATION

Fully automated stressing, electrical measurement and
data analysis techniques were used in this work.
Measurements of current-voltage (I-V) and
capacitance-voltage (C-V) characteristics of each test die
was made and recorded using our computerized system.

The electrical analysis included continuous monitoring
of and recording of voltage as a function of time during
constant tunneling current stress.

2.4.1 The Electrical Stress and Characterization Technique

The technique used in this study was constant current
stress for the three different current splits and three
different time splits as detailed above. The experimental
stress was completed using an automatic stressing system.

2.4.2 Prober Hardware

A PDP-11 73 computer is interfaced with a Keithley
5-350 test system through a DMA interface. The Keithley is
used for the constant current stress and to connect the
measurement cables of two Hewlett Packard Instruments to the
device under test. The H.P. 4192A and H.P. 4104B are
controlled by a General Purpose Interface Bus which is
connected to the PDP-11,/73. The PDP-11/73 provides control
of the ~<apacitance data taken on the H.P. 4192A and
montrols the I-V measurements taken on the H.P. 4140B. The




2001X Auto Prober is used to step the wafer during testing.
The manual hot chuck keeps the temperature at the proper
setting (30, 70 or 125 deg. C). All data collected is
transmitted across the Ethernet to a MicroVAX 3600 for data
analysis. The outputs are printed on a LNO3 Plus Laser
Printer.

2.4.3 Prober and Test Software: the following is a list of
software wused in this work -- Main Program: OXIDES - Calls
all supporting subroutines; Subroutines: INIT1 -
Initializes all general auto prober parameters, INITOA -
Initializes all device specific parameters, CVZERO - Loads
opens and shorts registers in HP 4192A, OXSET - Allows
default set points of all stress and measurement parameters
to be changed, STRTO - Allows input of wafer information,
LOKATE - Returns wafer position, SHORTS - Checks for shorted

capacitors, CVLOW - Controls the HP 4140B for 1I-V
measurements, CVHIGH - Controls the HP 4192A for C-V
measurements and STRESS - Controls the Keithley S-350 for

current stress measurements.
2.5 PHYSICAL CHARACTERIZATION

The physical analysis was not automated and was very
labor intensive. Two physical characterization techniques
were used in this work. TEM C-Pt/Pd two-stage replicas of
the oxide surfaces and substrate surfaces to be evaluated
were produced, examined and photographed in the TEM and the
SEI unbiased and negative biased signal current technique
with an scanning Auger microprobe providing the signal
current was used to image areas with possible oxide defects.
Secondary electron images were also used. It was determined
that bias on the test capacitor was needed in order to image
defect and latent defect areas; therefore the signal current
technigque with bias (EBIC) was used in this study.

It was thought that the wuse of the TEM replica
technique would provide needed resolution to image surface
defects in the wultra-thin oxides and would have the
advantage owver SEM techniques not only in providing more
resolution, but also in the fact that the replicas would
provide a «chavrge free surface; whereas one might run into
charging problems in the close examination of the ultra-thin
nxide surfaces in the SEIl mode.

2.5.1 TEN Replicas




The TEM replica technique used in this study is an old
technique having been wused for over 30 years; however, it
provides enough resolution for a study of this type. The
replica sample preparation technique will be covered in
detail in the physical analysis section of this report.

icas of the oxide surfaces and substrate surfaces
‘2 under study were made, optical maps were made for
ica sampl and the replicas were examined and
photographed 1in tha Philips EM420T in the TEM mode using an
accelerating voltage of 120 KV.

Stressed versus unstressed oxides were adjacently
located and were analyzed using the TEM replica technique.

The oxide surface at the oxide/polysilicon interface
was replicated and TENM examinations of this surface was
conducted on five test vehicles from each cell. Earlier
work at  UTC-Nostek had seen a correlation between physical
defects observed wusing the TEM replica technique in
ultra—thin oxides and materials defects in the Si substrate
nf test ehicles of the same type used 1in this study:
de ramp method of electrical stress was
1]

The silicon surface at the silicon/oxide interface was
raplicated and TEM examinations of this surface were
zenducted on two test vehicles per cell.

The inst:rument used for the TE!N replica study of the
nxide and Si substrate surfaces is a Philips EM420T
analytical electuon microscope. The instrument provides
about I  Angstrom  resclution in  the TEM mode, about 15
Angastrom resolution in the STENM mode and about 25 Angstrom
resclution in the high vesclution SEM mode.

An accelerating voltage of 120 KV was wused for the
vepliza worlk on thig instrument.

Z.3.2 3Er 3izral Curren:s

I'n 32! siaral current work, the electron-beam-induced
~uvrent 135 intensity modulated on the riewing screen to show
the l~ozazizon ~f lacal aveas in  the oxide drawing high
current. Sianal current is one of several techniques which
can be used to localize defects in MOS capacitor oxide

Eractuves,

9]




Three test vehicles from each <cell were physically
analyzed wusing SEM techniques including sample current and
secondary imaging and detected defects in the oxide were
documented; as well as, the minimum bias required to show
the defects was locumented.

Stressed versus unstressed test vehicles were
adjacently located and were analyzed using this SEM signal
current and secondary electron imaging technique.

The minimum negative bias voltage required to cause an
image of the oxide defect area in the test vehicles was also
recorded.

This technique makes wuse of a rastered and focused
electron beam striking the surface of the sample while the
substrate current induced by the beam 1is monitored. The
substrate current is used to intensity modulate the SEM CRT
so that local defect sites can be recorded.

In this case, an external negative bias was wused to
enhance the 1intensity of the defect area image. It was
observed that the minimum negative bias required to cause a
signal current image to be detected was changed with
different samples.

scanning Auger microprobe was used to provide the
»n beam and viewing circuits for the signal current

m was used only because of the availability
1= current preamplifier attached to the
2 samples were mounted on a miniature probe
n attached to a modified sample mounting stub
ltage divider «circuit was used to apply

This sys
nf the =
instrument
station and th
and a simple vn
neqati-ve biac
illustration nof

to the structures (see Figure 5.1 for
Ehe technique).




3.0 SAMPLE PREPARATION AND TEST SET-UP
3.1 Introduction

The MOS capacitors used in this investigation were all
fabricated on (100) oriented p-type silicon wafers. The
starting resistivity was 7-9 ohm-cm, the wafer thickness was
25 +-/- 2 mils, and the wafer diameter was approximately 100
millimeters. The silicon substrate forms the bottom
capacitor plate with edges defined by an isolation oxide.
The dielectrics under investigation are grown in the areas
between the isolation -oxide. The top capacitor plate is
formed from deposited polysilicon capped with Al. The top
capacitor plate is patterned and etched in such a manner
that the plate edges are over the thick isolation oxide to
avoid localized high electric fields at the edges of the
polysilicon. This means that only the silicon
substrate-oxidespolysicicon capacitor structure 1is under
study and the investigation is generally free from any
influence of a mechanical edge structure. Although this is
the best structure to study only the dielectric, about 15%
of the defect 1locations (using EBIC analysis) are on the
isolation to capacitor oxide edge. This means that some
mixed failure modes are present in the data. The top plate

material is patterned into lines which lead to probe pads
also 1located over the thick isolation oxide so that during
testing no pressure from the probe pins is transferreC to the
thin dielectrics wunder investigation. The capacitor size
used in this investigation were 6.35E-4 centimeters squared.
FIGURE 3.1 is an illustration of the test structure.
3.2 Wafer Fahrication

The process flow outlined in TABLE 3.1 below and the
process traveler contained in addendum A were used to
prrepare the wafer samples. The process basically involves
the wuse of a standard type LOCOS active area isolation with
a field isolation implant, a sacrifical oxide before the
capacitor owxide, the —capacitor oxide grown to various
thicknesses, and a top <capacitor plate of n-type doped
polysilicon caped with Al. The Al cap over the polysilicon
plate is used to promote charge dispersion through out the
rlate The Al is doped with 7 0.5% Cu and 7 1.0% Si. The
capacitor oxides were grown in a Bruce induction heated
horizontal furnace fitted with a standard type gas jungle.

The ambient for growing the capacitor oxides was a mixture
~nf avgon, orygen, with 1,1,1-trichloroethane (TCA) added
during the main nzidation portion of the arowth cycle.

j—
w
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The same ambients were wused to gqrow all of the oxide
thickness ranges. The polysilicon was doped n-type at 900
degrees C using a POCl3 source. The POCl3 carrier gas was
N2 and the source temperature was 24.0 +/-1.0 degrees C.
The polysilicon doping step was the only high temperature
step that the oxides under study saw after growth. The
Al /polysilicon sandwich was patterned using typical
photoresist techniques and etch in phosphoric acid metal
etch followed by a polysilicon plasma etch. After resist
removal Al was sputtered onto the back of the Si substrates
to reduce the chuck to wafer resistance.

3.2.1 Capacitor Growth Cycle

The capacitor growth <cycle shown in FIGURE 3.2,
illustrates graphically the changes in temperature and
ambient with time. The argon to oxygen volume ratio was
modified to attain the oxide thickness spread defined by the
experiment and yet maintain as many growth conditions as
possible constant. The time of the central portion of the
oxidation cycle was also adjusted to aid in reaching the
target thicknesses once the range had beenreached with gas
ratio modifications. The chlorine to oxygen ratic was held
at 3.0 +-- 0.2% by volume for all of the oxide thickness
ranges Jrown. The chlorine source used was
1,1,1-trichloroethane at 23.0 +/-1.0 degrees C with oxygen
as the carrier gas. The ratios of argon to oxygen wused to
adjust the partial pressure to provide different oxide
ranges using approximately the same oxidation rate are shown
in TABLE 2...

I oxide thickness argon oxygen
l range

i |
i |
200 angstrem 2 1 |
| |
{100 angstrom 3 ¢+ 1 |
S l
| 29 angstrom 51 |

TABLE 3.2 EXPERIMENTAL THICKNESS RANGES
ARGOMN : OXYGEN RATIOS
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3.3 ELECTRICAL TEST SET-UP

FIGURE 3.3 is a diagram of the test system and TABLE
3.3 is a summary of the electrical test parameters that were
used to test the wafers.

The Keithley S 350 Parameteric Tester 1is the base
system selected for forcing current and measuring voltage.
This system includes: The PDP11/73 computer, the Keithley
instruments and the 2001X Auto Prober.

The digital PDP11,/73 computer has 4 mega-bytes of
memory, the RAM Disc uses 2.0 mega-bytes of the memory,
Fujitsu 2351 Eagle Disc drive (474 mega-bytes unformatted),
a G.P.I.B. (General Purpose Interface Bus) board, DMA
(Direct Memory Access) board and an Ethernet (a network
interface) board. The operating system used was RSX 1llm
Ver. 4.1 and all test routines were written in Fortran 77
Ver. 5.0.

The Keithley has Current, /Voltage sources, a Voltage

meter, a Current meter and Relay matrices. The Relay
matrices are used to connect the Current source to the
proper D.U.T. rin on the 2001X Auto Prober via a coaxial

cable and probe card.

The 2001X Auto Prober is a cassette to cassette
automated wafer handler. The TC 2000 Thermal Chuck was
added to the 2001X Auto Prober to control the temperature of
the wafer during test.

The Hewlett Packard 4192A was added to the system to
provide Capacitance curves. The measurement cables are
connected to the D.U.T. wvia the Keithley Relay matrices.
The PDPl1/73 1is wused to <control the H.P. 4192A via the
G.P.I.B. board (IEEE).

The Hewlett Packard 4140B was added to the system to

provide TFowler-Nordheim curves. The measurement cables are
connected to the D.U.T. via the Keithley Relay matrices.
The PDP11/73 is wused to control the H.P. 4140B via the
G.P.I.B. board (IEEE).

Due to the amount of raw data generated for each wafer
a digital MicroVAX 3600 system with a LNO3 Plus Laser
Printer was choosen for data analysis, manipulation and
reduction. The nperating system vsed was vns ver. 4.7 and

18
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TEST #

TABLE 3.3

PURPOSE

Check for initial
pinholes in th:
oxide.

Obtain tunneling
current curve to
breakdown on the
two center die.

Perform a pre-
stress
capacitance

curve measurement
on all die except
two center die.

SUMMARY OF THE ELECTRICAL TEST SET-UP

ELECTRICAL TEST

Measure continuity between gate
and substrate. Leakage current

must be less than 100nA at -5.

volts to pass test. (-5. is 2.5
Mv/cm for a 200 Angs. oxide)

Using H.P. 4140B measure current
while ramping voltage from 0.0V
to -35.0 volts. 0.5 volt per sec
true ramp, measuring current at
0.5 volt increments.

Using the H.P. 4192A and using the
following criteria:

Tox Start Voltage Stop
200A -10.0 +3.0
100A - 6.0 +5.0

50A - 4.0 +4.0

****x] ,0Mhz frequency
***x*x(),]1 volt oscilator level
Measure capacitance every step
interval where

stop-start




all output software was written in RPL Command Language,
RS/1 Vver. 3.0.

3.4 Electrical Test Software

Refer to TABLE 3.4 for a summary of the Testing
software.

The purpose of the testing software was to have a Menu
driven program that would allow you to make easy changes to
the input parameters.

The main program name is "OXIDES", the purpose of the
main program is to coordinate the calling of all of the
subroutines. Each subroutine performs a portion of the
overall wafer testing task. The main program flow and the
flow of all of the test subroutines are explained in detail
in the following paragraphs. "OXIDES" The main program
flow:

1) Declare all input and output variables.

2) Initialize all input variables to the default settings.

3) Call "INIT1" and "INITOA" to setup all the parameters
in the 2001X Auto Prober and to attach the communication
line of the 2001X Auto Prober to LUN (Logical Unit Number)
file number. This allows the PDP11,/73 computer to
communicate with the 2001X Auto Prober without any
interruption.

4) Call "CVZERO" to remove any stray capacitance between
the H.P. 4192A and the D.U.T. This is accomplished by taking
several readings with the probe pin about 10 mils. From the
wafer chuck. Then taking several readings with the probe
pin touching the wafer chuck. The location of the chuck (X
and Y cocrdinates) and the open and short positions of the
motor that raises or lowers the wafer chuck are saved in the
program. Every 25 die the program will stop testing and
return the chuck to this same position to rezero the H.P.
4192A, then resume testing.

5) Display the default settings of all of the input
parameters. If there are any changes to be made, then call
"OXSET". This subroutine allows you to change the input
parameters and then re-displays the input parameters.

6) Call "STRTO" to request wafer information, auto align
the wafer and prepare for testing to begin.

7) Setup a generic output file name to be used in the
subroutines "STRESS", "CVHIGH", "CVLOW" and ."SHORT".

8) Search the disk for old data files for the same wafer
numbher as the wafer number being tested. If any old data
files are found they are opened and read in to input the die

[\P]




Main Program: OXIDES - Calls all supporting subroutines.

Subroutines: INIT1 -~ Initializes all general Auto Prober
parameters.

INITOA - Initializes all device specific
parameters.

CVZERO - Loads Opens and Shorts registers
in the H.P. 4192a,

OXSET - Allows default set points of all
stress and measurement parameters
to be changed.

STRTO - Allows input of wafer information.
LOKATE - Returns wafer position.

SHORTS - Checks for shorted capacitors.
CVLOW - Controls the H.P. 41408 for I.V.

measurements.

CVHIGH - Controls the H.P. 4192A for C.V.
measurements.

STRESS - Controls the Keithley S 350 for
Current Stress measurements.

TABLE 3.4 TABLE OF ELECTRICAL TEST ROUTINES




number to restart testing. The wafer is stepped to the last
die tested and testing resumes. (the output software does
not use any duplicate data, only the first file is used.)

9) The testing 1loop 1is entered at this time and the

program will loop until all cf the die on the wafer have
been tested.

10) Call "L
11) Check t
time the H.P

OKATE". to find the wafer chuck p051t10n.
0 see 1F 25 die have been tested since the last
4192A has been zeroed. If so, call "CVZERO" to

rezero the H.P. 4192A

12) Enter a nested testing loop to test the four capacitors

on each die,

13) Call "SHORT" to <check for shorted capacitors, if

shorted jump to Step 18.

14) Check die number, if equal to 79 or 80 then call

"CVLOW". After taking the I.V. curve move to the next
capacitor to be tested and jump to Step 18 or to Step 10 if
the last capacitor on this die has been tested.

t

h

]

(9]

15) Call "CVHIGH" to take a pre-stress capacitance curve.
16) Call "STRESS" to stress capacitor.

17) Call "CVHIGH" to take a post-stress capacitance curve,.
18) Move to the next capacitor to be tested.
19) Loep to Step 13 if there are more capacitors to be

;

asted on this die.

¢

20) Move to next die to be tested.

21) Loop to Step 10 if there are any more dies to be tested.
22) Unlcocad the tested wafer from the wafer chuck.

J

23}y End of testing program.
"CVHIGH" 3ubroutine flow:

1) Declare all input and output variables.

2) Encode all voltages and frequency into internal form for
he capacitance curve to be taken on the H.P. 4192A.

3V Connect the H.P. 419ZA to the D.U.T.

i) Move the probhe pin to the =zevro pad on the die.

3) Lead the opens and shorts data gathered when the H.P.

92A was zerced.

4) Load all parameters previously encoded into internal
nrm to the H.P., 4192A,

7) Measure capacitance of the zero pad on the die.

8) MNove hack to the capacitor to he measured.

31 Enter  the measurement loeop to take the capacitance
urve.,
10) Take the capacitance measurement.
11 Stor~  the reading and loop te step 10 until the
apacitance curve is complete.
12) Calculate the oxide thickness.




13) Write the output file.
14) Return to the main program
"CVLOW" Subroutine flow:
1) Declare all input and output variables.
2} Connect the H.P. 4140B to the D.U.T.
3) Encode all voltages 1into internal form for the TI.V.
curve to be taken on the H.P. 4140B.
4) Load all parameters previously encoded into internal
r
5

(3]

to the H.P. 4140B.
Enter the measurement loop to take the I.V. curve.

o]

-3

6) Take the I.V, measurements.

7) Write the output file.

8) Return to the main program
"SHORT" Subroutine flow:

1) Declare all input and output variables.

2) Connect Keithley voltage source and current meter to
the D.U.T.

3) Ferce 2.5 HMegavolt per centimeter and measure the
current.

4) If absolute current is less than 100 nanoAmps, then set
pass flag true and return to the main program.

5) Write blank files for the stress file and for the two
C.V. curves for this capacitor.

€) Return to main program
"STRESS” Zubroutine flow:

1) beclare all input and output variables.

2) Connect the Keithley current source and voltage meter
to the D.U.T.

3) Reset the clock to zero

4y Force the stress current on the capacitor.

3) Enter the measurement loop. '

£) Ileasure the wvoltage and the time that has elapsed.

7Y Wirite the data to the RAM disc and loop to Step 6 until
the stress length time is reached.

8) Write the data collected from the RAM disc to the hard
disc output file.

2) Return to main program.




4.0 ELECTRICAL MEASUREMENT AND STRESS RESULTS
4.1.1 Electrical Data Measurement Introduction

From the test routines in TABLE 3.4 in section 3.4,
data was taken from each tested capacitor. Data for each
capacitor consisted of pre-stress data testing, oxide
stress, and post-stress data testing. Originally the pre-
stress data testing included a pinhole test, an I-V, and a
Cv. It was found that the 1I-V needed to be in the
measureable tunneling current range to be of any validity
and that these current levels amounted to a stress on the
oxide whose stress amount could not be quantified and there-
fore yielded results out of context. For this reason the
initial and post-stress I-V test was dropped. After the pre-
stress testing, each capacitor received a constant negative
current stress for a prescribed time. The current densities
and stress times were determined under the conditions of the
contract to acquire the necessary data from the number of
parameters being examined. The cells which required
radiation exposure were treated before the electrical
testing began. Radiation levels were determined £for levels
discussed in the literature which gave changes great enough
to detect (David Fisch}. During the =electrical constant
current stressing the voltage levels reguired to maintain
the prescribed current were monitored (FIGURES 4.1A and
1.1B) and rvecorded. After the constant current stress, post
CV plots were generated.

3.1.2 Pre Stress Testing
1.1.2.1 vinhole test

Pinhnle tests were taken on each capacitor at wvarious

voltage ranges according to the oxide thickness range. -5
volts was used on the 200 angstrom oxide range, -2.5 wvolts
was used on the 100 angstrom oxides and -1.25 volts on the
50 angstrnm oxide range of oxide thickness. A -100.0
nanoamp current flag signified a pinhole at the specified
vnltage. The rcapacitors used in this study were of 6.34E-4

cm sqguared area. The total area per wafer tested was 3.8E-1
zm squareqd and no die were found to be failing the pinhole
test for anyv oxide thickness. This finding is consistent
with typical pinhole densities at SGS-Thomson Americas. The
pinhole depsity 1is low enough to require larger test areas
to make a2 significant determination

4.1.2.2 Pre C-V testing

&9
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Due to the variation in oxide thickness the magnitude
of the sweep voltage was modified to prevent unintentional
stress. The 200 angstrom range of oxide thickness wused a
sweep voltage of -10.0 volts to +3.0 wvolts. The 100
angstrom range of oxide thickness used a sweep range of -6.0
to +5.0 wvolts. The 50 angstrom range of oxide thickness
used a -4.0 volts to +4.0 volts sweep. Preliminary tests
wera performed to insure that maximum capacitance was
attained at the sweep starting voltage for each range of
thickness. The pre-stress C-V was plotted £for each
capacitor as shown in FIGURE (4.1C). After the current
stress, the post-stress C-V is taken in the same manner as
the pre C-V and plotted with the pre stress C-V. It was
found that the initial capacitance of the test sites was
undependable due to the equipment set-up. Therefore, oxide
thickness calculations from the 1initial capacitance was
inaccurate. Because of this and the necessity for accurate
oxide thicknesses in the analysis of the matrix, selected
die were used to determine the wafer oxide thickness from
Fowler-Nordheim tunneling current. These die were not used
in the stress matrix and on the wafer map they are labeled
"untestead”

1.1.2.3 0Oxide Thickness Determination

Eight capacitors per wafer were selected 1in the
interior portion of each wafer and wused for thickness
determination. A rconstant, 0.5 volts/second, voltage ramp
as  applied until oxide Dbreakdown occurred on these
Tapacitors (FIGURFE (4.2)). This ramp rate has been
determined, from previous studies, to be fast enough to
avoid trapping induced errors. A 3 point fit at 7 10-9,
1n-7, 10-3 amps to Fowlav—JOLlhe m tunneling probability
EQUATION (d.1) was made to the resulting I-V plots:

T(EMY = A (1.4x10-6)(E**2)e(EXP(~-2.35x10-8/E)) (4.1)

Thece thicknesses were used in the calculation of Ebd
and the vesults were included in the Input.Output Table
CTABLE 100
1.1.32 Oxide 3tvess Parametars

The ~urrent dengities fnv oxide stressing were
determined by sample wafers run previous to the actual
matrix wafers. In accordance with time rvestrictions for the
completinn  n~2f the matrix testing and the necessity to have
YQLL?”Q”*‘“’”" ~f pre and post -7 data for delta V(fb) for
each ~all, vels nf current density weve <hosen. The

N -
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current density also would not only dictate the magnitude of
the delta v(fb), but also the percentage of failed oxides to
be used in TTF calculations. In order to meet these
demands, current density magnitudes were chosen to yield
significant data in all categories. This meant that some
holes in the data outputs would naturally exist. Stress
levels to attain data 1in the categories above for 200
angstrom oxides would over stress the 50 angstrom oxides and
result in large failure percentages and no post stress C-V
results. Likewise, current densities to yield results in
the 50 angstrom thickness ranges would not fail enough
capacitors to have significant TTF data. Therefore, a
compromise in the current density ranges was made to vyield
data in all categories at some level of stress for each
cell, all within a timely fashion.

Current densities chosen were: -0.79, -0.55 and -0.31
amps/cm sqguared (500 uA, 350 uvA, 200 uA respectively for an
area of 6.35e-4 cm**2.) The times of stress chosen not only
needed to be timely in order to testallof the wafer in the
matrix, but also needed to complement the <current densities
in yielding data in all the output categories. Times chosen
using the pre-matrix samples wafers were: 1, 10 and 60
seconds.

Stress temperatures were chosen to complement the

typical industry standard testing temperatures.
Temperatures chosen were: 30, 70 and 125 degrees C. Thirty
degrees was chosen for the "room temperature" measurement

because of the ability te have a stable temperature while
using a chuck equipped with only a heater element. Ambient
room temperature during the testing was in the 24 degrees C
range.

During the stress of =2ach oxide, the voltage to sustain

the specified current density was monitored. The time
between wvoltage sampling was in the range between 5.0-16.7
milliseconds. This time was dictated by the DMA (Direct
Memory Access) internal to the Keithley tester being used.
Pleots were generated of voltage vs. time as shown in FIGURE
(4.1A and 4.1B). Also, from this data, outputs of delta Vg

at failure times and failure voltage (Vbd) were generated.
4.1.4 Pecst Stress Testing

C-V plots were generated after the stressing of the
nxides. The C-V sweep ranges were the same as those used in
the pre-stress C-V test. The frequency and oscillator level
used during the C-V sweep were 1.0 MHz and 0.1 volts

30




Frug Jo owp) sa jreg 30 o83e3jon - 0y gl

(o8s) (te4 3e auwi]

8¢C ve 0c 91

1 ol
T

A 8

-4

L
T

-~
-

[l
L

+

¢ mey ‘oem® LY e 2 ﬁ-‘oﬂﬂ..\- %,JJ --I-P-lvhwlﬂ-.-r- [ LY --" - 4,

T1ed Je 8wl sa Ttea e asbejjon

31

|

> 00— &0 0 OO0




respectively. Delta Vfb values from the pre and post sweeps
were of 1little value 1in some cases because of the large
amounts of fluctuation in the data. We could not clearly
distinguish between oxides near breakdown and oxides which
could withstand longer stress times. This had the tendency
to automatically build in large deviations. Nevertheless,
where the data is good it has been used in the analysis.

4.1.5 Results and discusions

The Input,/Output Table (TABLE (4.1)) gives a cursory
view of the inputs and outputs of the test matrix. Output
categories include:

4.1.5.1 Delta Vfb - the delta of the pre stress C-V and the
post stress C-V at the half Cmax value. Post C-V data was
taken at the end of the stress time for the cell. Where
delta vfb data occurs when % total fails is 100%, data is
from < %5 of the tested caps which have acceptable post Vfb
, but are "failed" capacitors.

4,1.5.2 % BVT - % of capacitors failing below the equipment
valid measurement time of 34 milliseconds.

.1.5.3 PT - number of good capacitors at the end of the
tr ess time.
4.1.5.4 % TOT Fails - % of failed capacitors on the
cumulative > fail vs. time plot. Note that these failures do

ai
not include probe pick-up failures.

4.1.5.5 Ebd - electric field at oxide failure. This value
is calculated from the voltage (Vg) at fail vs. time plots
for each wafer as shown in FIGURE (4.3). The voltage value
used to calculate the Ebd comes directly off of the plot
using the minimum threshold voltage 1illustrated. The

extraction is done manually.

4.1.5.6 TL0, Tl4, and T50 - are time 1in seconds that
corLeSDOH4 to 10 percent, 16 percent and 50 percent
cumulative failures

4.1.

wl

.7 Time to Fail Dependence

A strong time to fail dependence is seen in relation to
the stress current. FIGURE (4.4) is a plot of Time for 50%
failure s Breakdown Field. FIGURE (4.4) illustrates, for
hoth the 20 and 200 angstrem ranges of thickness, that the
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oxides stressed to 500 microamps failed much sooner than the
oxides stressed at 200 microamps. This plot also
the 200 angstrom, 500 microamp current group (lower left
group of data). The 30 degree test temperature has a longer
time to fail for the 200 angstrom, 200 microamp stress, and
the 50 angstrom, 500 microamp stress conditions.

Radiation effect is random in all the data groups
illustrated in FIGURE (4.4) except the 200 angstrom, 200
microamp group. This is probably because the temperature
stress is grouped to trend with the radiation magnitude.
Therefore we assign a smaller or no significance to the
effects of radiation on the TTF. It should be noted that the
oxides were not biased during exposure to radiation and
this result is consistent with findings of other researchers
(2], [131.

The fact that the oxides stressed with 200 microamps
lasted consistently 1longer than the 500 microamp stressed
oxides appears to be entirely independent of the oxide
thickness. The same trend was seen in the Time for 10% and
16% failure vs Breakdown Field characteristics.

4.1.5.8 Field Breakdown Dependence

A Field Breakdown (Ebd) dependence on oxide thickness
can be seen in FIGURE (4.4). Also the difference in slope
of the 50 angstrom oxides dependence on field from the slope
of the 200 angstrom oxides indicates a change in the field
acceleration factor with changing Ebd.

4.1.5.9 Time To Fail
Cumulative % failures in time plots (TTF) were

generated directly from the monitor of voltage in time
during stress. FIGURE (4.5) is an illustration of the TTF

plot. The wvertical line at a time between 10E-2 and 10E-1
represents the limit of the equipment to accurately measure
the time to fail. From these plots, which were generated

for each wafer, were extracted data for the T10, T16, and
T50 columns of the Input/Output Table (TABLE 4.1).

4.2 WAFER DEFECT MAPPING
4.2.1 Introduction
Wafer defect mapping is an effective analysis tool for

Ilocation »nf defect sensitive areas of a wafer. The
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illustrates that although the time to fail is dictated first
order by current density, and that temperature is a second
order effect. This is clear in all the categories except
technigue can elucidate problems such as process induced
effects, wafer orientation effects, and substrate defect
locations. Process effects can be caused by etch rate
non-uniformity, uneven oxidation rate or contamination level
due to furnace wall proximity in the gate or capacitor oxide
growth cycle, to name a few. Defect mapping can also
highlight surface stacking faults (SSF) densities from
oxygen concentrations in silicon substrate or crystal slip
caused by thermal stress from heating non-uniformity.
Therefore, this type of analysis 1is very important to
determine the randomness of the defects under investigation
and to help elucidate any defects created by effects from
the above mentioned sources. The randomness of the defects
insure that the defects being studied are of an inherent
nature to the process and therefore "intrinsic" to the
production of devices.

4.2.2 Analysis

At the completion of wafer testing each die tested was
mapped and labeled 1into categories, refer to FIGURE 4.6.
There weve four capacitors on each die, and 152 die per
wafer. The die on the map were numerically labeled in the
same order they were tested. The four squares within the
larger sguares (die) represent the individual capacitors and
they are orientated as they are in each die. The categories
that the —capacitors were sorted into are: good capacitors,
shorted capacitors, untested capacitors, and failed

capacitors Good caps are capacitors that had not ruptured
at the end of the stress, that is, they passed the criteria
of greater than 7.0 volts to sustain the current density of
the test at the end of the test time. The 7.0 volt criterion
applies to all the current densities and thicknesses in the
matrix. Shorted caps are capacitors which failed a (100
nanoamp! pinhole test criterion previous to the current
stress. The pinhole test voltage was 5.0 volts for the 200
angstrom vange oxides, 2.5 volts for the 100 angstrom
noxides, and 1.23 -olts for the 50 angstrom oxides. These

caps would have bheen used to determine the pinhole density,
but the densities were found to bhe to low for the area

studied. Untested capacitors were capacitors not used in the
constant current stress testing because they were used for
I-V comparisons or oxide thickness determinations. Failed

caps are capacitors which have failed the wvoltage criteria
menticned above for agood caps at the end of the stress time.
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4.2.3 Discussion

Where a large percentage of the capacitors have failed
at the end of the stress time (above 85 %) and likewise when
a small percentage of the caps have failed (5-20%) it |is
easy to visually establish emerging trends in the maps.
Fifteen of the 34 wafers in the test have effectively all
the caps in the failed category and 2 wafers failed below 5%
of the caps. This eliminates 50% of the generated maps from
any trend analysis. Of the remaining maps it is evident
that no radial or gquadrat type ¢trends are present. To
illustrate this two examples are shown in FIGURES 4.6 and
4.7. FIGURE 4.6 is a map of a 200 angstrom wafer where 50%
of the caps had failed after stress. FIGURE 4.7 is a map of
a 50 angstrom wafer with 20% of the caps failed. It can
readily be seen that no trends exist. Some edge die in the
map (Figure 4.7) should be ignored because, by consensus we
believe them to be caused by tweezer handling. This
information gives evidence that the defects under
investigation in this study are of a random nature.

4.3 Charge Trapping in 50 and 200 Angstrom Oxides Under
Constant Current Stressing.

There have been many reports of fast hole trapping or
donor trap generation followed by electron trapping or
acceptor trap generation in stressed oxides [14]-[16]). Most
reports agree that under a negative gate constant current
injection, holes are trapped first, and eventually electron
trapping dominates. In addition to this, most reports agree
that the generation of traps increases with temperature, but
there are conflicting reports concerning the effect of
temperature on the density of trapped charge. 1In order to
discuss charge trapping, we must first understand the method
of characterization.

4.3.1 Theory and Methodology of Charge Trapping Analysis

We choose the method wusing the gate voltage change
versus time necessary to maintain a constant current. The
change ir gate voltage (DVg) for a single trapping mechanism
is related to the electric field associated with that trap
by EQUATION (4.2),

DVg = Eti*Tc (4.2)

where Te is the centroid of trapped charge measured
from the non-injecting electrode and Eti is the trapping
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field for that ith trap. The flatband voltage shift due to
a single trapping mechanism is given by EQUATION (4.3),

DVfb = Eti*(Tox - Tc). (4.3)

From EQUATIONS (4.3) and (4.4), the centroid of trapped
charge can be found for a single trapping mechanism as,

Tc = [DVg/(DV:, + DVEb)]*Tox. (4.4)

The density of trapped charges for a single trap |is
related to the corresponding electric field as EQUATION
(4.5),

Eti = Nt*C (4.5)

where C = 2%*q/e and e is the dielectric constant of
sio2. From EQUATIONS (4.2) and (4.5), the density of
trapped charge can be found to be EQUATION (4.6)

Nt = DVg*C.-Tc. (4.6)

For traps with very small cross sections, the trap
generation probability (G) is related to the density of
trapped charge by EQUATION (4.7),

Nt = G*Q-q (4.7)

where Q is the integrated leakage charge flux. Taking
the derivative of EQUATION (4.7) with respect to time gives
EQUATION (4.8),

dNt, At = G*J’qg (4.8) where J is the current density.

It is important to note here that the gate voltage
change with time is made up of various components, each of
which is related to a different trapping mechanism.
Therefore, =each Dvgi will correspond to a centroid of
trapped charge and a trap generation probability. The trap

generaticn probability, which may be defined as the number
of traps per unit volume generated by one passing electron
in cm**2, is in units per electron. Wwith these

considerations in mind, we will now proceed with an analysis
in genevz! and an analysis designed ko produce the outputs
to be used in the Hadamard matrix.

4.3.2 Analysis nf Data Concerning Charge Trapping
~haracteristicz FIGURES 4.8 and 1.9 show scme typical curves




for DVg vs time data for 50 and 200 Angstrom oxides
respectively. The decrease in the magnitude of gate voltage
change (DVg > 0 for negative gate injection) indicates hole
trapping, while an increase in the magnitude of gate voltage
change (DVg < 0 for negative gate injection) indicates
electron trapping. It 1is obvious from the figures that
initially both oxides are trapping holes, however, the hole
traps for the 50 Angstrom oxide become saturated almost
immediately while the hole traps for the 200 Angstrom oxides
showed a much longer time until saturation of DVg with time,
if saturation was observed at all. 1In fact, only one cell
which was stressed at the lower current and for 60 seconds
showed an eventual saturation of the DVg vs TIME curve which
led a linear decrease of DVg with time, as observed 1in all
of the 50 Ang. oxides, 1indicating a very large amount of

electron trapping (7 le+l3/cm**2) or a large amount of
acceptor trap generation (7 le-06/e-) as shown in FIGURE
4,10, However these curves are not indicative of the data

The initial hole trapping in the 50 Angstrom oxides
cccurs 5o fast that, for most of the wafers, there are only
a few points or less which illustrate this effect, and for
several it is as if the initial gate voltage change just
appears hetween 10 and 50 millivolts above zero (FIGURE
1.11) It 1is for this reason, that we will concentrate on
electron trapping or acceptor trap generation for the 50
Angstrom oxides; and hole trapping or donor trap generation
for the 200 Angstrom oxides.

In norder to be able to obtain a response for the
Hadamard matriv analysis, 1t was necessary to determine a
specific fime at which the density of trapped charge (Nt)
and the tvrap generation probability (G) should be analyzed.
The trappring mechanism at that point in time would be the
determining factor for the two guantities of interest. 1In
determining a time at which to perform the analysis, two
considerations had to  be taken into account: 1) The time
had to he one for which we had data for each cell and 2) We
wanted to  abserve the effect, 1if any, that the charge
trapping had  on fails in time. From these two
m~nnsiderations it  was clear that the most appropriate time

ko do the analvsis was at the one second point.

It should be noted that 3ll graphs of DVg Vs. Time are

plotted Vs, Time of fail. That is, DVg is actually vnltage
at fail - initial woltage at the bheqginning of stress. This
is a valid method due tn the wide distribution of failures
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in Time. Therefore, we do not have data for any one
capacitor.

The analysis was performed by determining the dominant
trapping mechanism, and then isolating that mechanism. In
order to do this, only points which showed intrinsic
breakdown characteristics and were related to that specific
trapping mechanism were plotted. Also, for wafers which
were stressed for one second, all points which indicated
failure at the one second point were eliminated. This was
because the probe, upon completion of the test, quickly
ceases contact with the gate. When this happens, a voltage
spike often occurs which blows the capacitor (and
consequently causes a breakdown to be recorded.) Therefore,
a somewhat large distribution of breakdowns occur at that
point in time. To avoid any tainted conclusions, these
points needed to be eliminated. Also, any points which
showed failure at times below three one-thousandths of a
second were eliminated due to machine limitations. The plots
were then generated and least squares fits were obtained.
From the eguation of those fits the density of trapped
charges and trap generation probability were obtained using
EQUATIONS (4.6) and (4.8) respectively.

As stated previously, the analysis showed that for both
thicknesses holes were being trapped initially with the
eventual trapping cf electrons. For the 50 Angstrom oxide,
the trapping of holes became saturated very quickly while
for the 200 Angstrom oxide, the hole trapping did not
saturate for much longer times as was illustrated previously
with the use of FIGURES 4.8 and 4.9. This is to be expected
due to a2 smaller probability of electron collision in the
thinner oxide.

Also, it was determined that for the different
thicknesses, the trap density and trap generation
probability differed by a factor of ten, and consequently
the thicker oxide had the higher values for both. This is
typified in FIGURES 4.12 and 4.13. Noyori et al., [17] has
shown this to be true also.

FIGURES 4.14 and 4.15 show that the effect of
temperature was to increase both the density of trapped
charge ard the trap generation probability for both electron
and hole trapping in both thicknesses. This is illustrated
even more effectively in FIGURES 4.16 (A and B) and 4.17 (A
and B). It has been reported that at higher temperatures,
the density of trapped charge actually decreases, however,

14
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we have not observed this phenomenon. Tatsuuma et al., [18]
reported a transition temperature of 125 C from the 1low
temperature region into the higher temperature region.
Above 125 C, they reported that the electrons cannot gain
enough energy to cause impact ionization due to phonon
scattering eifects. Our highest temperature was 125 C, so
that a decrease in trapped charge may not have been observed
due to the fact that we were right at the reported
threshold. However, the possibility exists that the
phenomenon does not exist at such high current densities
(315 mA /cm**2 and 787.5 mA/cm**2).

Also, FIGURES d4.16 and 4.17 along with FIGURES 4.18 and
4.19 indicated a strong dependency of trapped charge and
trap generation on the amount of the total charge density
injected into the oxide. This is in agreement with much of
the literature [14], and caters to physical intuition when
one takes into account that we are injecting particles,
which contain both a mass and a volume, through an
amorphous solid.

Actual calculated values for each cell will be shown in
the next section in tables 4.6 and 4.7.

4.4 Statistical Analysis

This section will be concerned with the choosing of the
factorial matrix which we have wused, along with the
underlying concepts of factorial matrices. Then, a
discussion of the statistical results will be given which
will include a discussion of the electrical data. Some
models tn explain our observations and some suggestions for
further study will be given to conclude this section.

An introduction and summary of factorial matrices, 1in
general, will be presented in 4.4.1. Next, the
characteristics of factorial matrices will be discussed with
the help of some examples which show how we obtain the
resulting relationships bhetween factors and responses. This
will be 4yiven in 4.4.2.

An nverview of the design and analysis of two-level
full factorial experiments will be given in 4.4.3. This
11l he fnllowed by some guidelines for designing 2-level
full-factorial expervriments which will be laid out in 4.4.4.
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A step by step discussion of how to analyze the data is
given in 4.4.5, which will be followed by a brief discussion
of the design and analysis of screening experiments in
4.4.6. This 1is necessary because, although our experiment
was desidaned as a fractional factorial screening experiment,
it will be discussed and shown why we eventually came to use
the full factorial analysis methods.

We will then use the previously described background
information and analysis methodology as applied to
cumulative percent fails in time in 4.4.8, and as applied to
charge trapping in 4.4.9. Finally, a summary of the
statistical results will be given with some common
observations from the data as backing evidence.

4.4.1 Factorial Matrices

Discrete factors have the property of being able to
assume only a limited number of values. On the other hand,
continuous vaviables (like those which we are dealing with)
may take on any value within a numerical range. For a
specific experiment, there will wusually be an wupper and
lower limit of interest specified. Nevertheless, within the
limits, the factor could be set to any value. In most
factorial experiments only two levels for each factor are
actually applied. The two levels are coded low (-) and high
(+). For the case of continuous factors (as is ours) the
two levels should be sufficiently separated so that a
significant response can he ea511y and clearly distinguished
from any experimental error in the measured response. By
using widely spaced (+) and (-) levels the chances of
identifving significant effects with an experiment, or to
conclude that no effect other than experimental error occurs
is improver.

41.4.2 Characteristics of Factorial Experiments

In factorial xperiments, the use of factorial
arrangements for tho factors in an experiment makes each run
yield ipformation concerning every factor. Thus, not only

are factovial experiments highly efficient in the number of
runs utilized, but the efficiency is increased by multiple
nse of e2ach response. The term factorial is used to
indizate that a factorial experiment permits the
simultaneous estimation of several factovs, as oppesed to
one-at-a~time" experiments in which the measured effects
are due tn the change of independent variables only. In
nther o da, ac the factorial (n!) of  an  inteqger {15 1its




product with all of the positive integers smaller than
itself, in factorial experiments, each factor effect |is
based on all the individual measured responses. The term
factor is chosen (in lieu of independent variable), to
emphasize the fact that in factorial experiments, every run
will produce information concerning the effect of every
independent variable. In full factorial experiments, a
set of runs in which all possible combinations of factors at
the levels specified by the experiment are conducted. Thus,
for a 2-level full factorial experiment, with k £factors,
2*x*k runs are required. Since the (+) and (-) levels of
each factor can represent the extremes of the ranges over
which the factors of the experiment will be 'set, the
complete experimental space of the experiment is covered by
a full factorial experiment. Full factorial experiments,
as opposed to one-at-a-time experiments, not only give a
complete exploration of the experimental space, but they
also offer the additional advantages of hidden replication,
and information about interaction effects among factors. The
terms factor effect, main effect, and interaction effect
need to be defined at this point. A factor effect 1is the
difference in the two measured responses when two different
levels of a factor are applied in an experiment. An example
of a factor effect is (¥l - Y2), where Yl is the response
due to a factor set to level 1, and Y2 1is the response due
to the same factor set at level 2. 1In the ideal case, only
the difference in the factor 1levels plays a role in
determining the value of the difference in responses, but
in actual experiments, the value of the factor effect also
depends on the experimental error. To reduce the role of the

random experimental error, replication of the measurement
must be performed. As noted, in the one-at-a-time approach,
such replications must bhe direct. That is, identical

experimental runs need to be repeated in order to get
average values for ¥l and ¥Y2.

In factorial experiments, on the other hand, every run
produces information <concering the effect of each factor.
Therefore, an average value for each response at a given
factor 1level can be calculated from the data of a full-
factorial experiment, without having to replicate the entire
factorial experiment (or even any of its individual runs).
This ability of factorial experiments to intrinsically
produce average values of factor effects without having to
directly replicate experimental runs is vreferred to as a

"hidden replication” capability. Information about two
types of factov effects are also available from farctorial
axperiments: A) main effects, and h) interaction effects.

[92]
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On the other hand, in one-at-a-time experiments, no
information about interaction effects can be extracted.
Main effects for each individual factor are defined to be
the difference between two average responses Y+ and Y-, or
EQUATION 4.9:

Main Effect = (Y+) - (¥Y~) (4.9)

average response at the (-) level.

Main effects can be easily visualized with the aid of a
cube that represents a 2-level, 3 factor factorial
experiment as shown in FIGURE 4.20. The main effect of
factor A is based on a comparison of the response values at
the left and right faces of the cube. Now, examine the
lower-rear edge of the cube. BAlong this edge are two
corners, each of which represents a set of factor values.
The only difference between the sets is in the values of A.
By taking the difference of the responses for the sets of
values of these two corners we get an estimate of the effect

of factor A (one-at-a-time estimate). However, there are
also three other edges along which B and C will remain
constant as A is varied. Basically, there are four edges

that allow us to estimate the effect of A. The main effect
of A is the average of the difference in the responses
measured from these four edges, and is a measure of the
effect that the wvarying of A alone will have on the
response.

On the other hand, two or more factors are said to
interact if the effect of one, say B, is different at
different levals of other factors. Such interactions show
up as interaction effects and they can be estimated from
£nll factorial experimental data just as well as the main
effects. To better 1illustrate a factor effect, consider a
2-level, 2 factor experiment with factors A and B shown in

IGURE 1.21 A, The interaction effect 1is defined as
EQUATION 1,10
Interaction Effect = (¥4 - ¥3) - (Y2 - Y1)],72
= [¢¥l + ©d) -~ (¥3 + ¥2)].2 (4.10)
and it hecomes apparent that the vresult involves the
compariscn of responses at diagonally opposite corners.

The presence of an interaction can also be shown by

examinipa the responses of a 2-level, Z-factor experiment
tfav facktnws &L and BY., The graph of ¥ —rersus A  is ©plotted
with B being low., T1f the graphs hare differant zslopes
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(FIGURE 4.21(B and CC), there 1is no interaction effect
between A and B. However, for the case of different slopes
(FIGURE 4.21 D), this indicates the presence of an
interaction effect.

Obviously, one of the roles of statistical analysis 1is
to determine if the measured effects in an experiment (both
main and interaction), are primarily due to the factors
being investigated or are just due to fluctuations (more
commonly known as errors) of the measured environment.
Those effects which are determined in the analysis of
experimental data as being greater than the expected error
effects are referred to as significant (or more
appropriately, statistically significant).

As was previously shown, even 2-level full-factorial
experiments can easily require a very large number of runs,
as the number of factors increase. In many circumstances,
by making careful and appropriate selections, a smaller set
of runs can provide some useful and efficient information.
If an experiment is designed 1in such a way that only a
fraction of all the runs of a full-factorial experiment are
to be performed, it is designated as a fractional-factorial
experiment. Reduced-run experiments of this sort find wide
applicability in the early stages of an experimental
project, where a large number of factors are cataloged, but
knowledge about their relative importance on the process
being coptimized is not known. At that point, screening
experiments designed to identify the significant factors of
the group, are wutilized. If the other factors are
determined to have no significant effects on the process
being investigated, then further experimental time and
effort need not be expended. Such experiments, when the
factor levels are carefully and methodically chosen, can
make effective use of fractional-factorial experiments.

4.4.3 The Design and Analysis of Two-Level Full Factorial
Experiments

As previously described, full factorial experiments
allow the —complete factor space of an experiment to be
covered, and also to produce factor effects (main and
interaction effects) that are based on response information
from every run of the -experiment. The main effect and
interaction effect information <can be wused to generate
limited response surfaces, or a linear polynomial eqguation
that will allow response predictions to be interpolated
within the ranqes of the facteor space. The latter of these
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possibilities will be our goal in using this technique.

At this point it is useful to discuss a method for
estimating any curvature that might exist within the factor
space being investigated. That is, since only factor values
at the -extremes of their ranges are investigated with
2-level factorial experiments, no information about response
values in the interior of the experimental space is
provided. Thus, only linear (straight-line) variations
can be wused to predict the values of response within the
limits of the factor space. To perform an econcmical check
on the validity of such straight-line assumptions, a small
number of additional runs with the factor values all set at
their middle points, should also be conducted. It is
usually recommended that 4 replicates of this run be
conducted, so that an average value 1is obtained. The
severity of any curvature present is estimated by
calculating the difference between the average value of the
design peints and the average value of the center points
(FIGURE 4.22). Unfortunately, if the curvature is found to
be severe, the prediction model derived from the full-
factorial data is not likely to give accurate results except
near the experimental points.

4.4.4 Guidelines for Designing 2-Level Full-Factorial
Experiments

In this section, a step-by-step apprecach to the design
of 2-level full- factorial eiperiments is presented. Any
number of responses may be measured for each set of factor
values The steps of the method are as follows (it is
assumed that the factors to be investigated have already
been selected):

1. The values of the limits of the factors to be
applied in the experiment should first be determined. These
limits «ill identify the two levels of each factor that will
ke applied in the =sxperiment. The vpper level is encoded as
f+), and the lower level as (-). As noted earlier, these
levels zhould he sufficiently separated eo that a
significant response o the variation in factor levels can
be clearlv distinguished from anv experimental ervor.

<. Any number of responses can be measured at each
experimental point. As discussed in an earlier section, the
two-level factorial method will yield hest results when the
responses ar=z continuous and hawve wuniform independent
arrnrsg fInifarm ervaorg are bthnoge which  have Approximately
the same magnitude at all expevimental prints. )

N
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3. The design pattern, which specifies the 1level of
each factor-for every trial is then obtained from TABLE 4.2
(which gives this pattern for five factors, where the £fifth
factor is set equal to the product of the previous four).
Such a Coded Design Table, as well as a Decoded version of
the Design Table (in which the (+)’'s and (-)’s in the Table
are replaced with their actual values) should be prepared
for the experiment file as 1illustrated, by our Decoded
Design Table, in TABLE 4.3,

4. The order of running the trials should be
randomized. Randomization reduces bias error. A new
order should be selected each time a complete set of runs is
replicated. Persons performing the experiment need to

understand that runs must be conducted in the randomized
order specified.

5. The number of necessary replicates should next be
determined. The hidden replication of full-factorial
experiments assists in reducing the variance of the average
measured values, hy effectively increasing the number of
measurements used to calculate the mean. However, it must
be determined if any additional direct replication is needed
to estimate the variance of the random error, and to thus
satisfy the confidence level requirements when deciding to
identify a factor effect as being significant or not. If
the experiment in question has 3 factors (8 runs for a full-
factorial), and detection of significant factors greater
than 2 sigma 1is acceptable, two full factorial groups
carried out as a single experiment would have to be
conducted (16 runs).

AL, In order
obtain informati
experimental spac

n use the full-factorial experiments to
n about the response within the
without significantly expanding the

Q T

© (D
5~

number of runs in experiment, an additional group of runs
can be added at a middle wvalue for all factors. Four
replicated runs with factovr values set at their midpoints
are suggested to increase the precision of middle point

easurement ., The deqgree of curvature can be estimated by
he difference hetwsen the average of the measured response
£t the wmiddle points and the average of all the other
wperimental points. TIf this turns out to show that the

[i

ur;ature is severe, the prediction model generated from the
ll-fartorial is likely to be guite inaccurate except near

e design points (FIGURE 4.22).

7. The experiment is then conducted and the responses

fry each vun are recorded.
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4.4.5 The Analysis of the Measured Data

1. The factor effects are first computed from response
data in the following manner:

a) Create a Computation Table (CT). To assist in
tabulating the analysis, use the design from TABLE 4.2.

b) List the averages of the replicate runs in a
column at the right of the CT laleled (0). (Follow the run
order listed at the left of the CT, and not the random run
crder.)

c) Total the wvalues of the run averages for the
lines that have a "+" sign for each column. Put this total
under the correct column of the line SUM +.

d) Repeat the process for the lines with "-" signs.
Enter their totals under the appropriate columns in the line
called sunl -.

2) Add the wvalues of SUM + and SUM -. Enter the
total on the 1line OVERALL SUM. This step is a check. The
value of the OVERALL SUM should be identical for all
columns.

£) Subtract suUM + from SUM -. Place the difference
on the line called DIFFERENCE.

) Finally, divide the difference by the number of +
signs in that column, and enter on the line EFFECT. This
number is a main effect, or interaction effect (depending on
the particular column). For column one, the result on the
EFFECT line is the average of the responses of all the
experimertal points.

2. The curvature is then calculated. This is d<ne by:

a) Computing the average value of responses of the
runs carried out with all the factors set at their middle

values favevage value of center points).
k) Then computing the difference bhetween
1) the average nf the responses all the

experiment points and

-~ —_

ge value of the center points. This
n the CURVATURE line of the CT
3. The significance of the main effects, interaction

effects, and ~urvature are then determined. That is if any of
the computed main factors or interaction effects is found to
be larger than a minimum significant factor effect, MSF
tehich e ill demonstrate heow to calculate), it ran be
concluded  that the effect is indeed non-7erno. On the cther
hand, 1f the —salue is smaller, it iz  likely that no
sianificant effect exists, and the vaviation in experimental

[
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response for that effect 1is just due to experimental error
fluctuations. By the same token, 1if the curvature is greater
than the minimum significant curvature, MSC, it can be
concluded that at least one response has non-zero curvature
associated with it. The MSF and MSC are computed from
EQUATION 4.11:

M"Ss

-

= p*Spooled* (2. (r*xk))**0.5 (4.11)
and EQUATION 4.12
MSC = p*Spooled*[(l/(r*k)) + (l/c)]**0.5 (4.12)

where: p is the value of the t-distribution at the desired
probability level (l-alpha) for the number of degrees of
freedom wused to calculate the standard deviation (S);
Spcocled is the peooled standard deviation of a single
response; v is the number of + signs in the column (note
that the main and interaction effect columns have 2**(g-1) +
sians, where g ig the number of factors in the experiment);
b is  the numbev of replicates of each trial; and c is the

number trials conducted with factors set at middle value.
ictn that the number of degrees of freedom, d.f., is
Aoterminaed by EQUATION 4.13:
1.f. = n - tnumber o0of main effects + number of
ntevactinon eoffectzy - 1 (for calculating the average) - 1
tfor ~aleulating curvature) (4.13)

wheio n 15 the total number of runs in the experiment.

Thus, 1% a3 j3-factor experiment was designed to Dbe
veplicasad  “-wice 148 runs) and to have an additional four
c~enter point vunsg, o total of 20 runs would constitute the
erpeviment There weould be 11 deqgrees of freedom available
fov o calovlating 5, ~ince 3 would be used to calculate the
main effecng, Lo the intaraction effects, and one each
£y “he  average £ all the responses and average of the

la Rt T " = |r’:[f\n'("“

E The matn and intevantion effersts are compared with
aE, Ami o mhene vt ave lavrger  ave  concluded  to  be
SNt S e o Thie s ravgr e affect i compaved with NSC, and
LE - Lavags o, the  response 15 acknowledaed as having
“igno fioank agaoatp ithin the farstor space being studied.

T Tl e ML e e faym nf an armation,  that

s e T e s T ames g lae s E sl




factors within the factor space, from the data of the
factorial experiment, can then be formulated. The equation
is of the form EQUATION 4.14:

YPR = AQ + Al*X1 + A2*X2 + ... + An*An + AL2*Al1*A2 + ...
+ Ag-1,g*Xg-1*Xqg + higher order interactions (4.14)

where: YPR is the predicted response; g is the number of
factors; A0 = Y; Aj = 0.5*(factor effect for xj); ajj -
0.5*%(factor effect for xj*xj); and: Xj = [(factor level at
the experimental point) - 0.5*(high + low factor level)]/
0.5*%*(high - low factor levels)

4.4.6 The Design and Analysis of Screening Experiments

In many processes it is possible to identify a variety
of factors that may impact the process responses. The
number of runs necessary to perform a 2-level full-factorial
experiment with k factors is 2**k, and for more than about 4
factors, this number may become excessive. in such cases, a
more effective strategy than conducting fuvll-factorial
experiment would be to carry out a less extensive experiment
designed to identify the most important factors, and then
perform the full-factorial -experiment wusing only these.
Such preliminary experiments that eliminate wunimportant
factors ave Pal1°d screening experiments, and can
substantially reduce the number of runs that must be used to
separate nut siqnificant factors. Such screening
experiments are still based on the principles which underlie
full-factorial experiments (e.g. hidden-replication and
full «coverage of the experimental space), but use a smaller
number of runs for a given number of factors.

Thera is a price that is paid for the reduced number of
runs “hen the results from analysis of the Computation
Takle are calculated, the +wvalues obtained no longer
necagsarily «~ontain information about a single main or
intevaction effect, but instead contain information from two
cr more effects. This is known as confounding. For
evample, if 3 scoreening experiment was performed with three
factors and only four runs were conducted (instead of the 8
needed for a2 full-factorial experiment), the value
~alzulated in each nf the EFFECT rnws would no longer result
From a single main offect ov interaction effect, but would
hawve «contained response information from a main effect and
an intera-tion effert. Such confoundina is due tn the fact
that the same fortor level combination is used to produce
Fhe  Facoear cffret ~E mare Fhan » single farctnr orv
e C I N A A R eI




As the fraction of the total number of runs compared to
the number required for a full-factorial experiment gets
smaller, the larger the number of effects that are
confounded. That is, if half the number of runs is conducted
{and in which the experiment is known as a half-factorial),
each EFFECT wvalue confounds only two effects, while each
EFFECT wvalue 1in an experiment with only one-fourth the
number of runs ceonfounds four effects. The reason that such
confounding is generally tolerable 1is that interactions
involving three or meore factors (higher order interactions),
are almost always less important than main or two-factor
interactions. Thus, by properly designing a screening
experiment such that each main effect (and if possible, each
two-factor effect} is confounded only with effects due to
higher order interactions (i.e. by being careful that two
main effects do not confound each other), it is still highly
probable that the most important main and two-factor
interaction effects will be found.

Heve 1s a rough gquideline for obtaining the most
informati.n from the Jeast number of screening experiment
runs, while paying the least penalty (in the form of losing
key information from confounding effects):

a)' Fov screening experiments containing 5 factors, use a
14 run experiment (half-factorial of & 5-factor full-
factorial experiment), and take the product of the coded
walues 1+ and -} of the first four factors (for the first
164 runs 2~f a 5-factor full-factorial table), and assign the
vresultinag product level to the fifth factor ( i.e. this
croduct 2lue will ke either "+" or "-"). Using this design,
the main =2ffect of the fifth factor would be the same as the
four—way  intevaction, and thus the main effects are
confounded with the fanr-way interaction. In addition, the
Trrn—wa rakeraciionz 11l be rconfeounded with three-way
interachiong;

hy ¥2v soreening  evperiments of 6 to 8 factors, a 16 run
evpevimeni ~an 3till he used in which the main effects are
all ~zonfaunded with third and higher nvder interactions, and
fhe twn-fackter interactiong ara likewise confounded only
sith such higher avder intervactions [7]

1,4, 7 The Matyvivz Applied Ea Tumplati-ce Perrcent Fails and

havge TYroapping

n  ewplain <some things
factovs. Due teo the lack




of time and equipment, it was necessary to design the test
so that a statistically valid number of fails in time would
occur, while keeping that time as short as possible. In

rder to do this, the current density had to be increased.
However, such a wide distribution of fails in time existed
that there was no way to obtain data for every cell for any

common time to a certain percentage of fails. It was for
the following two reasons that we decided to drop time as a
factor: 1) There was too much of an error in failure

distributions to even consider only total fails in time and,
2) It has been reported that the injected charge (i.e.
current multiplied with time of injection) is the important
factor and this renders time no longer an independent
variable.

What we did was look at the cumulative percent fails at
one second. This data was common to all cellS in the test
matrix, and also eliminated time as a matrix factor because
even 1f a cell was stressed to sixty seconds, it would have
the same characteristics at one second. This enabled us to
use the matrix as a full-factorial matrix, thereby reducing
the amount of confounding.

As explained earlier, in order to remain consistent, we
examined the rhaLgo trapping characteristics at one second
after stress also. This brought about a need to further
reduce our matrix and split it into two separate 3 factor
fullfacterial matrices: one for the fifty angstrom
thickness. and one for the two-hundred angstrom thicknesses.
This was done because the trapping mechanisms for the two

thicknesses are completely different at one second; one is
trapping npositive  <harges, and the nother is trapping
negati e <charaes

4.4.8 Analysis of Cumulative Percent Fails in Time as an
Output

Usina the methed of analysis outlined in section 4.4.5,
re can derive the equation to relate the cumulative percent
fails at ~ne sensond to the stressing factors in the matrix.
TABLE - iz the computation rable for this analysis. The
averade ~w2alues obtained from the cumulative percent fail
plots for each -ell is shown to the right of the table. For
esarh roinmn, rhe gum 2f a1l the ~utputs cnrresponding to a3
"+" gign in that column have been tabulated and placed on
the line marhked 33U +. This was repeated for the
covyesponding "-" signs and rthnse —alnes wrere placed in SUN

-, A7 s chech the caluas for AU 4 oand S0 - ware added
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together for each column and placed on the line indicated as
TOTAL. As can be seen from the table, these quantities were
found to be identical for all columns. SUM - was then
subtracted from SUM + and this value is indicated 1in each
column on the 1line marked DIFFERENCE. Finally, the
difference is divided by the number of "+" signs in each
column and placed on the line marked EFFECT.

The next step is to determine which of these effects
are significant and which ones are in the "noise" level due
to experimental error. Using equation 4.11 from section
4.4.5, the MNSF could then be calculated. The value for p
was obtained from The CRC Standard Mathematical Tables using
the number of degrees of freedom for our experiment (34 - 15
-1 -1=17), and the expected accuracy of 0.95 (ie., 95%
with two replications for each cell and two replications for
the center point). TABLE 4.5 below shows the numbers wused
in the calculation and the resulting MSF.

e e o — ———— e —— ———— . —— . ——— —— —_ —— —— — —— — — — —— —— ——— . —— - ———

This indicaterd that any effect found to have a
maanan4e less than 27.1 could be considered to be in the
"noise" level, and any effect which had a magnitude larger
than 27.1 could he considered to have a non-trivial effect
and thus would be considered in the derivation of the
equaticn relating the stressing factors to the
time-dependent dielectric breakdown (TDDB). Upon comparing
the calculated MNSF with the factor effects from the
Computation Table, it is obvious that only one factor can be

considered tn bhave a non-zero effect on the data, and that
is the current (or equivalently the amount of injected
charge density after 1 second of stress). It is important
to note that this does not mean that the other factors have
nn effort whatsoever. Higher temperature shows a
relationship to a higher pevrcentage of failures. However,
due to the overpowering effect of such a high current
density on the TDDB data, it becomes the only significant
nffort Oxide thiclkness is also ery important in TDDB,
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but at the time used for evaluation (1 second) no
significant effect was observed.

-3
[p)]

he equation relating current 'to the cumulative percent
fails at 1 second can be derived using the method described
earlier. From section 4.4.5,
Cumulative % Fails @ 1 second

AT*(I(uA) + 350)/150 (4.14)

where,

ATl = 0.5*CURRENT EFFECT = 0.5*31.6 = 15.8

so that one obtains EQUATION 4.15:

Cumulative % Fails @ 1 second = -15.8*
(I{uA) + 350)150 (4.15).

The MSC was found from equation (4.12) to be 55.9 and the
curvature was determined to be 26.4. This would seem to
indicate that no significant curvature exists, however, care
should bhe used in interpreting this since the points we used
as centerpoints are not actually centerpoints. For
instance, 100 Angs. is neot in the center of 50 and 200
Angs., s» that curvature may exist where none is predicted.

4.4.9 Analysis of Chavge Trapping Properties using Nt and G
as Outputs

Section 4.3 explained the method of analysis wused to
determine Mt apd G, therefore, we will avoid any redundancy
and presant only the results as determined wusing the
Hqadamard matrix First, we wil)l present the vresults for the
30 Angs. oxides (hoth Mt and G), then we will present the
findings fovr the 200 Angs. oxides in the same manner.

Usint the methed of section 4.4.5. and in the same way
as was done fZovr the TDDB analvsis, TABLE 4.4 was generated.
TABLE <.~ A shews tha vesults tabulated for Mt and TABLE 4.6
3 gheows the vesyl-os tabulated for & bhoth of which are for
the 30 Angs 2xirdeg In order to determine the minimum
significant factor «ffackt, we calculated the pooled standard
deviatiarz and regnl-ing NSF'z ta he '

Sproled(for Mt = 1,89 ==============- [15F = ] .61

Spﬁr‘1ad‘ frry 3 15 T==mz==z======" [|SF = 1.24%

= 1.
50 that wa ~onlrd then e

liminate the insianificant factors.
Referrving tn TABLE 1 A& A b is o

hvions that the significant




QOMPUIATION TABLES FCR FACTCR EFFECTS RELATED TO GHRRCGE TRAPPING FOR 50 ANG. CKIDES

D I DI T or IT DIT (0)(x10"11,/am"2)
- - + - + + - 0.2
+ - - - -~ + + 0.4
- + - - + - + 1.9
+ + + - - - - 1.9
- - + + - - + 1.2
+ - - + + - - 1.0
- + - + - + - 5.1
+ + + + + + + 5.2
S11+ 8.64 14.1 8.5 12.5 8.3 11.04 8.84

sM- 8.4 2.94 8.5 45 8.74 6.0 8.2
TOWL 17.04  17.04 17.04  17.04 17.04  17.04  17.04

DIFFERENE  0.24  11.2  -0.04 7.96 -0.44 5.04  0.64
EFFECT  0.06  *2.8 0.0l  *2.0 -0.11 1.3 0.16
* Significant Factor Because MSF = 1.64

A). FACICR EFFECTS FCR DENSTTY OF NECATIVE TRAPPED GQRRE

D I DI T DT IT DIT (0)(x10"08/electran)
- - + - + + - 1.0
+ - - - ~ + + 2.8
- + - - + - + 3.8
+ + + - - - - 3.8
- - + + - - + 2.9
+ - - + + - - 5.1
- + - + - + - 10.0
+ + + + + + + 10.0

M+ 21.7 27.6 20.7 3.0 19.9 23.8 2.5

s11- 20.7 14.8 2.7 1.4 22,5 18.6 19.9

TOIAL 4 42.4 42.4 2.4 2.4 42.4 42.4

DIFFERENCE 1.0 12.8 -1.0 19.6 -2.6 5.2 2.
EFFECT  0.25 *3.2 -0.25 *4.9  0.65 *1.3 0.65

* Significant Factor Because MSF = 1.26

B). FACICR EFFECTS FCR THE ACCEPICR TRAP GENERATIQN RATE

TADLE 4060 GoOMPUTATION TABLE FUd FACTOR SFFECTS SELATED
[0 CHARGE TRAPPING FOR 50 ANGS. OXIDES
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factors for Nt are: current, and temperature. From TABLE
4.6 B, the significant factors for G are: current,
temperature, and the interaction between the two. From
these results and the method discussed previously, the
equations relating the factors to the responses were
derived. For the density of trapped charge the equation was

found to be EQUATION 4.16,

Nt(X10Ell/cm2) = 2.1 - 1.4*(I(uA) + 350)/150
+ 1.0%(T(C) - 77.5)/47.5 (4.16)

and regarding the trap generation probability the equation
was found to be EQUATION 4.17,

5.3 - 1.6*(I(uA) + 350),/150
0.7*((I(vA) + 350)/150)

G(X10E~-08- el ctr
7 -
747.5 (4.17)

+ 2.5%¥(T(C

These are consistent with the results as discussed
previously in section 4.3. The results for the 200 Angs.
nxides ave presented next.

The method is repeated for the 200 Angs. oxides with
the Comnufat1nn tables for Nt and G shown in TABLES 4.7 A
and B. The pooled standard deviations and resulting MSF's
were found to he,

Sporcled(for Nty = 0.73 ==============> MSF

L 0.64
SDnn]Dd for GY = 1.88 =z=m==m========> MSF
17

1.64
nificant factors were identified and all
were eliminated. From the Computation tables
ved that the 51qn1f1vant factors related to Nt
rent and temperatur and that the only
related to G was: temperature. Again
hod for deriving the equations relating the
esponses, the eguations were derived. For

{
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the density of trapped charge the equation was determined to
he EQUATION 4.18:
ME(X10EL2 em2) = 1.8 = 0.74*(T(ud) +330) 130 + 0.59%(T(C)

- TT.3y 17T (4.18)
and for the trap generation probhabhility the equation was

determined to he EQUATION 4.192,

CIXINE-0T electrant = 5.3 + 1. 7%(T(C) — 77.5) 47.5 (41.19)




CMPUIATION TRBLES FOR FACTCR EFFECTS REIATED TO GPRE TRAPPING FCR 200 ANG. CXIDES

D I DI T or IT DIT (0)(x10"12/am"2)
- - + - + + - 0.62

+ - - - - + + 0-

- + - - + - + 2.20

+ + + - - - - 1.30

- - + + - - + 1.80

+ - - + + - - 1.10

- + - + - + - 3.40

+ + + + + + + 3.30

SM+ 6.5 10.20 7.02 9.60 7.2 8.12 8.10

11— 8.02 4.2 7.0 4.92 7.30  6.40 6.4
TOPL 14.52 1452 14.52 1452 14.52  14.52 14.52

DIFFERENCE -1.52 5.88 -0.48  4.68 -0.08 .72 1.68
EFFECT —0.38  *l.47 -0.12  *l.18 —0.02  0.43  0.47
* Siqnificant Factor Because MSF = 0.64

A). FACTCR EFFECTS FCR THE DENSITY OF EOSITIVE TRAPPED (HRRCE

D I DI T oT IT DIT (0)(x10707 electran)
- - + - + + - 3.1
+ - - - - + + 4.2
- + - - + - + 4.5
+ + + - - - - 2.7
- - + + - - + 8.9
+ - - + + - - 5.7
- + - + - + - 6.9
+ + + + + + + 6.7
SM+ 19.3 20.8 21.4 28.2  20.0 20.9 24.3
S - 23.4 21.9 21.3 145 2.7 21.8 18.4
TOIRL 42.7 42.7 42.7 42.7 2.7 2.7 42.7
DIFFEREMNE 4.1 -1.1 -0.1 13.7 -2.7 -0.9 5.9

EFFECT -1.0 0.3 -0.03 *3.4 0.7 0.2 1.5

* Significant Factor Because IMSF = 1.64

B). FACICR EFFECIS FOR THE DONCR TRAP GENERATION RATE

TABLE 4.7, COMPUTATION TABLE FOR FACTOR EFFECTS RELATED
TO CHARGE TRAPP NG FOR 200 ANGS. OXINES




4.4.10 Summary of Statistical Results

We found that in analyzing the cumulative percent fails
at 1 second, only the current was significant. Although
temperature does decrease the time to fail, the factor
effect associated with it is insignificant. This is believed
to be due to such a large current density used in the
testing. The current density is probably masking any other
effects which might have been observed at lower current
densities, because it is actually "blasting" the oxide with
electrons.

In reference to charge trapping, we found that both
thicknesses trap holes 1initially and eventually trap
electrons. However, due to the difference in trap
saturation times, we observe different polarities of trapped
charge at 1 second. TherefO' we needed to split the
matrix into two ful factoxla1 matrices with three factors
each.

The 0 Angs. oxides showed densities of trapped charge
on the ovder of 7 10ELll sg. cm, or trap generation rates on
the order of 7 lO**-OSAelectren Also, both temperature and
the amount ~2f injected charge density are fir order
effects. With an inc_,ase in both of these Factors comes a
correspeonding increase in hoth responses. This was
illustrated earlier in FIGURES 4.16 and 4.17.

The 200 Angs. ~xides had densities of trapped charge
about 10X higher than the 50 Angs. oxides (7 10El2,/sg. cm,
pAsitive nnlavityr, ~r trap generation rates on the order of
“10E-NT  ials~ about 10X highev than the 30 Angs. oxides).
Injected =-harge denszity and temperature 3lso were first
mvde' fastors i the determination of the responses, but

emperature appears to play a more important reole than in
the 30 s nvides In fact, it appeared to be of higher
impnrrance than the injectad charge density. It could be
rossible  that  the high current density 1s causing some
Aetvapping ~f positive chavge in this thickness which makes
remperstire zasm o be 3 mere Adominant factor, however, this
wonld need £t~ he studied further to determine physically
what 35 ~cmavring

2
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5.0 PHYSICAL ANALYSIS

The following sections describe sample preparation,
results and conclusions of the physical characterization
performed on esach cell with a scanning and transmission
electron microscope.

Following all electrical testing, a wafer from each
cell was delivered for physical characterization. Each cell
(wafer) was cleaved parallel to the wafer flat. One half of
the wafer was used for TEM and the other for SEM

characterization.
5.1 ELECTRON BEAM INDUCED CURRENT ANALYSIS

Electron signal current with negative bias (EBIC) was
used in an attempt to image areas on the capacitors drawing

high current.

1.1 Introduction

The electron-beam-induced current technique is one of
several technigues which can be used to localize defects in
MOS capacitor structures. This technique makes wuse of a
rastered and focused electron beam striking the surface of
the sample while monitoring the substrate current. This
substrate current is used to control the video image being
displaved. An external bias can be wused to enhance this
image and photeographic records can be made of the EBIC
image, recording dark and bright spot locations on the

structure under inspection [19].

In this analysis, a scanning Auger microscope
tParkin-Elmer PHI 4001 was used in an electron microscope
mode. This system was used only because of the availability
of the sample CJrLont preamplifier attached to this system.
The samrles rere  mountad on a miniature probe station
(Ernest 7 Fullam MNo. 18154y and then attached to a
modified sample mounting stub, enabling biasing of the
structures from the extarnal vacuum chamber. A battery and
2 simple oltage divider circuit was used to apply bias to
Fhe structures See FIGURE 5.1 for an illustration of the
techniqgue,

tach zample userd for the EBIT analwvsis -y
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concentrated solution of KOH was used at room temperature
for approximately 5 minutes. After the metal was removed
the samples were mounted on the probe station, as described
above, inspected with both a secondary image and an EBIC
image and then the findings were recorded. The secondary
image was wused primarily to locate and position the
capacitor under the rastered electron beam and then the
instrument was switched to the EBIC image. With the EBIC
image selected, the voltage across the capacitor structure
Was varied from ov to the peak battery voltage,
approximately 9vV. The voltage, at which a contrast change
was identified, was recorded and the location of the
contrast change - defect was also recorded.

While performing the analysis, the electron beam
accelerating wvoltage and spot size were varied along with
the bias across the capacitor. Best results were obtained
with 10-15KV accelerating potential rather than 5-10KV.
Larger beam spot sizes and higher bias voltages across the
capacitors were also found to improve resolution of the EBIC
technique. Mo significant advantages were found with
changes in the incident beam angle or the working distance.
TABLE >.1 lists the instrument parameters used.

'Accelerating voltage 3~15KV |

|Electron Beam Spot Size 1000 Ang |

Magnification “3,000X l

'Incident Beam Angle 0-30 degrees|

iorking Distance 10-12 mm |

TABLE ~.1 Instrument Parameters
2.1.3 Okz~vcationsg

Deferts were ~nly found when the capacitor was biased
with  tae battaeve ~iveouit. Cells 1A, & and 10 were e:amined
H3ing Anlv the elorstran heam as »  ruivent saurce  and  no
sigual  ~ontvast changes defects were faund. Examination of
nthey strncbyrag from thesge rells found ~nntrast
~hangeg Jdefects  whaen wsing  the battery bias civcuir. See
ramrc o vnl RLC E A mummarss ~F the  ahesroations  and
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OBS. SOANG. OX. >200ANG. OX.
(%) (%)

DF=-C 33 13
DF-NE ' 21 33
DF-E 4 21
NVD 42 33

total 100% 100%

TABLE 5.3 EBIC OBSERVATION SUMMARY
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FIGURE 5.2

PHOTO 1 CELL 4 WAFER 27
SECONDARY ELECTRON IMAGE
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FIGURE 5.3

PHOTO 2 CELL 4 WAFER 27
SAMPLE CURRENT (EBIC) IMAGE
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FIGURE 5.4

PHOTO 3 CELL 3 WAFER 37
SECONDARY ELECTRON IMAGE
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FIGURE 5.5

PHOTO 4 CELL 3 WAFER 37
SAMPLE CURRENT (EBIC) IMAGE
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FIGURE 5.6

PHOTO 5 CELL 5 WAFER 1
SECONDARY ELECTRON IMAGE
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FIGURE 5.7

PHOTO 6 CELL 5 WAFER 1
SECONDARY ELECTRON IMAGE
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FIGURE 5.8

PHOTO 7 CELL 1 WAFER 23
SECONDARY ELECTRON IMAGE
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FIGURE 5.9

PHOTO 8 CELL 1 WAFER 23
SAMPLE CURRENT (EBIC) IMAGE

92




photos 1-8 (FIGURES 5.2-5.9) showing the secondary electron
image and the EBIC image.

The defects found were classified into three groups.
One group of defects were away from the edge and labeled as
center defects. The second group were defects which were
localized to near the edge of the capacitor and were
approximately 1 to 3 microns away from the edge. The third
gqroup were defects which were located at the edge of the
active area of the capacitor.

5.1.4 Results and Discussions (Signal Current)

The signal current (EBIC) data showed that the oxides
on the order of 50 Angstroms thick, took higher negative
bias voltages to produce a signal current image and the
thicker oxides, in general, tended to show a lower signal
current "turn-on” voltage; thus possibly indicating more
latent defects; as for example in two samples from cell 10
where the signal current "turn-on" voltage was 1.26 volts
and 1.79 volts for two of the samples with oxide thicknesses
on the order of 50 Angstroms and & "turn-on" voltage of 0.50

wnlts for o sample from cell 1 with an oxide thickness on
the order of 250 Angstroms. It is thought that a higher
"turn-on" voltage may indicate a stronger oxide; however,

"turn-on" woltage may also be a function of the quality of
the contact to the sample wunder test through the
experimental set-up using the small probe station and each
rime the small probe station was wused, the contact
resistance may have been different.

in the n~xides can be imaged using this technique;

Tne siqgnal current data seems to indicate that latent
ts
) work, the technigue <could bhe refined and more

One general trend was that signal current detection in
the 50 Angstrom oxides tended to occur in random areas;
while signal current detection in the thicker oxides tended
to occur at the edges of the capacitors.

Several ideas as to what the "whole-plate-contrast”
detection 1indicated have been discussed within the group.
It was suggested that "whole-plate- contrast"” might occur
hecause nf Al from the metallization changing the
resistivity ~f the polysilicon top electrodes of the
capacitors by diffusion into the polysilicon when shorts
caused heating of the metallization; however, it seems that
the "whnle-plate-contrast” is too even and if Al did diffuse

‘O
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into the polysilicon, 1localized areas would show a signal
current.

5.2 OXIDE/Si SURFACE MORPHOLOGY EXAMINATION BY TEM
MICROSCOPY

The TEM replica technique was used to image the surface
of the oxides and some of the silicon substrates in an
attempt to gain information on defects in the oxides.

5.2.1 Introduction

The use of two-stage carbon replicas 1is a convenient
method for observing detailed surface morphology with a
transmission electron microscope. Replication is an
alternative to cross-sectional and planar material samples.

The decision to use this technique was based on
successful results of earlier data of replication of thin
oxide surfaces that had been stressed wusing a ramped
voltage. Results of experiments involving the vitrification
of oxides also indicated that the technigque is wuseful for
elucidating fine surface morphology.

Briefly, the technique involves application of a highly
conformal acetate film to the surface of interest, coating
this film with carbon (actual replica), shadowing with
evaporated metal (for contrast) and finally removal of the
original acetate.

5.2.2 Analysis

To prepare the oxide surface morphology replicas (20]
from each «cell, the metalization was removed with a dip in
55 degree Celsius Metal Etch II (73 % phosphoric acid, 6.6 %
acetic acid and 0.83 % nitric acid) until the metal was
cleared. The removal of the polysilicon layer was
accomplished with a 40-50 second dip in 95 % polysilicon
etch. The variation in etch time was required because of
the slight wvariances of poly thickness encountered. Each
etch step was followed by a thorough rinse and dry. After
all oxide surface samples had been prepared and examined
under TEMN, the piece of waf2r used for TEM work was split in
half and nne half was subjected to a 20 second HF (493%) dip
to remove all thin oxide. This half was then replicated to
examine the Si surface morpheoloav.

5.2 OQXZIDC. Si  SURFACE HHORPHOLOGY EXANIIATION BY TEM
MICROSCOPY
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After etching, each cell was scribed in five separate
locations to denote the five study sites as per the
statement of work. Each cell was then rinsed and dried to
remove gross silicon particles created by scribing. Thick
acetate replicating tape (.127 mm) then was applied to each
marked capacitor cluster, allowed to dry and removed. This
process was repeated two more times. These <cleaning steps
greatly reduced artifact-producing foreign matter. It should
be noted that all poly/oxide replicas were from failed caps.

The actual surface replicas were produced with thin
acetate replicating tape (.022 mm) and were produced
immediately after the third piece of  "cleaning" tape was
removed to further reduce the possibility of particle
contamination. The surface replication was achieved by
soaking a cotton swab in acetone, daubing the capacitor
cluster of interest and immediately applying the thin tape.
(NOTE: Scoaking thin tape in acetone will render it
useless.). The replicas were then allowed to dry overnight.
Each replica was carefully removed (minimal tensile force)
and excess material was trimmed off. Each was then placed
on a clean microscope slide with double sided tape with the
replicated surface facing up 1in preparation for carbon
coating.

Carbhon coating was performed at a vacuum of 5.0 E-6
torr. Once vacuum conditions were achieved, a 1/16 inch
carbon rod was evaporated at 38 amps for 30 seconds (no
sparking!) while rotating the specimens. This resulted in a
carbon film of approximately 250-300 Angstroms [21]). A
Denton Vacuum DV-502 evaporator was used for this procedure.
Without breaking vacuum and with the specimens stationary,
Pt,Pd shadowing material was applied at an approximate 15

degree angle in a 48 amp., 1 second flash. The carbon
coated replicas were again carefully removed to avoid any
tensile stress to the carbon film. The coated specimens

were washed 1in an acetone reflux condensation apparatus in
groups of three in order to remove the acetate substrate.

The washing apparatus consisted of a round bottom flask
174 filled with <clean acetone (semiconductor grade), a
vertical condensation tube and a cold arm maintained at
21-23 dearees Celsius by recirculating tap water. TEM grids
(200 mesh, Ni) were then placed on a stainless steel screen
attached to the «cold arm. The unwashed replicas were
strategically placed on the grids, carbhon side up. The
acetone was brought to a boil with a heating mantle around
the flask. Washing continued for approximately 1.5 hours.

0
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The replicas were allowed to dry in ambient air and placed
in a replica box. After washing 6 replicas, the acetone was
replaced with fresh solvent.

At this point each individual replica was inspected and
mapped optically wunder a Polyvar metalograph. A 4"x 5"
Polaroid photograph was taken at low magnification showing
the entire replica. A subsequent examination at a higher
magnification allowed the location of each tested capacitor
to be marked by grid square on the 1low magnification

photographs. Both unstressed and stressed to fail
capacitors were mapped from each individual cell in all
locations. This procedure eliminated time-consuming

searches under the transmission electron microscope for the
specific areas of interest.

Observation conditions on the Philips EM-420 microscope

were as follows: 120 KeV accelerating voltage, condenser
aperture (50 micron Pt/Th), objective aperture (70 micron
Au). Two randomly selected areas from the unstressed

capacitor were photographed at 30,000x and a third area at
60,000x. The same sequence of photographs was used for the
stressed to fail areas. Only the 30,000x negatives were
printed. The prints were enlarged to a standard
magnification of 122, 144x, giving a standard area of ¢
square microns.

5.2.3 Results

Cell 1, wafer 23 had an oxide thickness of 247
Angstroms, was radiated with 500 Krad of gamma radiation and
was stressed at a temperature of 30 degrees celsius at 200
micro-amps for 1 second. The oxide surface morphology from
the unstressed area exhibited a medium degree of roughness
and 2-3 pit anomalies for every 2 study sites. The stressed
oxide surface exhibited a medium roughness with 4-5 pit
anomalies for every study site. Silicon surface morphology
showed a shallow, raised mottling from one cell area and a
smooth surface £from the alternate area from both stressed
and unstressed areas.

Cell 2, wafer 25 had an oxide thickness of 280
Angstroms, did not receive radiation and was tested at 30
degrees ~Celsius at 500 micro-amps for 1 second. The
unstressed oxide morphology showed a low degree of roughness
with a concentration of 3-5 pit anomalies (250 Angstroms
in diameter) per study area whereas the stressed oxide
indicated a higher concentration of 5-7 pit defects per site
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with the same overall surface roughness as the unstressed
areas. The Si surface indicated very low roughness in both
the unstressed and stressed areas.

Cell 3, wafer 38 with a measured oxide thickness of 234
Angstroms was stressed at the elevated temperature of 125
degrees Celsius for 1 second at 500 micro-amps after
receiving a 500 Krad dose of radiation. Surface texture
through the 5 sites of unstressed oxide ranged from smooth
to a medium roughness, with only 1 pit anomaly found at 1
site. Two shallow projections were seen in another study
area. From the stressed oxide, a similar roughness trend
was seen with no obvious pitting detected. Both the
stressed and unstressed Si surfaces were generally smooth.

Cell 4, wafer 27 with a measured oxide thickness of 269
Angstroms was stressed at 125 degrees Celsius for 60 seconds
at 500 micro-amps with no radiation dose. Surface texture
of the unstressed oxide ranged from a low to a medium
roughness with 1-2, 200 Angstrom pit anomalies found in 2
study areas. In this case, the stressed oxide surface
showed 1low surface roughness with the pitting density
increasing to 2 pit anomalies in 3 sites. Both Si morphology
samples indicated a uniform low roughness trend.

Cell 5, wafer 1 with a measured oxide thickness of 58
Angstroms was stressed at 125 degrees Celsius for 60 seconds
at 500 micro-amps after receiving a 500 Krad radiation dose.
Unstressed oxide surfaces ranged from a low to a medium

roughness through the 5 sites. No blatant pitting was
detected, but analysis of one site indicated 30-40 shallow
projections (800 Angstroms in diameter). The stressed

oxides showed the same range of roughness again with one
site showing 30-40 shallow projections that were only 500
Angstroms in diameter. One pit anomaly was seen on two
study sites. The stressed Si surface was low in roughness
while the unstressed was smooth in texture.

Cell 6, wafer 33 had a measured oxide thickness of 232
Angstroms. This cell was tested for 60 seconds at 200 micro-
amps with a temperature of 125 degrees Celsius after a 500

Krad dose of gamma radiation. Unstressed oxide surfaces
exhibited a high degree of roughness in some areas and a
medium roughness in other areas; 1 pit anomaly was seen in

every site. The stressed areas showed the same roughness
trend with the pitting increasing to 2 for every site. Again
the trend of the Si surface was smooth for both stress
conditions.




Cell 7, wafer 2 had a measured oxide thickness of 51
Angstroms. It was stressed for 60 seconds at 30 degrees
Celsius with 500 micro-amps without being irradiated.
Unstressed oxide surfaces showed 1low to medium roughness
trends with 3 pit anomalies seen in 3 locations, while the
stressed oxide surface ranged from low to medium to high
degrees of roughness with 2 pit anomalies seen in two sites.
Si surfaces under all conditions were smooth.

Cell 8, wafer 34 turned in an oxide measurement of 238
Angstroms and was stressed for 1 second at 200 micro-amps
(125 degrees Celsius) with no pre-test radiation. Its
unstressed oxide surface was found to be in a range from low
to medium roughness with possible propagated Si defects
which apprear to be "decorated"” stacking faults (FIGURE 5.10)
on 2 locations with 1-2 pit anomalies seen in every study

site. The stressed oxide was generally smooth with 2
locations showing the same type of previously described
"crystal defect”. Pitting was observed to be at the same

density as the unstressed areas. The Si surfaces were both
smooth under each condition except for 1 stressed area which
showed some mottled projections.

Cell 9, wafer 35 had a measured oxide thickness of 240
Angstroms. It was stressed at 30 degrees Celsius for 60
seconds at 500 micro-amps after being exposed to 500 Krads
of gamma radiation. 1Its unstressed oxide regions showed low
roughness with no pitting. The stressed oxide showed a
medium roughness with 4 pits seen in 1 study site. All Si
surfaces in all cases were smooth and defect free.

Cell 10, wafer 3 had a measured oxide thickness of 56
Angstroms. It was stressed for 1 second at 125 degrees
Celsius with 500 micro-amps of current; it was not
irradiated. The unstressed oxide was shown to have a medium
roughness trend with only 1 defect seen on 1 site. The
stressed oxide surface had a medium roughness with 3 pit
anomalies seen in 1 site. All Si surfaces were smooth 1in
all cases.

Cell 11, wafer 4 had a measured oxide thickness of 55
Angstroms. 1Its stressing parameters were: 60 second stress
of 200 micro-amps at a temperature of 125 degrees Celsius.
It was not irradiated. The unstressed oxide surface had a
medium roughness texture for all study sites as did the
stressed oxide. The difference was seen in the presence of
pitting anomalies. Three pits were seen in 2 separate
locations in the stressed oxide, while no pitting was seen
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in the unstressed locaticns. 1In this cell, the Si surface
was found to be uniformly smooth except in one location in
the stressed region where 1 or 2 small pit anomalies were
detected.

Cell 12, wafer 36 had a measured oxide thickness 239
Angstroms and was not radiated. It was stressed for 60
seconds at 200 micro-amps at 30 degrees Celsius. All
surfaces associated with all stressed and wunstressed
conditions were not useful due to a proliferation of
preparation-induced artifacts. This proliferation made
accurate surface analysis of both the Si/oxide and
Poly/oxide impossible.

Cell 13, wafer 5 had a measured oxide thickness of 58
Angstroms and was irradiated with a 500 Krad dose of gamma
radiation. It was stressed for 1 second at 500 micro-amps
at 30 degrees Celsius. Unstressed oxide surfaces showed no
pit anomalies with medium roughness. Stressed oxides tended
to be a low-medium texture, with 3 pit anomalies seen in one
study site. Both stressed and unstressed Si surfaces were
generally smooth with a few (500 Angstrom in diameter)
projections seen in the stressed Si and 2 pits seen on the
one study site from the no stress area.

Cell 14, wafer 6 had a thin oxide measured at 57
Angstroms and was irradiated with 500 Krad of radiation. It
was stressed at 125 degrees Celsius for 1 second at 200
micro-amps. Unstressed oxide surfaces tended to be
generally smooth to low roughness with no pitting. One site
had 15-20 shallow projections that were 1000 Angstroms in
diameter. The stressed oxide followed the same trend except
for 3 pit anomalies seen in 2 study sites. The Si surface
morphology was generally smooth with 1-2 shallow projections
seen on 1 site from both stressed and unstressed areas.

Cell 15, wafer 8 had a thin oxide thickness measured at
60 Angstroms with a dose of radiation of 500 Krads. It was
stressed for 60 seconds at 30 degrees Celsius with 200
micro-amps of current. Unstressed oxide surfaces tended to
show low roughness with 2 pit anomalies seen in one study
area and 2 irregular shaped pits in a separate site.
Stressed oxides were rougher with a medium texture. On 4 of
5 sites, a few shallow projections (450-1000 angstroms in
diameter) were found. On two study sites 2 pits were found
on each. Both Si surfaces were determined to be smooth
under all conditions.
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Cell 16, wafer 9 with a thin oxide thickness of 63
Angstroms and no radiation exposure was stressed for 1
second at 200 micro-amps at 30 degrees Celsius. The
unstressed oxide surface showed a medium roughness with only
2 pit anomalies for every 2 study sites. Likewise the
stressed oxides were of a medium texture with pit density
increasing to 1-2 pits for every study site. Again Si
surfaces were generally smooth, and there were no detectable
differences.

Cell 17, wafer 20 had an oxide thickness of 124 Angstroms
and a 50 Krad dose of radiation. 1Its stress conditions
consisted of 10 second stress time, at 350 micro-amps with a
70 degree Celsius temperature. Both the unstressed and
stressed oxides showed a low degree of roughness with no
pitting. The stressed Si surface morphology was generally
smooth as was the unstressed areas except on one site which
indicated a few very shallow projections and depressions.

5.2.4 DISCUSSIONS AND SUMMARY

The data pointed to several general conclusions.
Possible trends existed in several different categories and
groupings of cells. (NOTE: All wafers were irradiated at
room temperature.)

Comparing radiation effects between 50 Angstrom thick
unstressed oxide cells the following observations were made.
Less pitting was seen in cell 15 (radiated) as opposed to
cell 16 (non-radiated). The same trend was also seen
between cell 13 (radiated) and cell 7 (non-radiated), both
50 Angstrom unstressed oxides.

Comparing radiation effects between 200 Angstrom thick
unstressed oxides, a similar trend is noticed. No pitting
was observed on cell 9(radiated), but cell 2 (non-radiated)
exhibited a fairly high degree of pitting.

Two other 200 Angstrom oxide cells, cell 6 (radiated)
and cell 8 (non-radiated) continued to support this trend.
Cell 6 showed roughly half as much pitting as was seen in
cell 8. FIGURES 5.11-5.14 show this difference between
unstressed oxide surfaces of radiated and non-radiated cells
(both 50 and 200 Angstrom Tox).

Comparing the effect of stress temperature on

unstressed oxides, TEM results indicate another possible
correlation between degree of pitting.

101




FIGURE 5.11 CELL 7 UNSTRESSED OXIDE NON-RADIATED
S0 ANGSTROM TOX ~ MORE PITTING
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FIGURE 5.12 CELL 13 UNSTRESSED OXIDE RADIATED
50 ANGSTROM TOX - LESS PITTING
REPLICA--55,714X
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FIGURE 5.13

CELL 02 UNSTRESSED OXIDE NO RADIATION
200 ANGSTROM TOX - MORE PITTING
REPLICA--55,714X
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FIGURE 5.14 CELL 09 UNSTRESSED OXIDE RADIATED
200 ANGSTROM TOX - LESS PITTING
REPLICA--55,714X
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Cell 7 was tested at 30 degrees Celsius and cell 10 at
125 degrees Celsius. Pitting was found to be more extensive
at the lower temperature, both of these cells had 50
Angstrom oxides. Cells 11 and 16 (also 50 Angstrom oxides)
were tested at 125 and 30 degrees respectively and found to
follow the same trend. An oxide surface comparison between
cells with 200 Angstrom oxides stressed at different
temperatures 1is not possible between cell 12 and cell 8
because of the de-processing of cell 12; however, continued
support of the above trend is found between cell 2 and cell
4 (200 Angstrom oxides) tested at 30 and 125 degrees
Celsius. Cell 2 shows more pitting than cell 4. This trend
is illustrated in FIGURES 5.15-5.18 The effect of
temperature may have to do with a slight annealing effect
from the elevated temperature.

These observed trends are not completely conclusive and
no obvious trends were seen between the different current
conditions. An overall trend in the degree of pitting seems
to exist between the stressed and unstressed capacitor oxide
surfaces (more pitting in stressed surfaces); This may be
and probably is inherent to stressing the capacitor with the
method used in the study, however, because of the multitude
of different test parameters and wafer conditions this trend
should be approached with caution. TABLES 5.4 and 5.5 are
summaries of the observed TEM data. It also must be noted
that, all stressed oxides were from failed capacitors.

It was determined from the beginning that the original
surfaces were affected by the wet etch deprocessing. 1t was
assumed that if de-processing was kept to a standard
methodology all effects on the sample surface (Si and Si02)
would be equal in all cells. Nevertheless some enhancement
of the micro-surface has occurred and should be taken into
consideration. For this type of study, however, there is no
way to avoid such enhancement.

A way of "reading" the various structures seen in the
micrographs was developed. 1t was known that the actual
replicas of holes or deep "pitted" areas on the wafer
surface (Si or Si0O2) would be vertical projections in the
carbon film. Likewise, projections on the wafer surface
replicated as vertical depressions on the carbon replica.
This difference caused the results of the contrast shadowing
(Pt/Pd) to be unique for each structure. The projections on
the replica (pits on the original surface) possessed a
shadow (light areas in micrographs) that at the point of
origin conformed to the general shape of the projection.
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FIGURE 5.15 CELL 16 UNSTRESSED OXIDE 30 DEGREE CELSIUS STRESS
50 ANGSTROM TOX - MORE PITTING
REPLICA--55,714X
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FIGURE 5.16 CELL 11 UNSTRESSED OXIDE 125 DEGREE CELSIUS STRESS
50 ANGSTROM TOX - LESS PITTING
REPLICA - 55,714X
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FIGURE 5.17 CELL 02 UNSTRESSED OXIDE 30 DEGREES CELSIUS STRESS
200 ANGSTROM TOX - MORE PITTING
REPLICA--55,714X
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FIGURE 5.18 CELL 04 UNSTRESSED OXIDE 125 DEGREES CELSIUS STRESS
200 ANGSTROM OXIDE - LESS PITTING
REPLICA--55,714X
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Roughness
P-poly/oxide

Cell $-Si surface Pitting Anomaly
Unstressed Stressed Unstressed Stressed

#01 275 ang. P medium-low P medium-high 2-3 pit/2 sites 4 pit/site
w23 200 ua, 30,

500 Krad S mottled-smooth S mottled-smooth (All pits 250 ang. in dia.)

1 second
$02 280 ang. P low P low 3-5 pit/site 5-7 pit/site
W25 500 uA, 30,

no radiation S low S low (All pits 250 ang. in dia.)

1 second
#03 234 ang. P low-medium P low-medium 1 pit/1 site
w38 500 ua, 125, 2 bump/1 site no pits

500 Kraad S smocth S smooth

1 second (All pits 200-250 ang. in dia.)
%04 269 ang. P low-medium P low 2 pit/2 sites 2 pits/3 sites
W27 S00 uA, 125,

no radiation S low S low (All pits 200-250 ang. in dia.}

60 seconds

405 58 ang. P low-medium P low-medium 1 site-30 1 site-30
w0l 500 ua, 125, 800 ang. diameter 500 ang.
500 Krad S smooth S low bumps diameter bumps
60 seconds 1l pit/2 sites
(All pits 200-250 ang. in dia.)
«06 232 ang. P medium/high P medium/high 1 pit/site 2 pit/site
W33 200 uA, 125,
500 Krad S smooth S smooth (pits 250 ang. in dia.)
60 seconds
#07 S1 ang. P low-medium P low-medium- 3 pit/3 sites 2 pit/2 sites
W02 500 ua, 30, high
no radiation S smooth 5 smooth
60 seconds {All pits 200-350 ang. in dia.)
308 238 ang. P low-medium P smooth 2 pit/site 2 pit/site
W34 200 uAa, 125,
no radiation S smooth S smooth/ possible crystal same crystal
1 seconds mottled defect propagation defect
into oxide in phenomenon
2 locations in two locations
209 240 ang. P low P medium ne pits L L A R
W34 500 ua. 30,
500 Krad 5 smooth 5 smooth (ALl pits 250 ang. in dia.!
60 seconds
TABLE 5.4 TEM DATA AND TREND SUMMARY
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Unstressed Stressed Unstressed Stressed
#10 56 ang. P medium P medium 1 pit/1 site 3 pit/1 site
W03 500 uwA, 125,
no radiation S smooth S smooth (All pits 250 ang. in dia.)
1 second
#11 S5 ang. P medium P medium no pits 3 pits/?2 gites
w04 200 ua, 125,
no radiation $ smooth S smooth (All pits 250-300 ang. in dia.)
60 seconds
#12 239 ang. not useable not useable de-processing problem
w36 200 ua, 30,
no radiation not useable not useable
60 seconds
#13 58 ang. P low-medium P low-medium no pits 3 pit/1 site
WoS 500 uA, 30,
500 Krad S smooth/lsite S smooth/l site (All pits 250-300 ang. in dia.)
1 second 2 pits/l site 500 Ang. proj./1 site
¢14 57 ang. P smooth-low P smooth-low no pits 3 pit/2 sites
W06 200 ua, 125, 15-20 1000 ang.
500 Krad S smooth with S smooth with diameter bumps/l site
1 second 1-2 shallow 1-2 shallow
proj./1 site ptoj./1 site
(All pits 250 ang. in dia.)
415 60 ang. P low P medium 2 pit/1 site 2 pit/2 site
w08 200 uA, 30, 2 irregular pits/ few shallow
500 Krad S smooth S smooth 1 site bumps
1 second 450-1000 ang.
diameter bumps
on 4 sites.
{All pits 250 ang. in dia.)
16 63 ang. P medium P medium 2 pit/2 sites 1-2 pit/site
We3 200 uA, 30,
no radiation S smooth S smooth {Al}l pits 250-300 ang. in dia.)
1 second
817 124 ang. P low P low no pits no pits
350 wA, 70,
50 Krad S smooth emncth

10 seconds

s

a few shallow
proj. ‘l ~ite
+ deprLessisns

SITE = 4 SQUAPE MICRONS

TABLE 5.4a TEM DATA AND TREND SUMMARY (CONT'D)
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50 Angstrom Oxide
Average # Pits/Site/Cell

Cell #0S - 0 pit/site
Cell #07 - 1.8 pit/site
Cell #10 - 1 pit/site
Cell #11 - 0 pit/site
Cell #13 - 0 pit/site
Cell #14 - 0 pit/site
Cell #15 - 0.4 pit/site
Cell #16 - 0.8 pit/site

4.0 total average
for 8 Cells

4.0 pit/8.0 Cells = x

x = .5 pit/site

200 Angstrom Oxide
Average # Pits/Site/Cell

Cell #01 - 1 pit/site
Cell #02 - 4 pit/site
Cell #03 - 1 pit/site
Cell #04 - 0.8 pit/site
Cell 406 - 1 pit/site
Cell #08 - 2 pit/site
Cell #09 - 0 pit/site
Cell #12 - NA

9.8 total average
for 7 Cells

9.8 pit/7.0 Cells = x

x = 1.4 pit/site

Total Sites = 80

Site = 4 micron smare

TABLE 5.5 OVERALL PITTING TREND FOR
UNSTRESSED 50 AND 200 OXIDES
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50 Angstrom Oxide 200 Angstrom Oxide

Average # Pits/Site/Cell Average # Pits/Site/Cell

Cell #0S - 0.4 pit/site Cell #01 -~ 4 pit/site

Cell #07 - 0.8 pit/site Cell #02 - 5.8 pit/site

Cell #10 - 0.6 pit/site Cell #03 ~ 0 pit/site

Cell #11 - 0.6 pit/site Cell #04 -~ 1.2 pit/site

Cell #13 - 0.6 pit/site Cell #06 ~ 2 pit/site

Cell #14 - 1.2 pit/site Cell #08 ~ 2 pit/site

Cell #15 - 0.8 pit/site Cell #09 - 0.8 pit/site

Cell #16 - 1.5 pit/site Cell #12 - NA
6.5 total average 15.8 total average

for 8 cells for 7 cells

6.5 pit/8.0 cells = x 15.8 pit/7.0 cells = x
x = .8 pit/site x = 2.2 pit/site

Total Sites = 80

Site = 4 micron squara

TABLE 5.5a OVERALL PITTING TREND FOR
UNSTRESSED 50 AND 200 OXIDES
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From the source, this shadow tapered into a point, looking
much like a comet tail. If the projection was 1low enough,
the point of the tail was less pronounced. The tails of all
replica projections pointed in the same direction on any one
micrograph. (Whether the pit anomalies seen in the
micrographs are actual pin-holes or latent defects in the
oxide 1is not known because of problems with surface
enhancement (previously mentioned) and the possible
enlargement of such pin-holes.)

Depressions on the actual replica (vertical projections
on the surface of interest) acted as bowls, with the
shadowing material building up on the face directly opposite
of the point of metal evaporation. This left the shadows of
replica depressions pointing in the opposite direction of
shadows from replica projections. Depression shadows also
tended to be more rounded in the end point of their tails
and less conformal to the actual replicated structure. The
shadowing differences are seen in FIGURE 5.19

FIGURE 5.20 indicated a possible artifact produced
during replication. The extremely round and well defined
projection indicated by the arrow was thought to possibly be
a micro-~bubble produced by either trapped air or out-gassing
of the sample surface. This effect was seen on a totally
random basis and infrequently which lended to suspicion that
they were preparation artifacts [22].

FIGURE 5.20 also illustrates the effect of
overshadowing. Overshadowing slightly reduced the resolving
power of a few replicas; some finer detail was lost.
Over-shadowing was possibly caused by the timing of the 1
second flash of Pt/Pd being off a fraction of a second. It
may have also been caused by the temperature of the replica
substrate (acetate) being too warm as a result of the carbon
evaporation. Later in the study, this factor was eliminated
by allowing the chamber to cool for 2.5 minutes after carbon
evaporation. The same FIGURE 5.20 also illustrates the
appearance of left over acetate. The undissolved acetate
takes on the appearance of dark blotches.
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SHADOWING DIFFERENCE REPLICA - 55,714X

FIGURE 5.19

DEPRESSION

PROJECTION B.

A.
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FIGURE 5.20 A. BUBBLE ARTIFACT B. ACETATE CONTAMINANT
GENERAL VIEW OF OVERSHADOWING
REPLICA - 55,714X
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6.0 CONCLUSIONS

The use of the half factorial Hadamard matrix technique
in the evaluation of the stress factors involved in this
experiment using constant current stress has provided some
general directions for further study in the area of oxide
reliability and the relationship between the stress factors,
charge trapping and oxide quality.

The effects of oxide thickness, stress current,
temperature, stress time and radiation effects on oxide
breakdown, charge trapping and generation rates have been
investigated.

6.1 CONCLUSIONS FROM THE ELECTRICAL DATA

It was concluded from the electrical data that stress
current density has a strong first order effect on time
dependent breakdown of wultra-thin oxides. The data
indicated that for 200 micro-amp (0.3 amp.cm**2) the oxide
time-to-fail is about ten times longer than for the oxides
stressed with 500 micro-amp (0.8 amp/cm**2). Stress current
shows important effects on Nt; oxides stressed with 500
micro-amp stress currents show several times higher Nt than
those stressed with 200 micro-amp. Stress current effects
on G only show an important effect for 50 Angstrom oxides
but not in the case of the 200 Angstrom oxides. Statistical
analysis also confirms that stressed current density has a
strong effect on oxide time-to-fail, Nt and G.

Stress temperature also shows some effect on oxide
breakdown; however, it is rather second order compared to
stress current density. Stress temperature shows
significant impact on both Nt and G. Oxides stressed at 125
degrees showed several times higher Nt and G than the oxides
stressed at 30 degrees. Statistical analysis shows that
temperature effect is the second most important factor next
to current density for Nt, and it is the most important
factor for G. Equations for time-to-fail, Nt and G as
functions of stressed current and temperature were generated
from statistical analysis.

Oxide thickness shows 1little effect on the the
time-to-fail of the oxides under constant current stress;
however, the breakdown fields are around 14-16 MV/cm for
oxides thickness of around 50 Angstroms and 11-12 MV/cm for
oxides with thickness of around 200 Angstroms with 0.3-0.8
amp/cm**2 stress current density.
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Oxide thickness shows a strong first order effect on
trapped charge density (Nt) and trap generation rate (G).
Oxides with thickness around 200 Angstroms have around ten
times higher Nt and G than oxides with thickness of around
50 Angstroms under constant current stress.

Radiation has little effect on oxide time-to-fail. The
samples were not voltage biased for this experiment.
Radiation has little effect on both Nt and G.

Stress time required to reach 50% cumulative failure
(T50) is roughly ten times longer than reguired to reach 16%
cumulative failure (T16) for 200 angstrom oxides. However,
(T50) 1is roughly about two times (T16) for 50 angstrom
oxides. Hole trapping dominates during early stress, while
electron trapping dominates during later stress, for both
the 50 angstrom and 200 angstrom oxides. The 50 angstrom
oxides shift rapidly from hole to electron dominated
trapping and the 200 angstrom oxides shift more gradually.

6.2 CONCLUSIONS FROM THE PHYSICAL DATA (TEM REPLICAS)

As indicated by the TEM micrographs, less surface
pitting was observed on the oxide surface of oxides that had
been exposed to radiation and oxides stressed at higher
temperature,

No trends were detected when comparing cells stressed
with different current densities.

6.3 CONCLUSIONS FROM THE PHYSICAL DATA (SEM SIGNAL CURRENT)

The signal current technique (EBIC) with bias was shown
to be able to 1image latent defects in ultra-thin oxides.
The signal current defect images were observed only for
samples with voltage bias. Random latent defect locations
were observed for all cells. Thicker oxides tend to have
more latent defects near or at the diffusion edges. Stress
current, temperature and radiation show little effect on the
signal «curvrent data. The signal current data did indicate
that thinner oxides around 50 Angstroms have 1lower latent
defect densities when compared with the thicker oxides
around 200 Angstroms.

6.4 RECOIMIENDATIONS
In future research on this subject, it 1is recommended

that a more intensive study using stress current (electric
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field) and temperature splits in order to fully investigate
the time dependent breakdown and charge trapping
characteristics of ultra-thin oxides be done.

Further study of radiation effects should be done with

test vehicles that are under voltage bias and future studies
should include the biased signal current technique (EBIC).
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RADC plans and executes reseanch, development, test
and selected acquisdition programs in support of
Command, Control, Communications and Intelligance
(C21) actdivities. Technical and engineering
supporl wathin areas of compefence 44 providea Lo
ESD Prognam Offices (POs) and othen ESD elements

to penform effective acquisition of C31 systems.
The areas of technical competence 4include
communications, command and controf, battle
management, dnformation processing, surveillance
sensons, intelligence data collection and handling,
sclid state scdences, electromagnetics, and
cropagation, and electrondic, maintainability,

and compatibility.

MISSION
of
Rome Air Development Center




