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ABSTRACT

Several aspects of breakdown and charge trapping in silicon
dioxide (5102) have been studied. Firstly, the locations of charge
trapped immediately prior to breakdown and of defects created under
the high field stress were established using the photo I-V and
avalanche Injection techniques, Both positive and negative charge was
found and in &1l cases charge buiid-up under high field conditions was
at the interfaces, not in the bulk of the 5105, Electron trap
creation occurred predominantly near to the non—-injecting interface,.
de, the total charge which can be injected prior to breakdown, was
examined under different current injecticn conditions, It was found
to be strongly dependent on the duty cycle, the temperature and the
gate electrode and to vary as 1/E,,, where Eg, 1is the average
field across the oxide, The Weibull distribution was found to
describe well the statistics of breakdown 1In both wearout and
dielectric strength measurements. It was shown that the Weibull
parameters a and b have the same values whichever of these methods is
used to measure them. The breakdown mechanism i3 probably the same in
both wearout and dieiectric strength measurements, therefore.

Oxide degradation was also examined under the less severe
conditions of bias-temperature stress (BTS). It was ghown, using
avalanche hole injection before and after negative BTS, that the
positive charge generated during negative BTS is due to trapping of
holes in intrinsic hole traps. This is accompanied by interface state
generatlon across the whole band gap. The density ¢f these states is
linearly proportional to the number of holes trapped. On subsequent
application of a positive BTS, the holes were all detrapped or
neutralised. At this time a peak also appeared in the interface state
density at ~0.2 eV above midgap. This may be due to a redistribution
of previously generated states rather than to the creatiocn of new
states, The charge pumping technique was used to show that the peak
is in fact due to interface states and not to lateral non—uniformities
in the surface potential.
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CHAPTER ONE:
INTRODUCTION

Amorphous silicon dioxide (Sioz} is widely used as an insulator
in integrated circuits because of its high dielectric¢ strength and its
relative ease of formation within planar gilicon processaing
technology. It also finds applications as a surface passivation layer
and as a diffusion barrier during the doping of silicon, Thermally
grown 8102 nas the best characteristics for electrical isolation
purposes and this is generally used in active areas such as for the
gate dielectric of an EAROM (Electrically Alterable Read Only Memory)
or of a MOSFET (Metal Oxide Semiconductor Field Effect Transistor)
where relatively high electric fields are likely to be encountered.

Figure 1.1 shows a simplified diagram of an n-channel
(enhancement mode)} MOSFET {illustrating the role of 510, in the
operation of the device. Inset is the simpler MOS capacitor stucture,

METAL
O0XIDE
SEMI- _—
CONDUCTOR i
SOQURCE METAL
OXIDE
GATE OXIDE SEMI-
CONDUCTOR
CONDUCTING CHANNEL p-TYPE Si SUBSTRATE

BASE

Figure 1.1 N-channel enhancement mode MOSFET and MOS capacitor.
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The eleciric field at the Si-Si0O, interface is controlled by the bias
applied to the gate and the properties of the channel, a layer in the
silicon adjacent to the interface, are thereby determined. At  zero
gate bias this reglion is p-type and does not conduct, No cwrent will
flow between source and drain although there is a voltége drop between
them, However, when the voltage applied to the gate exceeds a certain
threshold level, VT, the channel region becomes inverted to n-type.
Thus, there is now a conducting layer allowing current to flow between
source and drain.

The number of transistors in an MOS integrated circuit (IC) has
increased exponentially since 1960 (Fig.i.z, curve {a)). Although the
rate of growth has slowed down over recent years, extrapolation from
past trends still suggests that a one megabit memory chip (i.e. one
million cdevices per IC) will be in production before 1990 (1),  This
is certainly a realistic estimate since such circuits haie already
been made at research level (2,3}. The moat important factor in
achieving increased complexity 1s reduction of the minimum device
dimensions (Fig.1.2, curve (b)) (4).

1oh'289 1970 1980 1930
T T T T T T
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o’ e - -
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1 o [
o od
-
¥
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r b — E
i
o' - n
o -
] i 1 1 A t i
1960 1970 1980 usé? i
YEAR

Figure 1.2 (a) Growth In number of components per chip (1)} and

(b) Minimum device dimensions achieved since i960 (4.
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INTRODUCTION

Scaling to smaller dimensions and the resulting higher 1level of
integration which can be obtained reduces cost, gives higher operating
speeds and lowers power consumption. For very large scale integration
(VLSI), with >10° components per chip, high quality oxide layers of
between 1D and 50 nm are required for the gate insulator, It 1s the
properties of these thin thermally grown 8102 layers that will be

considered {n the present work,

Several consequences for the 3Si0, layer arise from device
scaling. To begin with, some properties of the oxide may change as
its thickness is reduced. For example, an advantage of thin oxides is
that the maximum breakdown field increases with decreasing thickness
(5,6). On the other hand defect densities (7,8) and interface trap
densifies {9) have been reported to increase thus reducing device
reliability. The dielectric¢c constant also seems to be different for
very thin .oxide layers (9,10). Furthermore, the voltage used for
operation is often not scaled linearly with the oxide thickness so
that the insulator may have to withstand higher applied fields. If
this increase in field is severe it may increase the probability of
electrical breakdown occurring during operation despite the reduced
field sensitivity of thin oxides, There i3 also a greater chance of
energetic electrons {(or holes) being injected into the oxide from the
channel and becoming trapped at defect sites or generating new defects
in the oxide, More rapld degradation of the device characteristics
may then resulﬁ. Aspects of all the 1latter problems, breakdown,

charge trapping and trap generation have been addressed in the course
of this work,

Most measurements have been carried out on MOS capacitors rather
than transistors. This simpler structure comprises the active region
of the transistor (inset Fig.1.1) and requires fewer processing steps
which 1is advantageous to the study of the intrinsic properties of the
oxide layer.



INTRODUCTION

1.1 The MOS capacitor.

The energy band diagram of an MOS capacitor with an aluminium
gate electrode {3 shown 1in Fig.1.3. The physics of this device is
discussed extensively in reference (11). Conduction is limited by the
height of the energy barrier for excitation of electrons into the
oxide conduction band, making the 510, an excellent insulator. Since
the barrier to hole injection 1{s at least 1 eV higher than for
electrons there will be negligible current due tb hole conduction,
especially as the hole mobility is also very low 1In 8102 (2 x 1072
cm2/Vs).

T—"'"‘” 1

®y Eg=4.35eV
-3 20eV E-WS _‘ 1 ‘ S0
E L——- T_—“/:‘":Jt:::-c- Ee g
F Al .- _f E; ‘
E
8.8eV v
‘ Eg:IJeV
Si0,

Al _,,J’——— n-Si

Figure 1.3 Energy band diagram of an MOS capacitor with an
aluminium gate electrode {after (11).)

When the gate is connected to the substrate an internal electric
field 1is maintained as a result of the difference in the work
functions of aluminium and silicon. This work function difference,

¢msge 13 glven by:

Wps = Emo ~ Ego * Eg/2 + adp
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where Ep . and Eg, are the energy barriers at the metal and silicon
interfaces respectively. Eg is the bandgap and ¢, the Fermi level
in the silicon bulk. The sum of the band bending at the surface and
the Fermi level, Yg + ¢y, I3 the electrostatic potential at the
surface or the surface potential, $5. If a gate voltage is applied
to the device such that the band bending 13 zero, the so-called
flatband conditicon is attained and the applied voltage [s known as the
flatband voltage (Vgy).

Although the energy barriers to conduction are high, once
electrons enter the oxide conduction band they are quite moblle
(~20cme/Vs at room temperature) and can flow under the influence of
an electric field. At fields in excess of -~-6MV/cm significant
electron injection may occur due to Fowler-Nordheim (F-N) tunneling
(12). Electrons from the metal or silicon conduction bands can tunnel
through the triangular barrier at the interface which becomes narrower
as the field 13 increased (Fig.i1.4).

T F-N current
metal
Vg
electron Si0,
enerqgy
i Sy e S
p-Si
distance

Figure 1.4 F-N tunneling into the 510, conduction band.

_5_



INTRODUCTION

Quite high currents may flow (up to ~-60A/cm2) before the oxide breaks
down. AsS the field is further increased however destructive breakdown
eventually occurs. This Is characterised by a sudden increase in
current and loss of the insulating properties of the 5102 30 that
even when the applied field is lowered high leakage currents flow. A
typical I-V  curve measured on capacitor J on wafer JN1 and

illustrating F-N tunneling and breakdown is displayed in Fig.1.5.

log ![Afem?)
O I 31nm oxide on n -Si
Area = 8x107% (m?
»
breakdawn
LA e N L i ] " ] " 1
G 3 8 10 12
Electrical field (MV/cm)

Figure 1.5 I-V curve for an MOS capacitor showing the displacement

current, F-N tunneling current and breakdown.

1.2 Breakdown of S10, layers.

Breakdown has largely been studied by means of two types of
experiment. In a time dependent dielectric breakdown (TDDB) or
wearout measurement, a constant voltage (13) or constant current (8)
stress 1is applied and the time to breakdown measured. Typically a
bimodal distribution is found (Fig.1.6). The early device failures

are due to electrically active defects in the oxide which allow a

-6 -
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conducting pathway to form more readily on appllecation of a bias,
Constant voltage wearout measurements are freguently used to assess
the reliability of Si0, layers under device working conditions,
Extrapolation may be made from teat conditlons using elevated flelds

and temperatures to the normal operating situation (14).

percentage of breakdowns

50
Wafer 79 - cap. k

Lo \ dy = 21nm

\ v, = 85 MY/em
30 PN

\-— Early failures Main population -——=
20 ><

\

77

RIASPLAS SIS,

0 M 1 A 1 L I : 1 1 1 1 1

2 3 4 5 k) N 8 .2
Time , secs a0t

(=]
-

Flgure 1.6 Example of a bimodal distribution typlecally observed
for TDOB of MOS capacitors,

Another type of experlment commonly used to examine oxide
integrity is the dielectric atrength measurement. Here a fast voltage
ramp 13 applied to each of a number of capacitors and the fleld at
which breakdown occurs 13 measured. A statistlically valid sample
slze, usually 2100 devices, 1ls taken and the results are presented in
the form of a histogram. (This experiment 1s sometimes referred to as
a 'breakdown' measurement. We shall however reserve the term
breakdown for the actual déstructlon of the insulator which occurs in
both wearout and dielectric 9atrength measurements.) Breakdown 1is

usually defined in a dielectric strength measurement.as the exceeding

_.7_
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of a certain preset curreat, In order for this to be a wvalid
definition, the c¢urrent must be chosen carefully to ensure that
irreversible failure has occurred {.e., that it is breakdown and not
merely tunneling injJection which i3 being observed. Three peaks are
frequently observed in the resulting failure distribution (15,16). A
typical histogram is shown in Fig.1.7 for cap. J on wafer Hi.

. o -
percentage of runH : 900°C, dry O0,, d_, = 25nm
60 breakdowns 340 caps
50T ZZ2 tertiary breakdowns
E3 secondary
40 1 B primary .
30 r
20
0r
0 EZEngan .r——uEEH.EEEJgggl I 1§§§. N R
0 2 A 6 8 10 12 14
Breakdown field (MV/cm)

Figure 1.7 Breakdown histogram showing the three peaks commonly

observed in a dielectric strength measurement,

The low field breakdowns {tertiary peak)} have been attributed to gross
structural defects such as pinholes. Medium field breakdowns
(secondary peak) are most probably caused by smaller scale structural
defects or impurities. The high field (primary) peak has frequently
been assumed to represeﬁt intrinsic breakdown of the 3102. However,
the alight effect of processing conditions on the position and width
of this peak (17) and the increase in the maximum breakdown field
(Ebd(max)) achieved over recent years (18), suggest that this point
may not yet have been reached. Very small scale defects, perhaps

- 8 -
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broken bonds or trapped charges, probably also play a role in causing
high field breakdown and in determining the lifetime of a device under
wearout conditions. Certainly TODDB has been shown not to be
determined by the oxide alone but to be a property of the
Si0y-electrode system (19). Higher breakdown fields have also been
achieved, at least at negative polarity, using the corona discharge
technique rather than metal electrodes (20). The effect of processing
and materials on breakdown and also its dependence on measurement

parameters are discussed further in sectlions 3A.1 and 3A.Z2.

As device dimensicns are scaled down and the SiO, thickness 1is
reduced, the defect density (defined empirically in terms of those
defects and impurities resulting in low and medium field breakdowns)
tends to go up, causing yleld problems. In part this problem can be
solved by using extremely clean processing conditions. For example,
use of a double-walled oxidation tube (DWO) removes most medium field
breakdowns (21). This is thought to be because metallic 1impurities
are carried aﬁay by the gas flow in the outer tube and thereby
prevented from diffusing into the oxidation tube itself (22).

The primary peak moves to higher fields on reduction of the oxide
thicknesa (23,24). The reason for this i{s not known and neither is
the breakdown mechanism in this region well understood. Various
models for intrinsic breakdown can be found in the literatﬁre. These
fall essentially into two categories, those based on the build-up of
positive charge, such as the Iimpact ionisation model (25-29) and those
based on electron trapping, such as the electron trap generation model
of Hararl (8,30) and the mleroplasma breakdown model of Budensteln
{321) and Wolters (32,33). In section 34.2.3 these will be considered
in more detail, while in 3B.1 experimental evidence will be presented
on the nature of the charge build-up occurring under the high oxide
fields vprevaillng immediately prior to breakdown. Both positive and
negative c¢harge was observed. All charge trapping and defect
generation occurred at or near to the interfaces. There was no

evidence for bulk charge trapping under high fieid conditions.

.-9..
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Various experimental techniques were used for these measurements
including high field constant current stress to simulate the
pre-breakdown situation, avalanche electron injection {(34) to fill
oxide traps and internal photoemission (photo I-V)} to examine the
charge distribution in the oxide (35). These will be discussed in
detail 1In section 2.3, while classical breakdown measurements,

dielectric strength and TDDB are considered in 2.2,

The constant current stress technique offers certain advantages
over the more commonly used fast voltage ramp and constant voltage
wearout measurements. Firstly, it enables compensation for the
varying internal oxide field, which changes as a result of charge
trapping, and thereby allows the injecting field to be kept constant.
Secondly, the total amount of injected charge prior to breakdown;
de, can be simply calculated. This is a useful parameter to wuse in
comparing the oxide quality of different samples, providing the
injection is carried out at the same current denslty. It will be
shown in 3B.2 that, in a constant current measurement, de is not
Independent of the injection conditions, such as current density and
duty cycle, as has been previously suggested (8,36,37). Unlike
dlelectriec strength measurements, wearout also allows examinétion of
the events 1leading up to breakdown in 'slow motion.!' This does
presuppose however, that breakdown itself takes place by the same
mechanism 1In a fast voltage ramp measurement as it does under wearout
conditions, There 13 some evidence in the llterature that this Iis
indeed the case (14,38,39). To examine this point further, the
statistical relatiénship -between dielectric strength and

time-to-breakdown 1n a constant voltage wearout measurement was also
studied (3B.3).
1.3 Charged defects in 510, layers.

Defects may be present in as-grown oxides or be generated
subsequently under various conditions. Apart from any role they may

play in enhancing breakdown these defects may have deleterious effects

_10._



INTRODUCT ION

on device operation should they become charged, The Deal notation and
classification scheme depicted in Figure 1.8 will be used to define
operationally the types of defect which may be found in the MOS system
(40). Q, represents mobile ionic charge, such as alkali ions, which
can migrate through the oxide under bias (41), especially if elevated
temperatures are used. In particular, sodium is easily introduced
from the enviromment. Contamination of this kind was a severe problem
in the early days of silicon technology but it has been largely

overcome by the use of very clean processing conditions.

METAL
D @ GG
@ ®
©
® S 0XIDE
©
®
SEMI-
CONDUCTOR

Q, - MOBILE IONIC CHARGE
+ 0, - OXIDE FIXED (HARGE
x Q- INTERFACE TRAP CHARGE
®0O 0, - OXIDE TRAPPED CHARGE
Figure 1.8 Deal notation and classification scheme for charged

defects in MOS structures (taken from ref. (42)).

Examples of defects whose charge state may be varled are both
fast and slow interface atates. The former may be positively or
negatively charged or neutral. They are often referred to simply as
*interface states' but they have also been called 'fast states',
'interface trapa' or 'surface states', In Deal's system they are
represented by Q;.. They are located physically at the interface
and energetically within the silicon bandgap. Consequently, the
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INTRODUCTION

charge state of these defects depends on the position of the Fermi
level at the interface and hence on the applied voltage. The density
of interface traps 1is usually specified with respect to unit energy
within the silicon bandgap, that is in /cmZeV for which the symbol
Djt is used. (Njt is used for J Dji.dE.)

Interface states are present in as~oxidised samples wWith a
density of the order of 10'1-1012 /cmPeV (42). Their density is
reduced by a post-metallization anneal (PMA) generally performed in
forming gas. After this treatment the trap density displays a minimum
at midgap uith an increase towards both band edges giving a U~shaped
distribution. The lowest reported midgap values are around 5 x 108
to 109 /cmZev (43,44). Using electron spin resonance (ESR) Caplan
et él. {U5) have demonstrated these interface traps to be due to
SigSi+ species or so-called dangling bonds at the interface. As well
as being present in as-processed oxides, interface traps are also
produced by various forms of electrical stress e.g. avalanche
injection of electrons (46) or holes (47), high field stress (4B) or
bias-temperature stress (BTS) (48,49) and also by ionising radiation
{48,50,51,52). Methods of measuring interface state densities are
discussed in section 2.4.

'Slow-states' are also located at or very near to the interface
but they respond more slowly to an applied bias. They have been
defined somewhat arbitrarily as those not responding to 2 1 MHz high
frequency C-V sweep at 1 V/s (53). These defects may be either
positively charged or neutral and they were first seen in avalanche
electron injection experiments where they are responsible for the
*turn—around’ effect (54,55). (The flatband voltage shift is
initially positive during avalanche electron injection, indicative of
electron trapping in the oxide. After injection has continuved for a
while, however, the shift becomes negative showing the presence of
pasitive oxide charge. This is known as the ‘turn-around' effect.)
The generation of élow states has now also been observed during

injection by F-N tunneling (21) and avalanche injection of holes (56).
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Slow—states are converted to a neutral charge state by the application
of moderate positive biases or elevated temperatures and positively

charged again by negative applied biases.

Fixed oxide charge, Qp, is another interface related defect,
always positive in sign. It appears to be physically further from the
interface and/or energetically outside the silicon bandgap, since its
occupancy 1is not a function of applied voltage. Immediately after
oxidation, Qp is present with a density dependent on the oxidation
temperature., Its density is usually of the order of ~10'2 /cm? and
may by reduéed to 1010-10-?1 /em?@ by a post-oxidation anneal (POA)
in an inert ambient 'such as nitrogen (N2) or argon (Ar) (42).
Dit(init), the initial as~-processed interface state density, and Qf
respond in the same way to oxidation conditions and some but not all

annealing treatments (57), implying a connection between them as

regards physical origin,.

Charge of either sign may be distributed throughout the oxide and
is denoted by Qg (oxide trapped charge). This oxide charge may be
introduced during fabrication, as a result of irradiation and by the
same experimental techniques which create interface states: avalanche

injection of electrons or holes, high field stress or BTS,
1.4 The Negative Bias Instability

Sodium contamination results in an instability in devices under
positive bias conditions where drift of Na® ions to the Si—8102
interface results in a positive shift of the threshold voltage, V.
In devices free of moblle ions, another phenomenon is sometimes
observed known as the negative bias instability. Prolonged operation
of MOSFETs under negatlve gate bias, causes bofh interface states and
positive oxide charge (denoted here as Qot(+)) to be generated close
to the Si-8i0, interface resulting in a negative shift of V, (58).
Thls can threaten the reliability of MOSFETs, especially of p-channel

devices (59). As well as causing a Vo shift, draln junction
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avalanche breakdown is also affected, being reduced for p-channel and
increased for n-channel transistors. Gain or transconductance is
reduced by both oxide charge and interface states., A larger change in
gate voltage is required to produce a- giveﬁ change 1in channel
conductance when D;. is large. Also the gain depends on the
effective mobility of free carriers in the channel and this is reduced
by scattering at charged centres, Drain junction leakage current and

Tiicker noise are also increased by interface states.

As device dimensions are reduced, interface effects such as the
negative bias instability become relatively more important. Low-cost
plastic packaging which is being used increasingly has also been found
to enhance the negative bias instability and has thus generated
reneved interest in this long-standing problem {60,61). It is thought
that the diffusion of water from the packaging or frbm phosphosilicate
. glass (P3G) passivation layers may be the cause of this enhanced
degradation.

Measuring the shift in the high frequency capacitance—voltagé
(C-V) curve on-an MOS8 capacitor is a convenient means of studying this
instability and application of the blas at elevated temperatures
speeds up the ageing process so that experiments can be conducted on a
more manageable time-scale. This technique is in fact similar to the
wearout measurements discussed in 1.2. In BTS, rather than applying a
high bias at room temperature, a. more moderate blas 1Is used at
eievated temperature, The point of breakdown is not normally reached
under the less severe BTS conditions, but both wearout and BTS are

essentially ageing techniques.

Figure 1.9 shows typical high frequency C-V curves measured
following various BTS treatments. After negative BTS (curve (B))
there is a negative shift of the C-V curve due to Qot(+) and a
distortion relative to the initial curve (curve (A)) due to Q.
The hysteresis s iIndicative of some generation of slow—states;

Qot (#) shows many similarities to Qp already present in the oxide.
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For example, for a given set of BTS conditions the magnitude of
Qo (+) generated is proportional to Qf (58). It has been suggested
that the two types of charge may be due to the sSame or similar
defects. However, they do show some different behaviour, for example,
with respect to low temperature annealing (62}, The number of
interface states generated during negative BTS appears to be
proportional to the initial interface state density, D,;.(init) (64).

Hence these defects are probably als¢o very similar to each other,
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Figure 1.9 Shifts in the high frequency C-V curve after various

bias-temperature stresses.

Applying a positive BTS after the negative one (curve (C))
returns the C-V curve to more positive voltages. The distortion of
the curve i3 greater, however, i{ndicating considerable interface
degradation. Positive BTS alone results in at most a very small shift
to positive voltages (63), indicative of electron trapping. Some
interface state generation also occurs,
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Despite extensive studies of both the kineties and the processing
dependence of the negative bias instability (considered in 4A.1 and
4A.2 respectively), the mechanism of positive charge generatioh is
still uncertain. Various models have been proposed, the most
important being hole trapping (65) or electron emission from traps in
the oxide (66), the breaking of weak bonds assoclated with the already
partially ionised silicon atoms near the interface (58) and the
formation and migraticn of oxygen vacancies {68). These are discussed
in more detail in 4A.3. To try to shed more light on these models,
the avalanche hole injection technique (gutlined in 2.3.3) was used
pefore and after various stresses in an attempt to elucidate any rale
hole traps might play in positive charge generation during negative
BTS. Qgt(+) was in fact found to be due toc filling of intrinsic
hole traps 1l.e ¢traps already present in the oxide before it was
subjected to .BTS {4B.2). Interface state generation and its
relationship to hole trapping was also examined (4B.3) and a kinetic
study of the voltage shift of the C-V curve during BTS was carried
out (4B.1}.
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CHAPTER TWO:
EXPERIMENTAL TECHNIQUES AND ANALYSIS

2.1 Sample Preparation.

Oxides were grown at 850-1000°C to thicknesses of between 10 and
60 nm on both n- and p- type <300> silicon wafers. 10'5 or 1017
/cm3 doping was used, the heavilj doped material being to ensure
laterally homogeneous injection during avalanche injection
measurements. Most wafers were processed in a double-walled oxidation
tube (Fig.2.1) to reduce the number of medium field breakdowna (21),
The oxidation ambient was usually dry oxygen (02) with 0 plus <1%
trichlorcethane {(C33) 1in the outer tube, In most cases, a short POA

{about 10 mins.) was carried out in N2,

gas flow
P ———l
outer tube

~
/

i

endcap wafers
gas flow
inner ftube

E

(- 13
e
metallic Heating elements
impurities

Figure 2.1 Cross section of a double-walled oxidation tube. Metal

impurities are removed by the gas flow in the outer tube.

Key processing detalls for each of the wafers used in thls work are
shown in Table 2.1 on the following three pages. Aluminlum depositlion
was by d.c, magnetron sputtering or flash evaporation from a tungsten
boat . After definition of the electrodes by standard wet lithography,

a post-metallisation anneal was carried out in forming gas at 435°C
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WAFER
COOE

232X

H1

JN1

bDp2

L9

MN2

MN6

MP2

MP6

PLA3

P512

S02

u3

u7

us8

ueg

Table 2.2 Summary of wafer processing details

SUBSTRATE

DOP ING

p/1E15

n/1E15

n/1E15

p/1E15

n/1E15

n/1E15

n/1E17

p/1E1S

p/1E17

n/1E15

n/1E15

n/1E15

n/1E15

n/1E15

n/1E15

n/1E15

52

25

31

35

39

39

39

39

39

38

OXIDATICN POA
CONDITIONS
nm/900°C/2%HCL 15n N2
(CEC)
nm/900°C/dry 0, 10" Ny
nm/850°C/dry 0, -
nm/900°C/dry 02 10" Ny
nm/900°C/dry 02 10" Ny
{DWa)
nm/900°C/dry 02 10" Ny
nm/900°C/dry 02 1gn N2
nm/900°C/dry 02 10" N2
nm/900°C/dry O2 10™ N»
nm/900°C/dry 02 10" Ny
{DWO)

29 nm/900°C/dry 02 10" N>
(OW0:0.2% C33 0.T.)

31 nm/900°C/dry 02 1gn N2
(OW0:0.2% C33 0.T.)

59 nm/1000°C/dry 0, --
(DW0:0.2% C33 0.T.)

39 nm/900°C/dry O2 -
(DW0:0.2% C33 0.T.)

39 nm/900°C/dry 02

(DWO:0.2% C33 0.T.)
27 nm/900°C/dry 0, -
(0W0:0.2% C33 0.T.)

.-18..

£LECTRODE
MATERIAL

Tu AL/S1
mag. sputt.
Ty Al

mag. sputt,
1u Al

mag. sputt,
Ty Al

mag. sputt.
ip Al

mag. sputt.
Tp Al

mag. sputt.
1p Al/S1
mag. sSputt.
iy Al/S1
mag. sputt.
1y AL/S1
mag. sputt.
Poly 440 nm
I/I P 1E16
Poly 440 nm
P diffusion
Poly 440 nm
I/I P 1E16
1u Al/Si
mag. Sputt.
1y AL/ST
mag. sSputt.
1y AL/S1
mag. sputt.
Tu AL/ST
mag. sputt.

{continued overleaf).
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u10 n/1E15 28 nm/900°C/dry O, 10" Ny Tu Al/S1
(DW0:0.2% C33 0.T.) mag. sputt,
utl n/1E15 12 nm/900°C/dry 0, - tu AL/SE
(DWO:0.2% C33 0.T.) mag. sputt.
u12 n/1E15 12 nm/900°C/dry 0, 107 N 1y AL/St
(OW0:0.2% C33 0.T.) mag. sputt.
13N n/1E15 25 nm/900°C/dry 0 10" Ny Poly 450 nm
(DW0:0.2% C33 0.T.) B diffusion
A n/1E15 45 nm/900°C/dry O, 10" Ny 15 nm Al
(OW0:0.2% C33 0.T.) mag. sputt.
B6 n/1E15 23 nm/900°C/dry O, 10" N Poly 450 nm
(DW0:0.2% C33 0.T.) P diffusion
cp1 n/1E15 23 nm/900°C/dry 0, 10" N, Poly 450 nm
(DW0:0.2% C33 0.T.) P diffusion
F5 n/1E15 54 nm/1025°C/dry O, 15" N5 Poly 450 nm
{0WQ:0.2% C33 0.T.) P diffusion
ST1 n/1E15 28 nm/900°C/dry 02 10" N5 15 nm Al
(DW0:0.2% C33 0.T.) mag. sputt,
ST2 n/1€17 28 nm/900°C/dry O, 10" N, T AL/SL
(DWO:0.2% C33 0.T.) mag. sputt.
S1 n/1E17 51 nm/95C°C/dry C, 10" N Tu Al
{OW0:0.2% C33 0.T.) mag. sputt.
s2 n/1E17 51 nm/950°C/dry O, 10" N, 500 nm Al
(DW0:0.2% C33 0.T.) mag. sputt.
33 n/1E17 51 nm/950°C/dry 02 10" N, 250 nm Al
(DW0:0.2% C33 0.T.) mag. sputt.
sk n/1E17 51 nm/950°C/dry O, 10" N, 125 nm Al
(DW0:0.2% C33 0.T.) mag. sputt.
85 n/1E17 51 nm/950°C/dry O, 10" N, 50 nm Al
(DW0:0.2% C33 0.T.) mag. sputt.
$6 n/1E17 51 nm/950°C/dry 0, 10" N, 15 nm Al
(OW0:0.2% C33 0.T.) mag. sputt.

Table 2.2 {cont'd) Summary of wafer processing details.
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T n/1E15 80 nm/950°C/dry 0, 10" N 15 nm Al
(DW0:0.2% C33 0.T.) mag. aputt.
T2 n/1E15 80 nm/950°C/dry 0, 10" Ny 60 nm Al
' (DW0:0.2% €33 0.T.) mag. sputt.
T3 n/1E15% 80 nm/950°C/dry 05 10" Np Tu Al
(DW0O:0.2% C33 0.T.) mag. sputt.
T6 n/1E15 12 nm/950°C/dry 0, 10" Ny Tu AL/SL
(OW0:0.2% €33 0.T.) mag. sputt.
9 n/1E15 21 nm/950°C/dry 05 10" Ny 1u AL/S1
(DWO:0.2% C33 0.T.) mag. sputt.
T12 n/1E15 49 nm/950°C/dry 0, 10" N 1n AL/S1
(DW0:0.2% C33 0.T.) mag. sputt.
R1 n/1E17 58 nm/950°C/dry 0, 10" Ny Poly 450 nm +
(0W0:0.2% €33 0.T.) 1u sputt.
R2 n/1E17 58 nm/g50°C/dry 0, 10" Np Poly U450 nm +
{(DWD:0.2% €33 0.T.) 425 nm sputt.
R3 n/1E17 58 nm/950°C/dry 0, 10" N Poly 450 nm +
(DWO:0.2% €33 0.T.) 100 nm sputt.
R4 n/1E17 58 nm/950°C/dry 0, 10" N Poly 450 nm +
(ow0:0.2% C33 0.T.) 850 nm flash
RS n/1E17 58 nm/950°C/dry O, 10" Ny Poly 450 nm +
(0W0:0.2% €33 0.T.) 425 nm flash
R6 n/1E17 58 nm/950°C/dry 0, 10" Ny Poly 450 nm +
(0W0:0.2% €33 0.T.) 100 nm flash
RY n/1E17 58 nm/950°C/dry 0, 10" N, Poly 450 nm +
(OW0:0.2% C33 0.T.) no metal
R8 n/1E17 58 nm/950°C/dry 0, 10" N, 850 nm Al
(OW0:0.22 C33 0.T.) mag. sputt.
R10 n/1E17 58 nm/950°C/dry 0, 10" N, 850 nm Al
(0W0:0.2% C33 0.T.) flash evap.
R12 n/1E17 58 nm/950°C/dry 0, 10" N5 425 nm Al
(DW0:0.2% €33 0.T.) flash evap.
R13 n/1E17 58 nm/950°C/dry 0, 10" N, 100 nm Al
(DWC:0.2% €33 O.T.) flaah =vap.

Table 2.2 (cont'd) Summary of wafer processing detalls.
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for 20 mins. Polysilicon gates were formed by LPCVD of polysilicon
{450 nm) which was then thermally doped with POCI3 or ion~implanted

with boron or phosphorus. Aluminium was then deposited on top of the
polysllicon to ensure good contact, Capacitors of various sizes were
defined wusing one of the two sets of masks illustrated in Fig.2.2.
The capacitor dimensicna are shown in Table 2.2 for the case of thiﬁ
oxide only and when using a thick field oxide, The capacitor area is
reduced slightly In the latter case by the areé of the central contact
pad which covers thick oxide rather than thin oxide. Moat of the
devices measured were proceased at ESAT, K.U.Leuven. However, wafer

232X in Table 2.1 was part of a batch made at GEC Hirst Research
Centre, Wembley.

Capacitor Thin Oxide Only Thin Oxide + Field Oxide

Code Area (cm?) Area (om?)

A 4,42 x 1073 5.11 x 1072

B 4,91 x 1074 3.74 x 107%

c 1.26 x 1073 1.26 x 1073

0 1.66 x 1073 1.51 % 1073

E 1.15 x 1072 1.11 x 1072

F 1.08 x 1073 9.39 x 10°%

G y.41 x 1073 4.12 x 1073

H 7.54 x 107" 6.28 x 1074

I 1.26 x 1073 (Field oxide only)
J 7.85 x 1072 7.85 x 1070

K 3.14 x 107" 3.14 x 1074

L 4.82 x 107" 4.82 x 107"

M 1.96 X 107 1.96 x 1072

Table 2.2 Dimensions of capacitors on masks 1 and 2 in Figure 2.2.
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Figure 2.2 Photolithography masks used to define caps. of various

areas, with and without a field oxide. Mask 2 has caps.
B,F,G,H,J and K of mask 1 plus the rectangular cap., L
and an array of small caps., M.
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2.2 Breakdown measurements.

Constant voltage wearout and fast voltage ramp (dielectric
strength) breakdown measurements were both carried out on an automatie
measurement system. This 1is controlied by an HP 9835 desk top
computer via an IEEE bus and includes a Karl Suss wafer probe station
and a multi-probe breakdown detection system built at ESAT. Before
describing thia system in more detail some of the problems associated

with breakdown measurements will be considered.
2.2.1 Dielectric strength.

A fast voltage ramp is generally applied to a capacitor in order
to measure the dielectri¢ strength of the insulator i,e. the field at
which it would break down on instantaneous application of the voltage.
Ideally an infinitely fast ramp would be used so that no wearout could
occur during the measurement and the true time—zero breakdown would be
measured. In practice, however, the need for a reliable means of
breakdown detection limits the ramp rate which can be used. Usualily,
breakdown is defined experimentally as the exceeding of a preset
current, The voltage ramp must therefore cause only a small
displacement current relative to this gset current. The response time
of the measuring circuit and the accuracy required in measurement of

the breakdown voltage must also be considered.

The current chosen to define breakdown, Itpy 13 an extremely
important parameter (69). In the high field part of the breakdown
distribution very large currents may flow prior to catastrophic
failure (up to -60 A/cm? was measured on 8 x 1075 cm® samples). If
the current at breakdown, Igps is high a largé trigger current must
be chosen to ensure the capacitor is actually broken down. Under
these conditions a relatively large voltage drop across the substrate
{and any resistance in the measurement circuit) has to be taken into

account, This 1is VSi in Fig.2.3. Vg; will be especially
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significant for thin oxides and low substrate dopings. For nigh field
breakdowns it is simply a matter of subtracting Vg; from the
measured breakdown voltage. All low field breakdowns occurring below
Itr-RSI {( = VBD*) will be measured as VBD*' however (see

Fig.2.3). Hence 1t 1is not always possible to observe high and low
fieid breakdowns simultaneously. The recently proposed technique (70)
in which a high voltage pulse is followed by a lower voltage leakage
test avoids the problem of choosing an approprlate set current but the
parasitic voltage drop must still be taken into account. Hararl (8)
applied a high constant current stress to his samples and measured the
time-to-breakdown, t,, and also the applied voltage. Extrapolation
of a plot of t,, versus I to zero time gave Igp. Vgp could be
calculated from this technique via the equation for F-N tunneling.

- Rsi
10+
1!
N AL ] p|_Itr
i
Vs /% .o
i EBreakdoun
: Y
s ' ; :
0 VS' 10 15
Vv B0 Y
801 V (valts) 802

Figure 2.3 Effect of series resistance and trigger current on the

breakdown voltage In a dielectric strength measurement,
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2.2.2 Time dependent dielectric breakdown,

Time dependent dlelectric breakdown (TDDB) or wearout
mezsurements may be conducted by applying either a constant current or
constant voltage stress to the sample and monitoring the time at which
the sample breaks down. These measurements are by their nature time
consuming and it is advantageous to be able to examine several devices
simultaneously. The multi-probe system described below sllows 36
capacitors to be stressed at the same time wunder constant voltage
conditions. Constant current measurements were only conducted on
individual devices. This could be done in either of two ways. On the
avalanche injection system (described in section 2.3.5) a variable
d.c. volisge could be wused in place of the sawtooth waveform.
Alternatively, a Keithley 220 programmazble constant current scurce was
available for use in conjunction with an HP 34564 digital voltmeter.
These devices were also controlled by the HP 9835A computer and thié
syastem allowed times-to-breakdown as low as 3 ms to be measured and
hence high current stresses to be applied. I-V curves could 8130 be

megsured using this configurastion.
2.2.3 Multi-probe breakdown detection system.

A block diagram of this system is shown in Fig.2.4. The voltage
source (—100V to +100V) has a measurement zccuracy of'25 mV¥ and five
possible sweep rates: 2.5, 5, 10, 25, 50 and 100 V/s, The reference
current c¢an be chosen over the range from 0;08 to 5 mA. Time can be
measured up to 174 min with an accuracy of 0.01 seconds. Therefore,

both wearout and fast voltage ramp measurements may be performed on
this system.

Each measurement consists of several cycles during which all 36
capacitors are tested. For dielectric strength measurements the value
of the applied voltage is determined by s time base, a 12-bit counter
end 2 D/A «converter. The wvoltzge is incremented bj 25 mV at each

clock pulse. The length of this pulse is variable from 250 to 10 ps.
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Figure 2.4 Block diagram of the multi-probe breakdown detection system.

Thus, sweep rates from 2.5 V/s to 100 V/3 can be obtained. When one
or more capacitors exceed the reference cufrent during a8 voltage step
a flip-flop corresponding to that capacitor is set and an interrupt is
sent to the microprocessor. At the end of each voltage step the
applied voltage and the state of all the flip-flops are read into the
microprocessor. Broken-down oxides are immediately disconnected from
the voltage source. Before the voltage is incremented again all the

flip~flops are reset, the data is processed by the microprocessor and
the next measwement cycle begins,

For wearout measurements 3 constant voltage is applied to the
capacitors and on tbreakdown the time instead of the voltage is read
in. The 12-bit counter is extended to & 20-bit counter for these

measurements to Increase the maximum time which can be registered to
174 minutes.
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2.3 Charge injection and sensing techniques.

Three techniquea were available to inject charge into MOS
capacitors. The firat of these was aimply the application of a high
field to the oxide which results in current flow by F-N tunneling,
Tunneling injection has been used for charge trapping 3studies
(71,72,73) but the requirement for high fields to inject relatively
low current densitiea i3 a disadvantage for this purpose, Field
ionisation of trapped charge and breakdown of the 3102 are favoured
under theae conditions, In this work high field atressing waa used
primarily to aimulate the conditions existing immediately prior to
breakdown of the inaulator. Charge was injected under constant
current conditiona, the voltage being adjusted to compensate for
carrier trapping in the oxide. The charge which could be pasaed prior

to breakdown, Q.4, was alsc measured in this way.

Avalanche injection of both electrona (34,74) and holea (75) was
used to charge traps Iin the oxide. HRelatively large current denasities
can be Iinjected into the SiQ, by this method at moderate oxide fieids
(sS4 MV/cm) enabling the detection of traps with samall capture
probabilities. The low fields used also limit further damage to the
oxide and make detrapping of charge less likely.

The third c¢harge injection techni que used was internal
photoemission or photo I-V (76,77}. This allows the injection of low
current densitiea at low to moderate fielda and the I-V curve obtained
ia very aensitive to the charge distribution in the oxide. It was
used to determine the centroid and density of +trapped oxide charge
(35).

Theae three techniques and the experimental set-up used to
conduct the measurements are deacribed in greater detail in the

following gectiona,
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2.3.1 Fowler-Nordheim tunneling.

On application of fields above ~6MV/cm subatantial current begins
to flow through an MOS capacltor., From the dependence of the current
density on the applied field (log (J/EC) = 1/E) conduction would seem
to be due to F-N tunneling of electrons through the triangular barrier
at the interface into the oxlde conduction band (12). The complete

expression for the tunneling current ls:
I = (q2E2/8whe)exp(-4(2m*)0-5¢1-5/34RE] (2.1)

where h is Planck's constant, ¥ is h/2r, q the charge on the electron,
E the electric field, ¢ the barrier height and m* the effectlve mass

of the elactron (usually taken as 0.5 m, where m is the free electron

masa).

If the effect of the image force on the barrier is taken into
account, two correction factors t(y) and v(y) are introduced into the
Fowler-Nordheim equation. These are  tabulated integrals (78)

dependent on the normalised image-force barrier lowering, y, where:

y = (1/0)(q3E/me,)0-5 (2.2)

Thia correction c¢ausea an esasentially parallel shift of the
theoretical F-N plot to higher valuea of J/E2,

Although tunneling ls itself temperature independent the number
of electrona incident ¢n the barrier dependa on the temperature. This
introduces a term nckT/sin{wckT) where ¢ = 2(2m*¢)0'5t(y)/dﬁE into
the Fowler-Nordheim eguation. The F-N plot s still close to a
straight line but with a slightly smaller slope. The tunneling

equation lncluding correction factors then becomes:

J = (q3E2/8nhe)[1/t2(y) I nekT/sin (nekT) ) (2.3)
x  exp(-[4(2m" 102413 /3dRE].v(y)}
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As well as wusing the F-N tunneling phenomenon for constant
current high field 3stress measurements, ramp I-V curves were also
measured. This could be done either by using a ramp voltage source
{Sweepy 1, bullt at ESAT) and logarithmic picoammeter (Keithley 26000)
with a Héuston 2000 chart recorder or by means of the Kelthley 220

programmable current source and HP 3U456A digital voltmeter previously
described.

2.3.2 Avalanche electron injectlon.

To cause avalanche injection of minority carriers, a periodic
waveform is used (sinusoidal, square or 3sSawtooth) to pulse the
substrate into deep depletion (34,74). Carriers generated in the
depletion layer reach sufficient energies for impact lonisation to
occur. Some of the hot carriers thus generated have enough energy to
surmount the Interfacial barrier and enter the 8102. Electrons are
injected when the substrate i3 p-type and holes when it is n-type. 1In
this manner charge {3 Injected over part of each pulse cycle. Charge
trapping during injection means that to maintain a constant current a
feedback c¢ircuit must be used to regulate the amplitude of the
avalanching pulses. Avalanche'injection can be performed only over a
limited doping range. Avbove 1018 /em3 dopant atoms interbvand
tunneling rather than avalanche bfeakdown occurs, Below -5 X 10?6
/cm3, depending on the oxide thickness, edge breakdown occcurs so'that
injection is no longer homogeneous (79).

During avalanche injection the flatband voltage shift (AVfb) or
the midgap voltage shift (Avmg) 13 usually measured as a function of
time (and hence of injected charge). Assuming first order trapping
kinetics as proposed by Ning and Yu {80), these data can be converted
to a set of discrete traps with capture c¢ross sections gy and

effective trap densities, Ny according to the following equation:
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n
BVey = YaN;dgy/eox[1-exp{-0{3it/q)) (2.4)
i=1

where d,, is the oxide thicknezs, t the injection time and j the
current density. The various capture cross =ectionsz can be determined
from the slope of the linear portionz of the ln(dAVfb/dt) versus
time curve. An alternative more accurate procedure, however, uses the
Gauss-Newton method based on Jacobian matrices (81). This is muech
lesz sensitive to noise, finds always a least squares fi; and is not
limited with respect to the number of traps it can fit in one
calculation. Thiz method has been implemented in a fitting program
written at ESAT*®.

2.3.3 Avalanche hole injection

With an n-type =ubstrate avalanche breakdown results in injection
of holes into the Si0,, The mechanism is the same as that described
for electrons in the previous section. One major problem exists with
hole 1injection, however. This 1is the po=ssibility of =simultaneous
injection of electrons from the gate 5o that the total current is due
to both holes and electrons flowing through the sampie. 1t has been
shown by Aitken and Young {75} that the use of a =sawtooth waveform is
necessary to oprevent electron injection. This ensures that whenever
there i= a high oxide field present there 1is also a displacement
current in the =silicon. Hence electrons need not be injected from the
gate to satiafly current continuity requirements. Recent work has aiso
shown that provided that the change in appiied voltage needed to
maintain a constant set current fracks the change in the flatband
voltage, i.e. that no 'turnaround' effect i= observed in the applied

voltage, then negligible electron injection is occuring (82).

**Program written by M.Heyns.
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2.3.4 Internal photoemisalon.

Using a transparent gate electrode, electrons excited by the
absorption of u.v. 1lght can be injected into the Sl02 from either
the gate or the substrate depending on the polarity of the applied
bias (76,77). For an electron to be injected, it must first reach and
then surmount the interfacial barriler. The probability of reaching
the barrier depends on the likelihood of scattering, which in turn
depends on the distance of the potential energy barrier maximum,
Xpo» from the Injecting interface (Fig.2.5). The probability of
electrons surmounting the barrier depends both on the barrler height
and on the energy wWwith which they arrive at the barrier. Both the
barrier height and position are affected by oxide charge and by the
gate blas. Either the barrier helght or {ts position can be made to
dominate by ualng photon energies close Lo or considerably greater
than the energy barrier, respectively. Oxide charge affects the
barrier position much less than its height. However Iin the barrier
height mode photocurrents are low and' difficult to detect. The

barrier position mode {3 therefore easier o use in practice.

OXIDE

EMITTER 0

B

Figure 2.5 Effect of the image force potential on the potential
energy barrier at the injecting interface (after 83).
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Difficulties alac arise in the analysis of the current characteristics
in the barrier height mode aince it is not certain whether tunneling

through the top of the barrier should be taken into account (84).

Figure 2.5 shows an energy distance diagram of the S$i-510,
interface and the effect of the image force potential on the barrier.
It can be shown that the position of the barrier maximum, ¥mo» in
the case of no oxide charge is given by:

%o = (Qmo/ 16Teox(Vatpmg)) 00 (2.5)

where wms is the metal-silicon work function difference (77). Thus,
the barrier moves closer to the interface as Vg is 1ncreased;

Three cases are distinguishable when oxide c¢harge is present.
Firat {f the charge is very close to the interface i.e. before the
barrier maximum, the experimental phota I-V curve cannot be
distinguished from that with no oxide charge present (Fig.2.6a). 1If
the barrier maximum is within the charge distribution, this can be
profiled. By varying the gate bias, the barrier maximum is swept
through the oxide charge distribution and the resulting photo I-V
curve 1is distorted compared with the case of no oxide charge
(Fig.2.6b). Finally, if there is oxide charge only beyond the barrier
maximuﬁ then the photo I-V curve is translated along the voltage axis
remaining parallel to the curve in the case of no oxide charge
(Fig.2.6¢). The charge density, Q, and the centroid, x, can be
extrécted from the voltage shift measured first with the metal

(Avgm) and then with the silicon (aVg4) as the injecting electrode
(35}, using the following equations: :

Mgy = Q¥Xo/Eox  (2.5)

MWon = Qlldey = x5)/Eq, ] (2.6)

where dox is the oxide thickness and €Eqy the dielectric constant.
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Figure 2.6 Shifts in the photo I-V curves for the case of (a) only
interface charge, {b) charge at x, , (e) bulk charge.
(After (85)).

The photo I-V technique 1s therefore a valuable means of
examining charge distributions in the oxide. Currents may be kept low
to avoid further charge trapping and ét relatively low light
intensities photodepopulation is also avoided.

2.3.5 Measurement systems,

Two automated systems have been developed in ESAT to study charge
trapplng effects in lnsulators. These are the avalanche injection and
photo I-V systems. Both are connected to the same data acquisition
system and HP 9835 controller, A switch allows the sample probe
station to be easily connected to either system. A photograph of the
measurement equipment is shown in Fig.2.7.
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Figure 2.7 The avalanche and photo I-V measurement systems.

2.3.5.1 Avalanche injection system.

A diagram of this aystem is shown in Fig.2.8. Conatant current
d.c. gtreas may be carried out as well as avalanche injection of
electrons or holes from the subsatrate. Either a d.c. voltage or a
sawtooth waveform 1s applied, respectively and a feedback circuit
regulates the voltage level or pulse amplitude to maintain constant
current injection. At intervals during the stress the voltage is
automatically measured at a 3set capacitance ratio, C/C,.,. This
ratio can nave any value from 0 to 1 but {t is usually chosen as the
value corresponding to either the flatband or midgap capacitances.
Meaaurement of this voltage may take place every 10, 20, 50, 200 or
500 seconds. Six seconds are required to make the measurement
regardleas of the chosen time Interval. The waveform used for

avalanche injection is shown in Fig.2.9.
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MOT PROSE PROBE
BOX | ISELELT | gox
$0°C - 250%C
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NETER VOLTAGE
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1. AVALANCHE INJECTION Vg AND TIME
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AND TIME

MICROPROCESSOR | HP 9835

Figure 2.8 Block diagram of the avalanche injection system.
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Figure 2.9 Sawtooth waveform used for avalanche finjection,
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Injection occurs only between times t, and t3 so that 'packets' of

current are injected. The electrometer, however, measures the average
current through the device. This is compared with the set current and
the amplitude of the pulse is adjusted accordingly. A sample-and-hold
unit generates the ramp voltage for the C-V measurements, compares the
measured capacitance value with the C/C,, ratio chosen and

determines the appropriate voltage. A timer measures the cumulative
avalanche inject;on time and a driving pulse ensures that the correct

measurement sequence is achieved.
2.3.5.2 Photo I-V system.

Figure 2.10 shows a schematic of this system. It conaists of an
optical bench with a xenon lamp, power supply and monochromator (H25
Jobin-¥von), a high speed picoammeter (Keithley U417), a capacitance
meter (Boonton 7T2BD), a precision lock—-in amplifier (EG and G
Brookdeal 9503D-5C), a microvoltmeter (Keithley 177) and an
electrometer (Keithley 616). .

TIME BASE
GENERATOR

4 LENS
VOLTAGE ‘ “ YENGN
GENERATCA PROBE % MONOCHROMATOR LAMP

%

SHUTTER
CURRENT

METER

Y —

MICROPROCESSOR / NP 9835

Figure 2.10 Block diagram of the photo I-V system.
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The photocurrent through the MOS capacitor is measured for a
apecific wvalue of the gate voltage. This voltage is applied in a
series of steps; the magnitude as well as the duration of each voltage
step (one measurement cycle) can be set from 5 seconds to 20 minutes.
The voltage change between two sSequential c¢ycles is continuously
variable from 0.1 to 11 V. During each cycle the sample 1is
f{lluminated for a period which may be from 0,.1-0.8 times the cycle
time. Wavelengths of 2760 & (4.5 eV) and 2480 A (5eV) are normally
used to cause injection from ﬁhe metal and from the silicon
respectively; 1.e. the measurement is conducted in the barrier
position mode. The sequence of measurements occurring in one cycle is
illystrated in Fig.2.11 helow,

shutter closed———,

V] e LT

T

4 1 2 33— 4 5 ¥

increment voltage ¢

1: At the start of the cycle the voltage is measured.

2: Before the shutter is opened the 'dark current' is measured.

3: Just before the shutter closes the 'light current' is measured,
U: 3 - 2, the light current minus the dark current is calculated.

5: At the end of the cycle the dark current is measured again.
Figure 2.11 Sequence of events in one cycie of a photo I-V measurementf
27n Capacltance-voltage (C-V) and charge pumping meaaurementsf

High frequency (HF) and quasi-static (QS} C-V measurements and
their analysis to calculate interface state densities are discussed

extensively in ref. {11). These measurements can be made on both the
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photo I~V and avalanche injection systems since btoth inciude a Boonton
capacitance meter, a voltage ramp generator and a current meter. It
is not necessary to change connections or sample holders. Figure 2.12
shows the principle of the two measurements. The quasi-static method
is used to obtain a low frequency C-V curve. The displacement current
generated as a result of the application of a slow veoltage ramp is
measured as a function of gate voltage. Since I = CdV/dT, the low
frequency capacitance at the applied gate voltage can easlly be
calculated (86,87).

/\ BIAS

SWEEP GENERATOR CAP. METER 1. MOS
SAMPLE

Lo

a) HIGH FREQUENCY

VAN
;: MOS SAMPLE

ELECTROMETER —-1_

SWEEP GENERATOR

b) LOW FREQUENCY

Figure 2.12 Principle of high and low frequency C-V measurements.

The time interval at which the capacitance or current is sampled
can be varied from 0.3 to 20 seconds. Varying the ramp rate and the
time interval determines the number of'points taken in one voltage
aweep. Data 1is taken automaticaily and stored on floppy disc for
subsequent analysis, Programs are available to calculate the
interface state density as a function of the surface potential or

energy level within the silicon band gap using the methods outlined
below in 2.4.3 and 2.4.4,
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2.4.1 High frequency C-V measuremer.ts.

For an ideal MOS capacitor, the measured capacitance 1s due to
the series combination of the oxide layer capacitance, C,,, and the
silicon depletion layer capacitance, CS‘ The resulting value 18 a
function of the gate voltage and measurement frequency. A normalised
high frequency {1MHz) C-V curve calculated for an ideal-p—type sample
with an acceptbr concentration of 2 x 1016 /em3 and an oxlide
thickness of 100 nm i3 shown in Fig.2.13. The electrode work function

difference has not been taken into account.

LOW
FREQUENCY

¥ dg
HIGH
FREQUENCY

¥s5*24g \\

O
1rr|!|r[l|t}]
-+
w
(@]

Q%0
Q4qQ
0390 F. 1 L :
2 -1 o] 1 2 3 4 5
Vg (VOLTS)

Figure 2.13 Calculated high and low frequency MOS C-V curves for a
p—type sample {(taken from (11)).

Three regions can be distinguished: accumulation, depletion and
inveraion. When the majority carriers are pulled towards the 51—5102

interface by the applied gate bias the device 1is 2aid to be 1In
accumulation (¢S<O in Fig.2.13)}. The capacitance then tends towards

ox°* ox L3 the

static dielectric constant of Si0,, A is the area of the capacitor

its maximum value, Cox» where Cy, = e4,A/d 3
and dox- the oxlde thlickness. When the gate voltage 13 such that
the majority carriers are repelled from the interface into the bulk of
the silicon, ionlised dopant atoms are left behind and a depletion
layer "is sald to form (2¢b>y5>0). The depth of this depletion
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reglon and hence lts capacitance varies with the gate voltage. At the
onset of inversion, minority carriers begin to accumulate at the
interface forming an inversion layer (¢5>2¢b). The depletion layer
approaches a maximum beyond which a small change in gate voltage
produces a large increase in the number of minority carriers at the
interface. However, under high frequency conditions, minority carrier
generatioh and recombination is not fast enough to respond to the
applied a.c. signal. The inversion layer therefore does not
contribute to the measured high frequency capacitance, Chf' Once
the depleticn 1layer is at a maximum, Chr levels off at its minimum
value. At any gate voltage:

Chf' = CSCOX/(CS + COX) (2-7)

The flatband voltage of an idezl device is equal to the work
function difference, fms,» DbDetween the gate material and the
substrate. When bulk or interface charges are present it occurs at a

voltage which compensates these charges. Hence:

Vep = = Qp/Cox — (Qot * Qit)/Cox * oms (2.8}

Charge in states whose cccupation is independent of applied bias (Qf
and Q,t) will cause a translzation of the C-V curve along the voltage
axis. Charge in interface states (Qit) causes displacement and also
distortion of the C-V curve along the voltage axis, Although the
interface states make no direct c¢ontribution to Chf. since they
cannot follow the a.c. signal, they are able to change their charge
state in equilibrium wiﬁh the d.c. Dbias. This causes a change in the
surface band bending which in turn affects Cs resulting in
'stretch-out' of the C-V curve along the voltage axis. The flatband

voltage shift relative to an oxide with no charge (s given by:
AVpp = aNgppdoyXo” (Egxday) (2.9)
where Neff is the effective charge density, X, the charge centroid
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ang the other oparameters are as previously defined. An unambiguous
separation of the oxide trapped charge, Q,. from the Iinterface
charge, Q;., is not possible because the sign of the charge
oceupying the interface traps is indeterminate (B88,89). The midgap
voltage, Vmg, {(i.e. the voltage when the Fermi level ia at midgap)
has been used to try and separate Qot and Qjy on the assumption
that the net interface charge 1is zero at this point and hence any
shift in Vmg is a measure of Q, alone (47-50). This is discussed
further in UuB.1.2. Vmg 13 found experimentally as that voltage at
which the depleticon layer capacitance 1is given by the following
equation:

Cq = [(q%egNg/2KT)1n[Ng/n;110+5 (2.10)

where Ny s the doping density, ny the intrinsic carrier

concentration in silicon and €q Che dielectric constant of silicon.
2.4.2 Low frequency and quasi-satatic (QS) C-V measurements.

Under quasi-atatic conditions or at low frequencies where the
interface 3states are in equilibrium with the applied a.c. bias there
is a direct contribution from these states to the capacitance, le,
This results_ in an additicnal capacitance, Cit’ in parallel witﬁ
Csf Hence:

1/Cip = 1/Cqy + 1/(Cq + Cy¢) (2.11)

A low frequency curve calculated for an ideal capacitor is also
shown 1in Fig.2.13. Throughout the accumulation and depleticn regions
and until thelonset of inversion, the capacitance 13 similar to the
high frequency case. 1In inversion, because the minority carriera at
the interface are now'able to maintain equilibrium with the applied
a.c. signal the measured capacitance rises again, once more

approaching its maximum value of Cox+
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2.4.3 Dy distribution from QS and ideal C-V curves.

Rearranging equation (2.11) above we can obtain an expression for

Cigs
Cip = [1/Cyp = 1/C5, 177 ~ g (2.12)

If C,, and le(Vg) are measured and C4 calculated as a function
of ¥4, the variation of yg with Vg 1s all that is required to
obtain C,¢(ypg). Berglund (90) showed that:

Vg

bg = Ygo * {1-le(vg)/Cox]. dvg {(2.13)
Vgo
Vgo ia an initial gate biaa corresponding to y4,. The integral is
determined experimentally from the 1low frequency C~V curve., Since
¥qo 18 not known, Vgo is chosen to minimise the error in VYagr
i.e. it 1is taken in accumulation or inversion where band bending is
only a weak function of gate bias.

2.4.4 Dy, diatributton from QS and HF C-V curves

This method ia due to Castagne and Vapaille (91). It has the
advantage that Cs i3 determined experimentally from the HF C-V curve
at the same value of the gate bias at which (Cs + Cit) is measured

in the 1low freqguency curve. Hence Cs automatically corresponds to
the correct band bending. Also no theoretical calculation 1ls
neceaaaﬁy and no doping profile measurement is required. From the
high frequency curve:

-1

Substituting in the equation for the low frequency curve givea:
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Cip = (1/Cyp = WG~ = (1/Cpp = 1/Cox)"] (2.15)

Thus, C,; is readily obtained as a function of gate bias. ¢4 as a
function of VS can again be obtained from the Berglund integration,

To obtain Dy over the silicon bandgap, the trap level E; can be
found from:

(Eq=E¢)/q [or (B¢ Ey)/al = Eg/2q + ¥g = dy (2.16)

2.4.5 BTS measurement system.

BTS measurements were carried out using a Model U1C EG and G PAR
C-V plotter, a Temptronic TP36B thermochuck system with Karl Siss
probes in a light tight box and a Houston 2000 x-y recorder
(Fig.2.14), Temperatures of up to 305°C can be maintained with an
accuhacy of +6°C and a stability of z1°C. Heating is by a.c. heaters
and cooling by an ethylene glycol/water sclution. The temperature is
sensed by a thermistor in thermal contact with the chuck surface, The

stress voltage is continuously variable from zero to 100V,

REFRIGERANT
' TEMPERATURE
" CONTROL
\ C-V AND
r BIAS CONTROL
X Y
PROBE
CHART
PROBE BOX TABLE RECORDER

Figure 2.14 Block diagram of the BTS measurement system,
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It is applied during heating and cooling as well as while the device
is at the set temperature. Capacitance ranges of 0.5-2000 pF are
available with an accuracy of'i2$ of the measured value. A 1 MHz
cselllator prevides the 15 mV rms a.c. signal to the device under
Ltest. A typlcal measureﬁent would consist of taklng a2 room
temperature C-V curve, heating to the set temperature (150-25Q°C)
under stress (usually 2-4 MV/cm), maintaining this temperatufe for the
chogsen stress time, cocling to room temperature, switching off the
bias and measuring a second C-V curve., The shift in Vmg between the

two curves is then measured.
2.4.6 Charge pumping measurements.

All the methods to determine interface state densities, which
have been discussed so far, require the use of MOS capacitors. The
charge pumping technique, nowever, allows the measurement of interface
state densitles on MOS transistors (92). The circuit used to conduct
a charge pumping measurement is illustrated in ¥Fig.2.15 for the case
of an n-channel MOST.

PULSE GEN. 4TI
IR VAYVAN 7
| 5COPE
Lo | Lo ]
Ve —/'17_L p-Si MOST

0C AMMETER
(KEITHLEY 616)

Figure 2.15 Principle of a charge pumping measurement., (After (93).)
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In these measurements the pulse generator used was an HP 80104 and the
oscilloscope a Philips PM 3217. The source and drain are connected
together and reverse biased (0.5-1.0 V). A pulse waveform is then
applied to the gate. When the transistor is pulsed into inversion the
gsurface becomes deeply depleted. Electrons flow into the channel from
the source and drain and some of them are captured by interface
states. As the gate pulse drives the surface back into accumulation,
the mobile charge drifts back to the source and drain under the
[nfluence of the reverse bias. Charge trapped in the interface
states, however, will recombine with majority carriers from the

substrate giving rise to a net flow of negative charge into the

substrate given by:

Q¢ = Aga®Dius (2.17)

where D,  is the mean surface state denslty averaged over the energy
levels swept by the Ferml level, Ag is the channel area and yg is
the total sweep of the surface potential expressed in eV, For

repeated pulses of frequency f, the resulting substrate current is:

Igp = fQgy = fﬂngﬁzzws (2.18)

Measurement of this current therefore allows an estimate to he made of

Dit over the energy range swept by the pulse.

A more acqurate model for the charge pumping phencmenon was
recently developed (93) and this technique now provides a simple
quantitative method of measuring interface state densities on small
gate area MOSFETs. Both an average value of the interface state
density and fhe enefgy distribution of these states in the silicon
bandgap ecan be obtained without knowing the dependence of the surface
potential on the gate voltage. To obtain the energy distribution of
the interface states the processes ocecurring on application of the
gate pulse must be considered in more detail.
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The waveform shown in Fig.2.16 i3 applied to the sample., It has
a rise time, t,. and fall time, tp, an amplitude AVg and a period T.
When the surface {3 in accumulation, the interface a3tates below the
quasi-Fermi level of the minority carriers are filled with electrons
while those above it are empty. The states are thus in equilibrium
with the energy bands, As the gate voltage and hence the surface
potential increasesa, holes are emitted towards the valence band to

maintain equilibrium and flow back into the substrate.

r“"VbH

Figure 2.16 'Square' waveform used for the charge pumping measurements.

Initlally the rate of emission of trapped charge to the 3ubstrate 1is
able to keep trap occupation in dynamic equilibrium with the voltage
aweep. As soon as the rate of change of the surface potential exceeds
the emission rate, a non-steady-state regime is entered where trap
emptying is completely controlled by the emission process (94).
Because. of the shape of the Vg versus Vg curve and the relatively

high frequencles required to measure a significant substrate current,
the transition point between steady-state and non-steady-state will
always be very close to the Vfb' When the gate voltage i3 close to

Vo, the trapping time constant becomes smaller and electrons will be

trapped in interface states not yet emptied of holes. When V

g
exceeds Vr, the remaining traps will be filled by electrons coming
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from the 3ource and drain. The channel Is now back in equilibrium

Wwith the energy bands.

Similar mechanisms are operating as the gate 1Is pulsed back.
First electrons are emitted from the interface states and flow back to
the source and drain in a steady-state regime., Then, in the depletion
reglon non-steady-state emission of electrons to the conduction band
followed by removal via the source and drain takes over. Finally when

Vg equals Vep, the trapping time constant of holes becomes
important and these fill the remalning traps occupled by electrons.

According to the theory of carrier emlssion from interface states
(94}, the following expression can be derived for the charge pumping

current in the non-steady-state regime using a 'square' waveform:

Icp = ZQEEECASkT{ln(Vthni/cnop)
(2.20)
v In(|Vp Vel /{avg [VEFEL) ]

where vyp, is the thermal velocity of the carriers and ¢, and 9

are the capture cross sections for holes and electrons respectively.
By using varying rise and fall times it is possible to obtain the
interface state distribution over the forbidden energy gap. When
applying pulses with variable fall times and a constant rise time one

scans the energy range in the upper half of the band gap and vice
versa (93,95).
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CHAPTER THREE:
BREAKDOWN OF SILICON DIOXIDE

3A: LITERATURE SURVEY

- The stochastlc nature of breakdown (96) means that there is no
definite breakdown field or time-to-breakdown associated with a given
device, At a constant applied field, even for 1identical devices,
breakdowns are distributed in time and iIn a ramp test they are
distributed in field. For identical devices, however, the probability
of breakdown is constant. At defects this probability 1a increased ao
that breakdowns are distributed over lower fields in a ramp test and
eariier times in a wearout test. As a result, both fast voltage ramp
and wearout measurements show statistical distributions with more than
one compenent. The low and medium field breakdowns in the firat case
and the early failures in the second are defect-related and due to
weak spots In the oxide, The high field breakdowns or those occurring
at longer times have often been assumed to be an intrinsic¢ property of
the oxide. However, it 13 by no means c¢ertain that this 13 actually
fhe cage. OQOver the past fifteen years there has been a s3substantial
Increase in the maximum value of the breakdown field, E,,(max), from
6 to 16MV/cm (18) and there is no reason to suppcse that the limit has
yet beén reached. Part of this increase is due to a decrease in the
oxide thickness wused (5). Cleaner processing has also had a
substantlial influence though, perhaps accounting for 30 or 40% of the
increase in Epq(max). Nevertheless, we shall continue to use the
term ‘'intrinsic bréakdown' as a convenlent means of Indicating both
those breakdowns occurring at high field in a dieiectric strength
measurement and at 1long times to fallure in a wearout measurement,
Both intrinsic and defect-related breakdown have been reviewed bj

Solomon (97) and intrinsic breakdown mechanisms by Klein (98).

In the next section, the probable causes and the proceasing
dependence of defect~related breakdown will be discussed. There

follows a aimllar description of intrinsic breakdown and of the
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physical modeis found in the literature for this phenomenon. Finally,

the statistics of breakdown will be considered.
3A.1 Defect-related breakdown.

The most common technique for detecting oxide defects is
electrical testing. Shorting or non-shorting tests may be employed.
In the latter the upper electrode is thin encugh to evaporate from thé
region above the defect when breakdown occurs. The capacitor is not
destroyed by this 'self-healing' breakdown and many tests can be
carried out on a single large device. However, this technique assumes
that after a self-healing breakdown the measurement continues without
any influence from the destruction of part of the insulator. Since
this assumption is dubious, shorting tests wusing large matrices of

small capacitors are generally preferred.

Various other techniques have also been employed to wmeasure the
defect density in Si0O, (99). These include liquid crystal methods
which can non—-destructively detect regions of high current density
(100,101), scanning internal photoemission (102,103) and scanning
ihternal photovoitage (104) techniques. Defects at the A1-Si0,
interface have also Abeen inferred from deviation of the 1i-V
characteristics from the expected behaviour as a result of barrier
height inhomogeneities (10%).

IA.1.1 Nature of defects,

Defect density in 8102 is affected by several factors, including
substrate quallty and wafer cleaning procedures (5,16,99), cleaniiness
of the oxidation furnace (5) and metallization conditions (16). The
nature of the defecta varies considerably. Particulate oontaﬁinants
embedded in the oxide can cause a localized reduction in dielectric
strength or when on the substrate surface they may interfere with the
film growth causing thin spots, partial or complete pinholes or

hillocks, Pinholes may alsc result from photollithographic processing

_]49.-.



BREAKDOWN OF S10,: LITERATURE

if the photoresist does not completely protect the film thus allowing
etchants to penetrate through flaws. Stress may also be a cause of
defects. This can develop in films during growth, deposition, pattern
etchingv or heat treatments. Aluminium migration (16) and sodium
contamination (106,107) have also been implicated in redﬁction of the
breakdown field. Metallic impurities from the fwnace heating
elements and other sources have in particular been associated with
medium field breakdowns (108,21). A back side diffusion of phosphorus
was found to getter any metal ions and to substantially reduce this
failure mode (108), while use of a double-walled oxidation tube
lowered the level of metallic contaminants incorporated during film
growth (21). High levels of oxygen precipitates present Iin some
as-received wafers have also been shown to result in more medium field

breakdowns (108). A pre-oxidation anneal in nitrogen helped to reduce
these.

This diversity of types of defect is probably largely responsible
for the jnconsistency in the results reported for the effect of
processing parameters on defect-related breakdown. For example, it
has Dbeen variously reported that increasing oxide thickness causes a
decrease (16), an increase (109) or that it has no effect (5) on the
defect dehsity. Recent wbrk suggests that this may be explained by
low field breakdowns decreasing with oxide thickness while medium
field breakdowns increase (108). If all defect-related breakdowns are
considered together, the thickness dependence will depend on which of

the two modes dominates,
3A.1.2 Processing and materials dependence.

Table 3.1 shows a summary of the published results on the
relationship - of defect density to materials and fabrication
conditions. Annealing conditions, oxidation temperature, addition of
HCl to the oxidation ambient and a phosphosilicate glass (PSG)
passivation layer were found to be the most significant parameters. A

dramatic increase in defect density is observed following an extended
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PMA (~ih, 500°C) with magnesium or aluminium gate electrodes (16) but
not with gold (16) or polysilicon (5). Aluminium was found to react
with the 5i0, at these temperatures eventually causing shorting. A
short PMA (5%, 500°C) on the other hand gave a slight improvemént in
oxide integrity probably due to a reduction in interface state density
(5). Similar results have been obtained for post-oxidation anneal
conditions. Osburn and Ormond (5} found that a high temperature FPOA
in nitrogen (15 min., 10006°C) increased the defect density by 50% in
1000 A films and by 400% in 200 & films. In general, the defect
density would appear to increase with increasing anneal time (5,110).
However, recent work has shown that a short POA (10') at the oxidation
temperature (900-1000°C) does initially decrease the defect density
(111).

Parameter (increased) Defect Density
Substrate : doping T (5)
Oxidation : temperature T (15,16,111); ) (112)
: ambient water conc. = (5) B
ambient HC1 conc. Jd (5,113)
oxide thickness = (5); T (109); | (16)
:  PSG layer ¢ (5,16) -
Anneals : POA time (N,) T (5,110)
PMA time/temp. T A1,Mg (16); = poly,Au (5,16)
Electrode (Al,Mg,Cr,Mo,Au,Pt) = (5)

Table 3.1 Summary of the reported results on the processing
dependence of the defect density in 510, layers.

The ©balance of evidence suggests that higher oxidation
temperature favours an increase in the defect density (5,16,111) but
the amount of water in the ambient does not seem to be important (5).
Higher oxidation temperatures appear to have a more detrimental effecﬁ
the lower the oxide thickness and to have relatively little effect on
fiims greater than 1000 & (5).
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Chlorine treatments are thought to remove or counteract the
effect of metallic impurities such as sodium thereby reducing defect
levels (113). HCl, both in the oxidation ambient and as a furnace
pre—cleah treatment reduces defects substantially (5) and increases
defect-related wearout time (13). A PSG layer, if it is thicker than
about 60 A, also reduces the defect level (5,16).

High substrate doping appears to cause a slight increase in
defect density especially for thinner oxides. A 10-20% decrease in
the usual breakdown strength was reported for a 200 A oxide 1in the

extreme case of 1020 dopant atoms /cm3.

It is interesting to note that there is some correlation between
the effect of oxidation parameters on roughness of the Si—SiO2
interface (114) and that on defect-related breakdown. A low oxidation
rate (low temperature) favours a smoother interface and also reduces
the defect density. Similarly a POA in N, reduces interface
roughriess and provided it is not too long it also improves the defect
density. A PMA has little effect on the Si—8102 interface and for
polysilicon gate devices there 1is also no effect oOn the defect
density. The lncrease in defect-related breakdowns for aluminium gate

capacitors is almost certainly due to defect creation at the

metal-oxide interface.
34.1.3. Sodium-related breakdown.

Sodium ions are a common Impurity in MOS devices unless extreme
care is taken to ensure clean procesing coﬁditions and there have been
many studies of the effects of the mobile Na* on breakdown in 8102
{103,106,107,115-118). There is apparently no effect on the breakdown
distribution at négative gate polarity (116,117). Time dependent
breakdown at positive gate polarity due to Na' was first observed by
Worthing (118) although he did not connect it with sodium. He Ffitted
his resulﬁé to an empirical relationship known as Peek's.law which is
of the form:
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Egg = Eo * at~ 025 (3.1)

By purposely contaminating samples with NaCl, this breakdown mode was
attributed to sodium (106,116). AsS the Na® concentration increased,
breakdown occurred at lower and lower fields, approaching 1.5 MV/cm
for 10?5 /cm? of sodium ions. On applying a positive gate vdltage

of 4 MV/cm a transient current peak was seen In sodium contaminated
samples. Most breakdowns were found to occur at times close to the
maximum-of this peak. The premature breakdown was attributed to field
enhancement and hence increased current injection caused by the sodium
ions traversing the insulator. Once the 1ons are within tunneling
distance of the Si-5i0, interface, they cease to affect significantly
the current and therefore have less effect on breakdown. However,
longer time breakdowns have been attributed to clustering of sodlum at
the interface causing localized barrier lowering. Williams and Woods
(102) and DiStefano (103,107) used scanhing internal photoemission to
.corrglate regions of barrier lowering with sodium concentration and

with breakdown.
3A.1.4 Area dependence.

Boltzmann statistics are usually used to describe the
distribution of defects in the oxide. This assumes a random
distribution of independent defects. To obtain the area dependence of
the breakdown probability due to these defects a capacitor of area A
may be considered as n smaller capacitors of area a connected in
parallel, The probabllity of breakdown occurring in one of these
regions is then equal to the probability of finding a defect in that
area 1i,e. p = Da where D is the defect density. By definition p £ 1
and for small areas p << 1, therfore Da is also << 1. The probability

of the large capacitor surviving a given applied fiéld is expressed in
terms of the yleld, Y, which is given by:

Y. = (1-p1)(1-[32)(:]‘[33)(1_}3)4)......(1'pn) {3.2)
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If there is an equal chance of failure of all the small areas, then:
Y = (1-p)° (3.3} Since p = aD,
Y = (1-aD)t (3.4)

As aD is very small and consequently n large all terms above the first
in the series expansion may be ignored so that Y = (1-naD). Since a =

A/n, ¥ = 1-AD. For AD<KKI this approximates to:
Y = exp(-AD) {3.5)

This is the most commonly used relationship to extract a value of the
defect density from the number of low field failures in a fast voltage

ramp breakdown measurement.

An alternative formula for the yield has been used by some
authors (109,115,119):

Y = 1/(1 + AD) (3.6)

This is based on Bose-Einstein statistics where defects are assumed to
be indistinguishable. However, this equation violates the principle
of statistical independence for parallel c¢onnected capacitors and

there is also no reason to suppose that .defects are indeed
indistinguishable.

34.1.5 Field, time and temperature dependence.

As shown above, the number of failures occurring at or below a
given field <c¢an be used to calculate a value For the defect density.
However, the defect density is, of course, itself a function of field,
time under stress and temperature although this is not always
recognised. DO in egn. 3.5 is not actually a measure of the number of

delfects present but of the density of defects which break down under
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test. (Shatzkes et al. (105) termed thls the breakdown density.) The
test conditions are therefore crucial to the value of D which is
obtained. Elevation of the field or temperature in a wearout test
shifts the breakdown distribution to earlier times (14,38,39).
Similarly, under ramp test conditions decreased ramp rates result 1n
increased wearout and hence lower measured breakdown fields and higher
values of D. Practical use is often made of this dependence on the
measurement parameters to screen out potential early failures before
they come into operation (120,121). If we examine the failure rate
{number of faflures per-unit time) during a wearout measurement, it

usually takes the form of a 'bathtub' curve (Fig.3.1).
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Figure 3.1 'Bathtub' curve of the failure rate as a function of time

during a wearout measurement (after (120)).

The early failure region 13 characterised by a decreasing failure
rate. This is followed by a low and constant failure rate before the
bulk of the devices begin to fail. Screening or 'burn—-in' consists of
applying a stress equivalent to that at time t; in Fig.3.1 l.e.

until all the weak devices have failed. Elevated temperature plus
higher fields than would normully exist under operating conditions are

generally used to speed up this process (14,38).
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3A.2 Intrinsic Breakdown

3A.2.1 Processing and materials dependence.

Parameter (increased) Epq(max) tpg (max)
Substrate : doping = (8); & (5) -
Oxidation : temperature - -

ambient water cone. = (5) =
ambient HCl conc. T (113) T (13)
oxide thickness T (é); | ¢5,8) T Al; = poly (13)
PSG thickness T (5,16) T a3
Anneals  : POA time (N,) J (o) -
PMA (5'/N,/500°C) - T (5)
Electrode : (Al ,Mg,Cr,Mo, = (5,122) T (13,19
material : Au,Pt,poly)

Table 3,2 Summary of reported results on the processing dependence

of Epq(max) and tyg(max).

Table 3.2 summarises results from the literature on the effect of
materials and processing parameters on the maximum breakdown field,
Epgi{max} and on the maximum wearout time (typ4(max)). The
dependence of Ebd(max) on all parameters except the oxide thickness
is slight. The average breakdown flield, EEE, follows a similar
trend as can be Seen from Fig.3.2, This shows experimental results
from the present work illustrating the increase in the E;; with
decreasing oxide thickness below 50 nm. Wolters (123) has measured
Eng{max) as a function of oxide thickness using a constant rate of
ramping the field rather than the more usual constant voltage ramp
rate to ensure that the contribution from wearout is the same for all

thicknesses. The decrease 1in Ebd(max) with oxide thickness was
still observed however.
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Average breakdown field
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Figure 3.2 Variation in Epy with oxide thickness.

Since Ebd increases with decreasing oxide thickness, Qug, the
total injected charge prior to breakdown, must also increase, This
has been confirmed by constant current wearout measurements where
Quq 13 more easily measured (37). Apparently contradictory results
have been reported from constant voltage wearout measurements. Here
tbd(max) was found to remain constant with increasing oxide
thickness for capacitors with polysilicon gate electrodes and to
{ncrease with aluminfum electrodes (13,19). However, the relatlve
amounts of charge trapping in these particular devices i3 not known,
The variation in the net applied field, the injection current and

hence Q4 can therefore not be estimated.
Considering that the current is limited by F-N tunneling, there
18 remarkably little dependence of the maximum breakdown field on the

electrode material., On going from gold to magnesium, for example, the
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current varies by several orders of magnitude for the same (nezative)
value of the gate bias. There is negligible change In Ep,(max),

however (16),. Ormond measured no significant difference at all
between thé breakdown distributions of polysilicon and aluminium gate
devices made on the same wafer (122). On the other hand much longer
times to breakdown were found with polysilicon rather than aluminium
electrodes especlally with the gate biased positively (19). From
these reaults wearout would appear to depend primarily on the anode

material. The trend is again not what might be expected from barrier
height considerations since Exy > Egj-

Parameters which reduce the Impurity level such as use of a PSG
passivation layer or HCl in the oxidation ambient to getter metal ions
have simiiarly beneficial effecta on Ebd(max) {16} and tyg (max)
(18). Thils agalin suggeats 'intrinsic' breakdown is not belng observed
since Ebd(max) is belng influenced by removal of contaminants, As
with defect-related breakdown some correlation can be found between
surface roughness and Ebd(max). A low oxidation temperature and a

short POA improves the intrinsic breakdown and gives a smoother
interface (114),

3A.2,2 Dependence on measurement parameters,
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Figure 3.3 Temperature dependence of E,(max) (taken from (5)).

_58_



BREAKDOWN OF Si0,: LITERATURE

The temperature dependence of Ebd(max) is slight, Dbut |If
anything 1t appears to increase with temperature (Fig.3.3). Harari
found the dielectric strength did not change with increasing
temperature but the time-to-breakdown under constant current injection
conditions was shortened considerably (8). Constant voltage wearout
measurements show a time to breakdown ekponentially dependent on the
temperature (14,38). An activation energy for wearout can be
calculated frbm these measwements. This has recently been shown to
be itself field dependent (124) thus accounting for the disparity of
values previously reported in the literature (14,38,125,126).

There is a quasi-exponential decrease in ty, with applied field
(14,23,127). The field acceleration factor often used to quantify
this relationship is also temperature dependent (124). Klein's
measurements show that the 1n(t.y) versus E curve is véry éteep for
510, (127), which led many workers to overlook the time dependence of
intrinsic breakdown 1i.e the effect of ramp rate on breakdown field
distributions. The distribution shifts to lower fields as dVv/dt is

reduced.
3A.2.3 Physical models for breakdown,

A number of possible models for breakdown can be eliminated
immediately because they are not compatible with experimental
observations, For example, the relative temperature independence of
the conduction mechanism (12,24) precludes thermal runaway of the
whole sample (128). Ionie effects also cannot explain the time and
temperature dependencies {129), Other mechanisms such as the
electrocnemical models of Bﬁdenétein (31,130,131} and Wolters
(32,33,723) can certainly not be discounted but as yet théy have
relatively little experimental support. Other contenders, which are
able to explain some observations aré the electron trapping model of
Harari (8), resonant tunneling (132) and hole injection from the anode
leading to current fnstabilities (133). Probably the most succesful

model to date in explaining the experimental observations is the
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impact i{onization model (6,134) However, there are problems with this
also for very thin oxides. We shall consider a few of the most

important models and discuss their successes and shortcomings.
3A.2.3.1 Impact icnization model.

An impact ionization model for 8102 was proposed by O'Dwyer
(134). It was modified by DiStefano and Shatzkes (6) to include
recombination and non-local ionization rates thereby producing a model
which could explain the oxide thickness dependence and electrode
material independence of the breakdown field. It consists of the

following assumptions:

1. Electrons are injected into the 8102 conduction htand from
the cathode by F-N tunneling and are accelerated by the
field.

2. A small fraction (-1 In 109) of the hot electrona generate
electron~hole pairs byA impact ionization of the lattice
atoma. The electrons have a high mobility (13%) and are
rapidly swept out of the oxide while the relatively immobile
holes (136) remain behind enhancing the cathode field and
hence eiectron injection,

3. Drift and recombination of the holes opposes this feedback
mechaniam, recombination giving the electrode material

independence of the breakdown field.

Forward scattering of electrons from optical phonons was
considered and the electron-phonon mean free path was adjusted to give
the limiting breakdown voltage of 92.5 V for a 100 nm oxide. At this
thickness E,,; 1is approximately equal to Eg/u1qA. For thin films
there is a strong thickness dependence, giving good agreement with
experiment (6). The non-local ionization rate has two consequences,
Firatly, it predicts a negative differential resistance range, whicﬁ
is observed experimentally and secondly no ionization ig possible for

a distance x = (E; + Epy)/Epgq from the cathode. (Epo 1s the
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barrier height.) The Increase of Epg with temperature can be
qualitatively explained by a decrease in elither 1onizatlon or hole
trapping.

A simplified version of this model expected to be wvalid for
oxides >100 nm was treated by Klein and Solomon (29). They obtained
analytical expressions for the threshold field for current runaway.
Times to runaway at fields above threshold were calculated and found
to be inversely proportional to the current and lonizatlon rate and to
decrease quasi~exponentially with the field. Thus, although the
threshold field was electrode independent, .time to runaway was
exponentially dependent on the electrode work functicon. This i3 also
at least qualitatively compatible with observations.

Objections to the impact ionization model have been raised on the
grounds that at the measured breakdown fields negligible ionization
can in fact ocecur in such a wide bandgap insulater (129,137). The
predicted rate of ionizatlion depends on some rather inaccurately known
parameters such as the electron scattering and the precise 510, band
structure. Klein demonstrated that for wide band gap insulatcors the
energy reduired for electron~hole pair creation is roughly 3 x EJg or
in 8i0,, 27 eV (138). Calculations based on plasmon theory (139)
yield much lower values of the order of 17 eV (140). Whichever value
is correct, electrons in the hot tail of the energy distribution have
been shown to attain these energies at fields below the breakdown
field (18). However, no correlation was found between the samples
with the-hottest energy talls and earlier breakdown. This suggests
that although the electrons reach energies sufficient to cause impact
ionisation this is not the ultimate cause of breakdown. Probably the
biggest argument againat this model is its inapplicablility to thin
oxides where breakdown occurs at voltages belcw the minimum required

for impact ionization ife. (Eg + Epgl)/q or about 13 V in Si0p.
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3A.2.3.2 Anode hole injection model.

Since impact ionisaticn cannot be the cause of positive charge
generation and breakdown in oxides below -100 A, doubt is cast on the
role it plays in thicker layers. However, 'positive charge bulld-up
undoubtedly acccompanies electron injection under high field stresas,
It has been shown that this positive charge is due to the trapping of
holes in oxide hole traps already present prior to stressing (141).
This charge may precipitate breakdown, elther Iin a manner similaf td
that outlined above in the impact ionisation model or by damage
creation accompanying the charge trapping/detrapping process. Hole
injection from the anode has been suggested as a means by whiéh these
holes might enter the oxide {(20,142,143,104,164). No well-developed
breakdown model has yet been formulated based on this process but
there is evidence that such hole injection does occur. Fischettl has
recently shown theoretically that there 1s a significant probability
of surface plasmon mediated hot hole injectiocn for anode fields
>5 MV/cm (14%). The predictions of thls theory are also consistent
with the experimental data. In particular, the model is supported by
the observation that the rate of positive charge generation (hole
trapping) depends on the ancde field (164). The creation of surface

plasmons by hot electrons leaving the insulator has also been shown
experimentally (145},

3A.2.3.3 Electron trapping model.

Harari (8,30) has proposed a model in which Si-0 bond breaking
causes electron traps to be generated in the oxide under high field
stress conditions, Populaticn of these traps results in large local
fields 1in the oxide 1leading to further bond breaking and hence
breakdown. From measurements at constant current, he monitored both
the time to breakdown (tbd) and the change in applied voltage at

breakdown (Avbd). The following observations were made:
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1) AVy4 changed linearly with tpgq but the gradient of this
line was less for the 44 A oxide than for the thicker oxides. Harari
suggests that electrons giving rise to Vg are trapped
predominantly near the injecting electrode and only the 44 R oxide
allows tunneling directly out of the oxide giving a smaller net

BVpq-

2) Different duty cycles made no differenice to the net tod

indicating that the effects of stressing were cumulative,

&Vgp VOLTS T, = 6385A; 1= -JpA
Area =2.3x10%m?

o - 300K AVgyitgy=0.19
g - TIK  AVgg/tyy=0.019

8-

Figure 3.4 AVp, versus tyy at 77 K and 300 K (from ref.(8)).

3) Breakdown occurred ten times sooner at room temperature than
at 77 Kf V4 was very similar however. Hence a plot of AVypy
versus tpy gave a line for which the slope was ten times greater at
room temperature than at 77K (Fig.3.4). This implies that under very
similar oxide stress conditions with identical current density,

generation of traps and trapping of electrons i3 much faster at room
temperature than at 77 K.
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%) AVy, did not saturate exponentially with time as it would if
the traps had all exisated in the pre-stressed oxide and were only
being filled rather than created. The linearity of &Vpgq with time
impiies rather a uniform rate of creation until breakdown occurs.
Below 100 A the electron trap denaity at breakdown was also the samé
for each of the films. The linearity of Avbd as a function of oxide
thickness (Fig.3.5} suggesats that initiation of breakdown is localised
at the Si-3102 ihterface, while the saturation value reached at 100 A
implies the existence of a tranaition region at that thicknesa. The
electron traps created are deep stable defects since under the high
field conditlions any electrons trapped within -4 eV of the oxide
conduction band (or within about ~30 A of the anode interface) would

be within direg¢t tunneling distance.
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Figure 3.5 AV,4 and ty4 as a function of oxide thickness (from (8)).

Hole mobility in 3102 has a strong temperature dependence and if
breakdown were due to Impact ionization it should occur sooner at 77 K
than at room temperature. However, the opposite result was found.
ﬁvbd Increases more slowiy at lower temperatures and this may be due
to compensation from trapped holes. Injected electrons undergo fewer

interactions with phonons at lower temperatures, though and there is
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consequentiy a slower rate for defect formation, The

time-to-breakdown is also larger by almost the same factor.

It has subsequently been shown that trap generation precedes
breakdown of highly satressed thermal Si0, (146). (These traps are
located primarily at the non—injecting interface however.) Certainly
in the thinneat films studied by Harari where breakdownloccurs below
8Y no impact ionization can take place. The very high breakdown
fields of -3 x 107 V/cm may well reflect a fundamental limit on bond
strengtha in the.system. Ferry calculated that hot electron runaway
should typically occur at this magnitude of the field (137). Harari'a
measurements were however made on exceptionally thin oxides (<170 R)
using very large currents and small capacitors., It ia possible that a
change in breakdown mechaniam takes place on going to thicker oxldes,
lower currents and hence lower fielda, The transiticn at 100 A for

tbd as a function of thickness found by Harari himself is perhaps
indicative of this.

3A.2.3.4 Resonant tunneling model.

A self-accelerating mechanlsm for current runaway by resonant
tunneling into defect-related atates has been proposed by Ricco et al
(132). Trap assisted tunneling has been treated by other authora
without taking into account 1its resonant nature (147). Resonant
tunneling has already been demonstrated in dcuble barrier .structures
(148}, The only prerequialte for it to occur in normal MOS atructures
ié thé presence of localised atatea in the insulator energy gap, a
condition which 1is commonly met. A rapid local increase of current
occurs at the resonance condition and the accompanying thermal effects
¢an lead to irreversible failure.

Defect states can be treated as wells in the potential energy
barrier (Fig.3.6a). They are assumed to be strongly localized (i.e.
both barriers have a transmisasion coefficient <<1) so that they behave
as elgenstates of their energy wells,
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CATHOODE INSULATOR

()

Figure 3.6 a) MOS potential energy diagram showing a defect~related
elgenstate of energy E_,
b) wavefunction of an electron incident on the barrier at
an energy, E = ES.
¢) wavefunction of an electron incident on the barrier at

an energy, € = E;, (from (132)).

In the {deal case of a single eigenstate, E; and a flux of
noncharged, monoenergetic carriers of energy E incident on the
cathode, If E does not match the energy of the eigenatate, the only
effect 1s a small reduction of the barrier area {(Fig.3.6b). The
transmission coefficlent of the total barrier, Tg, ls equal to the
product of the coefficlients for the left and right barriers, T,.T.

( = Tpyn X Thax !« If the carrier energy matches that of ﬁhe
eigenstate, resonant tunneling occurs. Instead of decreasing
exponentially within the classically forbidden area, the wave function
is now peaked at the eigenstate (Fig.3.6¢c) and there {3 an
accumulation of probabillty density in the well, Tg then equals
Toin/Tmaxe  For Tg to be of the order of one therefore {t {s

only necessary for Tl and T, to be almost equal. Since the
concentration of defects 1{s expected to be strongly peaked at the
interface, at low fleld Tl>>Tr and the elgenstates simply behave as
fast traps for the tunneling carriers. As the field increases Ty
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approaches Tr- At Tg = 1, the barrier opposing carrier transport no
longer does S0 and there is essentially a short between the electrodes
and breakdown. The field required for this is about 10 MV/em in  good
agreement with the observed breakdown field for 1000 R okides.

Charge trapping at defects increases the potential energy and
hence Eg . It makes both T, and T; larger and for defects near to
the cathode more nearly equal. This inereases the tunneling rate
giving rise to a self-aceelerating mechanism. Time to breakdown is
expected to decrease with tunneling rate (ang hénce current) 1in good
agreement with experiments. The model suggests that breakdown should
be accelerated by incfeasing temperature, as is observed
experimentally (6), because as the ecarrier energy distribution spreads
the probability of finding the right eigenstate increases. {(Only a
few states will be Iin a position to fulfil the condition T; = T..
The majority simply contribute to electron trapping.) For any single
eigenstate the current should decrease slightly with increasing
temperature as the concentration of avallable carriers at a given
energy decreases., This could account for the observed slight increase

in Ey4(max) with increasing temperature.

3A.2.3.5 Gas discharge model.

Budenstein and co-workers (31,130,131) developed a general model
for electrical breakdown in insuiators based on the formation of a
gaseous condueting channel. This has subsequently been elaborated

upon by Wolters (32,33,123). The prineciple of the model can be
summarized In five steps (130).

1. A critical charge density must be attained in a local region
of the insulator. The source of this may be charge injection
from an electrode, impact ionization or some other means.

2. Bond breaking is assumed to result from the effect of- the
charge density. The products include excited atoms and ions

of several eV in energy as well as free electrons.
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3. A chain reaction is set up in that freed electrons can cause
other bonds to be broken in the solid. These in turn release
atoms, ions and more electrons forming a gaseous plasma.
Electrons striking the wall of the created cavity cause
further dissociation. Gaseous collisions and photoabsorption
may also produce additional electrons.

4. A gaseous channel is established by electrons striking the
wall of the cavity and eroding it. The channels normally
grow from the anode end (31) forming ;trees' as they run into
each other.

5. Completion of a channel between the electrodes allows a
conducting pathway to form. A local high current flows and
heating causes the c¢hamnel to enlarge further increasing

conductivity until breakdown cccurs.

There is some experimental evidence in favour of this model of
breakdown for 5i0,. For example, time resolved spectroscopy of the
light emitted during breakdown of Al1-3i0-A1 capacitors showed 1lines
characteristic of single atoms and ions from the dielectric appearing
within 20 ns of the onset of breakdown (131). Treeing is well
documented for cable insulation materials wﬁere the trees begin at
asperities, voids or imbedded particles all of which serve as local

field enhancement sites, It has been observed directly in PMMA (31).

3A.3 Breakdown statistics.

Several statistical models have been used to describe the [field
and time distributions of both defect related and intrinsic breakdown.
Of these the most commonly employed are the log normal and Weibuli
distributicns. The latter is a form of extreme value statisties which
was used successfully to describe the failure of c¢able insulation
(149).  The assumptions and properties of both log normal and extreme
vélue-statistics and their suitability to describe breakdown will be
considered in 3A.3.,2 and 3A.3.3. First, however, the mechanism of

breakdown in dielectric strength and wearout measurements will be
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discussed in the light of the observed failure distributions.
3A.3.1 Mechanism of breakdown.

Processing and measurement conditions often seem te  have
different or even opposite effects on Wearout and fast voltage ramp
measurements. This could perhaps be taken as an Iindication that a
different mechaniam 1leads to breakdown in the two cases. However,
there is some statistical evidence to suggest that the same mechanism
is operating in both cases. In support of this view, Van der Schoot
and Wolters (37) cite the faét that for a given wafer the intersection
of the defect related and intrinsic parts of the failure distribution
occurs at the same value on the cumulative percentage scale in both
measurements. Crook (14) found the same relationship of applied field
to tbd held in all weafout measurements, whether they lasted for
microseconds or thousands of hours. This suggests that there was no
change in the breakdown mechanism over this time range. The most
convineing evidence that only one mechanism cperates ia possibly that
of Berman (39). He took an empirical relationship between time and

field sometimeé used to extrapclate the results of wearout tests:

Int = b(F) - YE_ (3.7

E; 1s the applied fleld, b(F) the failure distribution and t the

time. Assuming a similar relaticnship could be applied to ramp tests
if the time at a given field were weighted for the probability of
failure at that field, he derived the following relationship between

ramp and wearcut tests:

In t(F) = 1n t, + Y[E,(F) - E_] (3.8)
where 1ln t(F) is the wearout distributicn, tys the effective time at
field (t, = 1/YR where R is the ramp rate), Ey(F) is the breakdown
field distribution and E; the applied field in the wearout test.

Having determined the constant Y experimentally, equation (3.8) could
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be used to predict wearout distributions from ramp results and vice

versa with considerable success.
3A.3.2 Extreme value statistics.

De Wit et al. (150) and Soleomon et al. (151) derived a form of

extreme value disﬁribution founded on three basic assumptions:

1. Breakdowna are random independent events 1.e. there is a

- Polsson distribution over area and time.

2. There is g constant a priori probability of breakdown at a
constant field.

3. The mean time between breakdowns decreases exponentially with
applied field.

They obtained a probability density function of the form:
p(t) = BE expi-y-exp(-y)} (3.9)

where -y = Bét - ln(Bétbo), t is the time, E the ramp-rate and g and
Ty are constants. This probability function has a strong negative
skew which is also found experimentally for high field bhreakdown
distributions, The agreement with experiment was only gualitative for
$10, however.A Shatzkes, Av-Ron and Gdula (105) extended the model to
include the effect of defects and by an appropriate choice of
parameters were able to obtain a reasonable fit to the data of Osburn
and Ormond (5) for a sample showing a distribution with a significant
proportion of medium field breakdowns.

The Weibull distribution is the most commonly used form of
extreme value statistics, H1ill and Dissado attempted to correlate the
Weibull time and field parameters with known properties of the
materials (152). They used a model of dielectric relaxation response
based on the existence of correlated regions in the material (153).

Time dependent fluctuations occur due to dipolar exchange processes
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between these correlated regions. This can cause eleectrical neise
(154) of the form 1/f% where f is the frequency and a is related to

tﬁe correlation indéx for synchronous dipolar exchanges, m, by a =
2(1-m). The fluctuations can be considered as random self-cancelling
eddy currents. In 3 medium of finite regsistivity these give rise to
local voltagé fluctuations, In the presence of an applied field
fluctuations in the polarisation can result in very high instantaneous

local fields which may cause breakdown.

The breskdown probability at an spplied field Ea and time t was

derived as:
1 = exp[-NB1/PL(E-E,)/E5) 1M/ ™ (3.10)

B is a geometrical factor, E; and E, are electrical fields
characteristic of the material and N 1is the number of correlated

fluctuation elements in the sample,.

The breakdown distribution was derived for three conditions:
homogenecus breakdown occurring immediately a c¢ritical field 1is
exceeded in a 8ingle fluctuation element, breakdown initiasted by
partisl tree growth and breakdown caused by tree growth through the

thickness of the sample. In all cases they obtained equations of the
form:

F(E,t) = 1 - exp{-C(t/t )3((E;~E,)/E, 1"} (3.11)

where F(E,t) i3 the cumulative survival probability, s, b and C are
conatants comprised of varying parameters in each of the three cases
and t, is a scaling factor for the time. it can De seen that
equation (5,13) is very similar to the twd parameter Welbull function
which has been found to give 3 good fit to data from static tests
{(155).

F=1- exp(-C't3gP) (3.12)
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C' now contains the scaling parameters of field and time and E; 1is
assumed to be very small and is neglected. The survival probability
defined by the above equation can be considered as the product of

survival probabilities for each individual time increment upto time t:

t
F =1~ exp(~C [ at (@-1)gd | 4¢) (3.13)
0

Integration allows the corresponding egquation for dynamic tests to be
obtained (152), Assuming a 1linear ramp-rate é, the instantaneous
field at time t is E; and

F = 1 - exp(-Ca/(a*p).t(a*blgb) (3.14)

Wolters has also used this distribution for both wearout and
dielectric strength measurements (32}. However he chose a different
relationship of field to time-to-breakdown, namely, E proportional to
ln t rather than t proportional to E™" (where n = b/a) as used by
Hill and Dissado. 1In(-1n{1-F)) is then plotted versus E rather than
ln E in the Weibull plot. It is difficult to distinguish which
time-field relationship best fits the measured data. Possibly
different relationships hold for different experimental conditions
since Mason (157) cbserved different field functions for the time to

initiation of tree growth in insulators depending on the sample
thickneas.

For defect related breakdown (<9 MV/cm) the area dependence was
found by Wolters to bvbe compatible with the stability posatulate of
extreme value statistices and hence with a random distribution of
defects over the capacitor (32). (The stability postulate states that
the smallest or largest wvalues of a group of observations are
distributed in the same way as the original distribution if the

original distribution itself consists of smallest or largest {(extreme)
values,)
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24.3.3 Log normal statistics,

Several workera have used log normal atatistica to obtain an
empirical fit to their data (14,38). Metzler (158) provided a
theoretical juatification for 1ita use based on the following

assumptions:

1. The probability of failure per unit time is proportlonal to
' the current denaity.

2. The oxide current is due to F-N tunneling.

3. Electron trapping inducea a time (and current) dependent

field distortion distributed randomly over the capacitor.

He needed also to introduce a 'field enhancement Ffactor' to obtain
realistic results.

The log normal and Weibull diatributiona can appear rather
gimilar and 1t is difficult teo diatinguish them by curve fitting
procedurea. However, Woltera has ahown using the wearout data of
Crook (1#) that integration of the failure rate implies an extreme
value rather than a 1log normal distribution. Berman haa also
indicated that 1t 1ia actually not poasible for the log normal
assumption to be atrictly obeyed for TDDB. Even if some populationa
were normal, an inhomogeneous population composed of devices drawn
from two or more such populations would not 1itself be normal.
Furthermore, for dielectric breakdown cccurring at defect aites if the
diatribution of a particular population were normal then for random
defects the diatribution for a population differing only in device
9ize would not be normal aince the fractional loas would tranasform

aceording to the Poisson relation.
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3B: RESULTS AND DISCUSSION
3B.1 Charge trapping preceding breakdown.

Dielectric strength and wearout measurements have been the most
used methods to date for studying breakdown. They provide useful
information concerning the effects of technolegy on oxide integrity
(17,19,111), allow the estimation of defec¢t densities and also of the
ekpected lifetime of the device in the field. However, they provide
only indirect information on the actual mechanism by which breakdown
occurs. Since most models for breakdown of S5i0, are based on the
build-up of trapped charge or the generation of traps, more direct
evidence on the validity of these models can perhaps be obtained by
examination of the charging phenomena oc¢ccurring under the high field
stress conditions which exist prior to breakdown. Hararl (30) and
Solomon (71} have toth used C-V and ramp I-V measurements to try and
do this and they inferred the presence of bulk and interface traps
respectively. Quantitative analysis of [-V data is difficult, however
and the high field required to achleve F-N tunneling may disturb the
exiating charge distribution. In this work, ramp I-V curves were used
only to obtain a qualitative' plcture of charge trapping. A more
accurate technlque, photo [-V, was used to measure the chafge density
and to locate the centroid of oxide charge distributions. Constant
current high field stress was used Lo simulate the conditidns exlsting

prior to breakdown and avalanche injection to fill traps in the oxide.

3B.1.1 Ramp I-V measurements.

A typlecal ramp 1-V curve has alrezdy been shown In Fig.1.5. This
is reproduced in Fig.3.7 for convenlence and in Fig.3.8 1s a
Fowler-Nordheim plot of the same measurement showing that .the F-N
tunneling equaticn indeed holds over several orders of magnitude of
the current density. At high fields the I-V curve begins to level off
(Fig.3.7), indicative of reduced electron injection, probably caused

by electron trapping in the oxide (71). Finally breakdown occurs,
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The current at which the 1ledge 1is found depends on the ramp rate
(111). If the end of the ledge is reached before breakdown, the width
and- current denaity at which it occura may be used to obtain a rough
estimate of the charge denaity and the capture cross secticon of the
electron traps (7T1). Frequently breakdown occurs before the end of

the ledge is reached however,

If the I-V measurement is stopped before the point of Dbreakdown
and then immediately repeated the presence of both positive and
negatlve charge generated during the firat ramp can be aeen ({(Fig.3.9,
curve 2). The early onset of conduction 13 indicative of a reduced
barrier height due to poaitive cxide charge. The later shift of the
curve to higher voltagea indicates that there is also a region of
negative charge density i.e. trapped electrons in the oxide. If a
positive bias is applied beﬁween taking the two I-V curves nc'positive
charge is =een but merely a lateral shift of the I-V curve due to
negative charge (Fig.3.9, curve 3). This behavicur of the poaitive
charge is conaiatent with its being due to slow interface states.
Slow—states were firat observed during avalanche injection of
electrons. They are created close to the Si—SiO2 interface in a
positively charged condition and c¢an be neutralised by moderate
positive biases or elevated temperatures and charged again under
negative bias.

3B.1.2 AVep during high field stress.

Aa a result of charge trapping in the oxide a shift occurs in the
high frequency C-V curve following high field stress., Although during
such a streas electrons are being injected by F-N tuﬁneling, a sghift
to negative voltages was frequently observed indicative of net
positive oxide charge., This ig illustrated in Fig.3.10, curve (b},
for a 52 nm oxide on a p-type aubstrate after injection of
9.76 x 1073 c/em? of charge (2 x 1077 a/em? for 48800 s). Avalanche
injectién of electrona, on the other hand, results in electron

trapping and a positive ghift of the C-V curve. Curve {¢) in Fig.3.10
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shows such a shift after avalanche injection at U x 1076 A/cme  for

15000 s i.e. 6 x 1072 C/cm? of injected charge. The lower field
at which current can be injected by the latter technique (-4 MV/cm)
favours electron trap filling whereas the high fields needed fof F-N
tunneling (9-10 MV/cm) cause a reduction in the capture cross section
of the electron traps and favour fleld 1lonisation. Avalanche
injection after a high field stress fills these electron trapa again
and net negative oxide charge is again seen (Fig.3.10, curve {(d)). It
is eclear from Fig.3.10 that by monitoring a specific point on the C-V
curve, such as the'fiatband voltage, qualitative information can be
obtained about the charge build-up under constant current high field
stress or indeed durlng avalanche injectlon. Typlcal curves showing
the flatband voltage shift, AVfb, as a function of time for n- and
p—type samples at both positive and negatlve voltages are shown in
Fig.3.11. The injection current density was 2 x 1073 aA/cm® in each
case, Again, it is notable that initlally quiteA large amounts of
posiﬁive charge were generated in all cases (negative avfb) despite

the fact that it is electrons that are being injected.

At positive voltages the positive charge is eventually
neutralised and/or 1t is compensated for by electron trapping (AVfb
becomes positive). This is most clearly seen for the n-type sample
stressed in accumulation (Fig.3.11 (a)). For the p-type sample,
stressed in inveraion, this neufralizatton/compensation process was
only seen when the sample was illuminated (Fig.3.11 {c)). The slow
generatlon rate of mlnority carriers in the lowly‘doped subétrate used
here 1is most 1likely responsible for the failure to observe any
electron trapping (positive &Vg.) unless light 1s applied. If, in
the dark, all or most of the generated minority carriers are required
to maintain the set current, not enough carriers will be available to
maintalin the inversion laygr. The surface potential will then differ
from that when the light is switched on and the surface is kept 1in
equilibrium by the enhanced minority carrier generation rate. The
surface potential can in turn affect the neutralisation of positive

charge and also the rate of electron trapping.
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At negative wvoltages only net positive charge {5 observed
(Fig.3.11 (b) and (d)). To a first approximation the polarity of the
field Eéther than the type of substrate seems to be the most important
factor in determining AVy,. Hence to avoid problems in generating
the inversion layer, measurements were usually carried out in
accumulation on p- and n-type substrates to examine the effects of

negative and positive voltage stresses respectively.

The relative rate of positive and negative charge build-up for an
n-type sample stressed in accumulation depends on the current density
used for injection. Figure 3.12 shows AVey versus injected charge
curves for a 39. nm oxide stressed at positive gate voltages and
current levels of 2 x 1073, 2 x 107 and 2 x 1075 a/em2. In all
cases, any positive éharge that was generatéd appeared at the
beginning of the stress. This was subsequently neutralised and/or
compensated for by eléctron trapping as injection continued. No net
positive charge was seen at the lowest current density (field},. The
increase in the 1initial negative AVep with current density. means
that either more positive charge is generated and/or the rates of
positive charge neutralisation and electron trapping decrease with
increasing current density, The latter is most 1likely since it is
known that the capture cross section for electron trapping is field
{and hence current) dependent. If the positive charge is indeed due
to slow states, these are also known to be more effectively
neutralised at moderate than at high fieids 1i.e. at lower current
levels. ' -

3B.1.3 Photo I-V measurements,

To see whether the positive charge created is really located at
the interface and is due therefore to slow states, photo I-V
measurements were performed hefore and after a high field constant
current stress at negative gate voltage. This polarity was used to
avoid any neutralisation of the positive charge. After a stress on a

p~type sample of 2.65 x 10'” A/cm® for 2000 s (or 0.53 C/em?  of
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injected charge), there was a flatband voltage shift of more than
11 V indicative of substantial positive charge generation. This shirft
is shown in Fig.3.13. However, there is no shift at all in the photo
I-V curve taken after stress relative to the initial curve (Fig.3.14,
curve 2}, This means that the positive charge is located in ‘the
region to which the photo I-V technique is not sensitive i.e. within

about 10 A of the Si-8102 interface, Therefcre the positive charge
is indeed interface rather than buik charge,

It is interesting to note that there is also no evidence of bulk
electron trapping following the high field stress. The slight
deviation of photo I-V curve 2 from curve 1 in Fig.3.14 at the higher
positive values of the applied field (injection from the silicon)
suggests that there is a small amount of electron trapping within
about 30 A of the Si~5102 interface. When avalanche injection of
electrons was carried cut after the high field stress (2.6 x 10‘“
A/ecm? for 200 s) there was a posifive shift of the flatband voltage
indicative of electron trap filling (Fig.3.15). From Fig.3.14 it is
evident that this is bulk charge since there is a parallel shift of
the photo I-V curve along the voltage axis, relative tc the initial
curve, after avalanche injection.

Recent work, also using the photo I-V technique and capacitors
with both aluminium and polysilicon gate electrodes has shown that
electron traps are not only filled but are created at the
non—-injecting interface during high field stress (146), (More traps
could be filled by avalanche electron injection after a high Tfileld
stress than on an unstressed sample. Hence traps must have been
created during the stress.) Only those energetically deep traps c¢lose
to the 51—8102 interface are actually filled under high field stress
conditions, however, since high fields favour detrapping of charge.
The centroid of the traps created during high field stress waé
calculated to be at about 50 A from the S$i-5i0, interface. Thus,

these defects are generated mainly near to the ancde.
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Photo 1-V measurements were also performed before and after
constant current high field stress at poaitive gate voltagea i.e. F-N
tunneling from the silicon substrate. (From the appreciable hegative
AVpp after such a positive consﬁant current stress it was again
concluded that slow interface states were present.) Figure 3B.16 shows
the photo I-V curves obtained on a p-type sample before and'after a
stress of 2.65 x 1072 A/em® for 1000 s or 2.65 x 1072 C/cm@ of
injected charge. After stress at this polarity tﬁere ié some electron
trapping near té the Si-8102 interface. This is indicated by the
shift to higher voltages relative to the initial curve of the photo
I-V curve for injection from the substrate (positive gate wvoltage).
For these aluminium gate devices no electron trap generation could bé
seen at the aluminium-5i0, interface i.e. at the non-injecting
interface. Instead positive charge appears to be generated here,
This can 6e seen from the increase in the photocurrent for a giveﬁ
negative applled voltage (i.e. photoinjection from the gate) relative
to the initial curve, Expeﬁiﬁents using transparent polysilicon gates
have demonstrated that this positive charge is related to the presence
of an aluminium gate electrode (146,159). With polysilicon gates,
electron trap generation is séen instead under these 1njection
conditions. Avalanche injection of electrons after the positive
constant current stress could not completely neutralise the
aluminium-related charge. This can be seen from the photo I-V curve
taken after avalanche injection for 200 s at 2.65 x 10" A/em? also
presented in Fig.3.16. The results presented aré for p-type

substrates hut comparéble data were obtalined with n-type wafers,
3B.1.4 Model for charge build-up.
From the above observations the following model for charge
trapping and defect creation during high field stressing was evolved.

This is also summarised in Fig.3.17.

1. Positively charged 'slow-states' are created at the Si-Si0,

interface (<10 A) at both stress polarities.
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2. Electron traps are created at the non-injecting interface
{anode).

3. Only a few of the energetically deep ¢traps close to the
interface (<30 A) are filled under negative high field stress
conditions.

4. Electron tﬁaps near to the Si~8102 interface are filled
during positive high field stress. (A different mechanism
for trap lonisation is probably coperating at this polarity.
Under positive stress, trapped electrons must tunnel to the
5105 conduction band in order to leave the oxide. In this
case the trap depth is the determining factor, ‘At negative
pelarity the electrons must tunnel to the silicon. In this
case only the distance from the interface is important.)

5. Positive charge is generated at the gate under positivé bias
conditions when aluminium gate electrodes are used.

6. No bulk charge trapping was seen for high field stress under

any injection conditions,

3B.1.5 Discussion of breakdown models.

This picture of charge trapping in the oxide wunder high field
stress has several implications for the breakdown mechanism. Flirstly,
electron trap creation at the anode suggests that this region is where
the most damage i8 occurring. It is not surprising that this is the
case 3ince the electrons attain their maximum energy at the
non-injecting interface. (Considerable electron heating at quite low
fields has Dbeen demonétrated and the electron energy is well
correlated with the anode field (18)., This trap generation is
compatible with the electrochemical models for breakdown based on the
growth of damage ‘'trees' between the electrodes (31,32,130,131).
Harari's model also stresses the role of created electron traps iﬁ
causing breakdown (8). However, from his data he inferred the
generation of such trapé at the cathode. No evidence for this was

found from the photo I-V measurements., Harari's oxides were extremely
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thin though, (44-160 A) and the distinction between ‘'near to the
cathode' and 'near to the anode' is hard to make., Nevertheless, the
ledge that is observed in the I-V curve at high fields means that
something 1is occurring to reduce electron injection. This could
either be electron trapping near enough to the cathode to result in a
reduction of the injecting field and hence of the current, or defect

generation causing reduced injection efficiency.

The resonant tunneling model also emphasises the role of defects
near the cathode in enhancing the current and causing breakdown (132).
Under constant current conditions there is an increase in the apblied
voltage (and hence the cathode field) with time which could allow the
resonant condition to be achieved. Under constant voltage conditions,
however, 1t is difficult to éee how this mechanism could lead to
breakdown without the generation of new traps near to the cathode for

whlch no evidence was found.

The impact ionisation model requires a bulld-up of positive
charge at the cathode to enhance electron injection {(6,134). Although
positive charge was observed at the Si—8102 interface this is in fact
probably too c¢lose to the interface to have any effect on the
injection current, since it is located Dbefore the barrier maximum.
Along with ite 1inapplicabillity to very thin oxides thias makes thé
impact ionisation model seem an unlikely explanation of the breakdown
event., It i3 not impossible that the positive charge does play a role
in causing breakdown though. Fischetti has suggested that at ancde
fields above ~5 MV/cm hoﬁ holes are injected into the SiO2 from the
anode as a result 6f surface plasmon decay and that these holes are
responsible for the observed posltive charge creation (144)}. Both
positive charge build-up during high field stress (16&) and the
breakdown event (165,166) show a correlation with the anode field. It
is possible therefore that injected hot holes cause or contributé to

damage c¢reation at the anode and thereby contribute to breakdown.
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3B.2 Charge to breakdown under conatant current stress.

The effect of current injection conditions and sample history on
de, the total Qmount of charge which c¢an be injected prior to
breakdown, should also provide some useful information regarding the
breakdown mechanism (72,73,111), In particular, the relative
influence of current and field on the point of ©breakdown 1is still
under dispute. Some authors contend that the parameter which
essentially determines this is the total number of injected carriers.
They propose that at least to a first approximation Qpgq 1s 5
constant (33,36,160), independent of the injection rate (current
density) and hence, for F-N tunneling, of the field (energy of the
injected electrons). Evidence was recently provided to the contrary,
however. Experiments on transistors were able to separate the effects
of fieid and current on Q4 and this parameter was found to be
strongly fleld dependent, although 1little affected by the rate of
injection (161). In the remainder of this section the effect of
current deﬁsity, duty c¢yecle, electrode material and temperature on

de, measured by constant current stressing of MOS capacitors, will
be examined In more detail.

3B.2.1 Variation of Q4 with current density.

From Fig.3.12, showing Avfb as a function of injected charge
for stressges .at different current densities, it already appears that
there 1is a decrease in de Wwith 1increasing current density 1i.e.
with increasing field. (Care was taken to ensure that the flatband
voltage was measured at-the same intervals of injected charge at each
current. level so that there should be no contribution from any
relaxation effects to any change in the point of breakdown.) Further
indication that the injection field 1isg of importance comes from a
comparison of Qp4 measured at the same current density under F=N
tunneling and avalanche electron injection conditions. Values of
Quq at two set current levels and using both means of injection are

shown 1In Table 3.3 for wafer P512. There is a factor of about 2 to
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2.5 difference in the field applied in the two techniques (around
4 My/em for avalanche and 9 - 10 MV/em for F-N injection). More charge
could be iInjected at both current 1levels under the lower field

avalanche conditions without causing breakdown.

The results in Table 3.3 are only for one randomly chosen
capacitor at each set current level and each injection method. More
systematic measurements of Q.4 as a function of current density fand
hence of fleld) were carried out using the HPK220 constant current
Source rather than the avalanche injeection system. Injection was only
by F-N tunneling therefore but a wider rangerof current densities
could be examined. Several measurements were also made at each set
current to obtain more statistically significant results. A minimum
of five capacitors of area 4.91 x 107%m2  were measured at each
current density. Both the maximum ﬁalue of Qupq, Qpglmax), and the
average value fdr the high field breakdowns, 5;; Wwere measured, A
plot of Qp4{max} and 5;5 versus injection current density is shown
in Fig.3.18 and both parameters show the same trend. There is indeed
a range of two to three orders of magnitude (5 x 1073 to 2 A/cme)
over which Quy appears to vary relatively 1little. At very high
current levels (>0.5 A/cem?), Qpq could perhaps be considered to
fall off slightly more rapidly. Wolters has observed a decrease at
high 1injection currents and has suggested that it is caused by
inhomogeneous injection {37). However, it is also clear from Fig.3.18
that Qp4 increases quite .significantly at low current levelé,
contradicting the view that it remains essentially constant regardless
of injection conditions.

From their measurements on transistors, where they were able to

vary the oxide field and injection current independently, Modelli and

Ricco (161) found Qpy to be exponentially dependent on the oxide
field such that:

Qpg = Q exp(-a/Eqy) (3.1)
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where Qg  and a are constants equal to 1.6 x 1072 ¢/cm® and 8.1 x
107 V/cm? respectively at 300 K. Provided that the field across the
6xide was kept constant, they found Quy to be almost independent of
the current density used in their measurements. O0On capacitors it is
not possible to vary the current density independently of the applied
field, since these parameters are related by the F-N tunneling
equation. Hence the results of reference (161) would predict a

variatioﬁ of de with the current density due to the accompanying
change in applied field.

In a constant current stress measurement on an MOS capacltor the
applied voltage varies to compensate for charge trapping in the oxide.
The cathode field is kept constant by this process. As chargé
trapping has been shown to be very low at high. fields this
approximates to keeping the net oxide field constant. In an attempt
to apply equation (3.1) to constant current measurements the average
value of the initial apﬁlied field at each curren£ density was taken
as the value of the oxide field, E,,., Extraction of E,, from a
measurement of the applied field as a fﬁnction of injected c¢harge i3
shown in Fig. 3.19. Negligible charge trapping has taken place at
the point of'measuring on and it is assumed that all subsequent
changes 1in the applied field are to adjust the cathode field back to
this initial value. A plot of 1n Qq (max)} versus 1/E,, can then
be made and this is shown in Fig.3.20. There is a certain amount of
scatter on the data due partly to error.in the measurement of on at
low set current levels and partly to statistical variation in de.
A reasonable straight line fit can be made however and values of the
Intercept and gradient are in excellent agreement with those from
ref. (161):  Qy = 1.74 x 1072 C/cm® and a = 8.07 x 107 V/en'.  The
field dépendence of de‘ is therefore confirmed. However, it can
appear that de is constant over quite a wide range of current
densities for c¢onstant current stress measurements on capacitors
because of the exponential dependence of the current on the field 1In
F-N tunneling. This means that only a small change in field is

required to produce several orders of magnitude change in the current.
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Hence de varies strongly with current density only at low set
currents,

It can be concluded from these results that both current and
field are required to achieve the breakdown condition. The importance
of the field and hence of the electron energy can be élearly seen from
Figure 3.20, However, the constant value of de with varying
current density provided the field is kept constant (161} suggests

that a certain amount of damage must indeed be done by fhe incoming
electrons before breakdown occurs. It has also been shown that very
high fields (30 MV/cm) may be appiied to the oxide for extremely short
times (1 us) without causing breakdown (162). Under these pulsed
voltage- condi tions the amount of currenf injected is relatively low
and the value of Qu4 required for breakdown is not reached despite
the fact that this is also low at such high fields.

3B.2.2 Dependence of de on duty cycle.

Since larger values of de resulted from stressing at lower
currents (fields) where there was least positive charge build-up
(Fig.3.12), an experiment was conducted to See whether or not the
charée state of the slow-states had any influence on breakdown. 0On
stressing wafer L9 continuously at +2 mA cm? {positive gate volﬁage)
breakdown consgsistently occurred after injection of about 0.5 c/em?, If
a moderate positive voltage (-5 MV/cm) was periodically interspérsed
with the constant current streés to neutralize the slow-states a two
to three times increase in Q.4 occurred. This 1is 1illustrated in
Fig.3.21, The {increase in de could be caused by the charge state
of the slow-states or simply be due to the periodic relaxation of the
voltage. Whichever is the case, Qu¢ 18 again shown not to be
independent of the injection conditions,

Further measurements on the effect of interrupting the constant
current stress or interspersing a different stress were conducted on

arnother batch of wafers using the Keithley 220 current source rather
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than the avalanche system. This allowed more accurate control of the
stresas times and a wider range of measurement times and currents. For
wafer ST2, streased at a constant current density of +2.04 mA/cmZ,
the maximum Quq was 1.02 C/cmé. If, at intervals of 25 secs, this
atress was interrubted for 5 secs and a loWer positive or a negative
voltage applied instead  Qp4(max) increased. When t ¥V was
interapersed during the positive constant current-stress, thé maximum
value of Q,q increased to 1.8 C/em2. -10 V as the interspersed
stress caused a further increase in de(max) to 2.3 C/cm2. Most
surprisingly, interspersing a negative stress sufficient to céuse
current injection at -2 mh /em? {(approximately -30 V) increased
Qpq (max) (at positive polarity alone) to 4.9 c/cm®. Fig.3.22 shows
these results plotted as the variation in Qu4(max) and-also in 6;;
with the magnitude of the Iinterspersed voltage. Where a constant
current was used rather than a constant voltaée as the interrupting

stress an approximate value of the voltage has been chosen.

Increasing the frequency of the Iinterruption also caused an
increase in de. This is shown In Figs.3.23 and 3.28 where
Qpq (max} and 5;; at +2 mA/cm® are plotted'as a function of the
interrupt interval for interspersed stresses of -10 V and -2 mA/cme
(--30 V) respectively. The change 1in Qpq with iﬁterrupt Lnterval
was greater for thé more negative interspersed stress, Varying the
length of the interspersed stress between 1 and 20 sécs had very

little effect on de, however,

These results appear to contradict those of reference (72) where
it was found that a constant amount of charge could be injected at one
polarity regardless of interruption or reversal of the stress. Most
probably the single stress interruption used in ref. (72) on'devices
already stressed to 80% of the expected de was insufficient to
affect the final value of Qpq - This is to be expected from
interpolation of Fig.3.24. Interrﬁpting the stress at 80% Qpq(max)
or around 400 secs ﬁould-have negligible effect on the measured value

of Quq- Further experiments are needed to elucidate precisely what
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is responsible for the increase in Qpy on interruption of the atress
or reversal of its polarity. It is apparently a relaxation effect
however, rather than anything to do with the charge atate of the
slow-3tatesa, slnce both negative and low poaitive veoltages enhance

Qpq and the former chargea the slow-states while the latter
diachargesa them.

3B.2.3 Electrode dependence of de.

Fig.3.25 showa AVfb veraus Ilnjected charge curvea for
polysilicon and alumlnium gate devices at both polaritles and using a
current density of 2 x 1073 A/em™ 2. Two differences between the
aluminium gate and polyéilicon gate devices afe striking. Firstly,
there i3 relatively much 1lesas poaitive charge build—ﬁp in the
pclyailicon capacitors. Secondly, de ia over two orders of
magnitude greater for the polysilicon gate devicen, For injection
from the gate the higher value of Quq for polysilicdn could perhaps
be partly explained by the lower injection field required (lower
barrier helght). For injection from the substrate the fleld needed to
achieve a given‘current will be the same in both cases. However, in
this case the region of moat damage will be near the gate and the
Al-8i0; interface is known to have more defects than the Si-Si0,
interface. Perhapa at this polarity the anode region 13 more easily

damaged when there ia an aluminium gate, thereby reducing Qpq -

As far a3 the difference in positive charge generation ias
concerned, it haa already been mentloned that during high field atress
at peaitive polarity there ia considerable generation of metal-related
poaitive charge with aluminium gate electrodea that ias not found for
polyallicon gates. At negative polarity, the difference 1s poasibly
related to the different injection field required t¢ achieve a giveﬁ
current for the twe electrodes. Aa shown in Fig.3.12, a lower field
alsao reaulta in relatively ‘less poaltive chérge generation at the
3i-5i0, interface. Thla may be at leaat part of the reason for the

lower positive cﬁarge aeen in the polysilicon gate devicea. Whatever
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the reason for the reduced positive charge in polysilicon gate
devices, since there 1is a correlation between amount of positive
charge and Qp4 this provides circumstantial evidence in favour of

the positive <c¢harge playing a role in determining the point of

breakdown.
3B.2.4 Temperature dependence of de.

It was found that the average value of Qu4 was quite a strong
function of the injection temperature. Table 3.4 shows the average
value of Quy from a number of measufements aﬁ each of aeveral
temperatures from 20 to 80°C. The current density was 2 x 1073
A/cm™2 and the wafer P512.' There was more than an order. of
magnitude change in 6;5 .over this range. Unfortunately it was not
pogsible to conduct a statiastical number of measurements at each
temperature in order to c¢btain a more accurate picture of the effect
of temperature on the failure distribution. The overall trend is,

however, in agreement with that reported by Harari (8).

This very strong dependence of breakdown on temperature is rather
difficult to explain. There 1is certainly no change in the hot
electron distridbution in the Si0, at these temperatures. Lattice
vibrations will be enhanced though, increasing the probability of bond
breaking by hot carriers, especially at defects or already weak bonds.

Resonant tunneling 1is also expected .to be enhanced by elevated
temperatures (cf. 3A.2.3.4).

3B.2.5 Qpq and breakdown models.

The dependence of de on the oxide field suggests that the
energy as well as the number of the incoming electrons is important in
causing breakdown. Both the anode hole injection (144) and the gas
discharge model .(130,131) are consistent with thié observation singce
both defect generation and surface plasmon excitation at the ancde

depend on the electron energy at this point. The increase of Qpq ©on
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periodi¢ interruption of the stress can be explained in the gas
dlscharge model by resolidiflcation of the gaseous channels on
reductlion of the voltage. Further charge injectlon is then requlred
to recreate these channels. The fact that quantities of charge
injected at positive and negafive polarities do not simply add to give
de is also consistent with either model based on damage occurring
at the anode. On reversal of the polarity, the process of damage
creation must presumably begin agaln at the new ancde, thus postponing
breakdown. HResonant tunneling (132) and the electron trap creation
model of Harari (8) could also be expected to show a dependence on the
applied field., However, the main objection to these models 1is that

they require defect creatlon at the cathode, for which no evidence was
found.

3B8.3 Relationship of TDDB to dlelectric strength.

As has been discussed previously, there is some evidence 1n the
literature to suggest that breakdown occurs by the same mechanism in
wearout and fast voltage ramp tests (14,36,39,160). Extreme value
statistics and in particular the Weibull distributidn, have also been
shown to provide the best atatistical description of the breakdown
process from both experlmental and theoretical considerations. In
reference {155), the fallure distributions under wearout and fast
voltage raﬁp conditlons are derlved assuming a Weibull dlstributlon
for wearout of the form:

(1-F) = exp(-Ct3gP) (3.2)
where F is the cumulative probabllity of fallure, E the applied field,
L the time and a, b and C are constants, The corresponding equation for
a dielectric strength measurement provided that there is no change 1in

the breakdown mechanlsm is then:

(1-F) = exp(-[Ca/(a+b)]t(8*b)Edy (3.3)
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Here, é is the ramp-rate. If the above equations are applied to
wearout and dielectric strength measurements on the same wafer and the
parameters a and b are found to be the same in both cases it 1is
extremely likely that the same breakdown mechanism is operating under
both sets of test conditions. This analysis is desc¢ribed below for

breakdown measurements on wafer T9.
3B.3.1 Applicability of Weibull distribution.

It was first necessary to ascertain that the =above equations
provided a good fit to the measured failure distributions. A typical
breakdown histogram from a dielectric strength measurements at a ramp
rate of 10 V¥/s 1is shown iIn Fig.3.26. Figure 3.27 contains the
correSponding Weibull plot of ln(—ln(1—F))Aversus ln V. Measurements
were also carried out at ramp rates of 2.5, 25, 50 and 100 V/s, The
histograms and Weibull plots for these meaéurements were essentially
similar to those shown in Figs.3.26 and 3.27 apart from a shift of the
breakdown distribution to lower field with decreasing ramp rate, Two
distinct parts can be distinguished in the Weibull plots, The first
linear portion with the smaller s3lope 1is due to defect related
breakdown and the second steeper part represents ‘'intrinsic’
breakdown. Only the latter was used for this analysis. Provided that
these twb regimes are considered separately, the fast voltage ramp

measurement appears to be well described by the Weibull equation.

A Weibull plot for a wearout measurement conducted at an applied
field of 10.5 MV/c¢m is shown in Fig.3.28. Similar measurements were
also carried éut at 8.5, 9.0, 9.25, 9.5, 9.75 and 10.0 MV/cm. All the
Weibull plots were similar to that of Fig.3.28. A good straight line
is found for 1n{(-1n{1-F)) versus 1ln t apart from some minor deviation
in the early part of the distribution. This was agein ignored as
being due to defect-related breakdown,
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3B.3.2. Analysis of wearout data.

For wearout measurements, a is obtalned from the gradient of the
Weibull plot. This was done for all the measurements at different
values of the applied field and the resulting values are 1listed 1in
Table 3.5. The average value of a is 0.24, Having obtained a, the
value of b can be extracted from a plot of 1n (1/t) versus 1n E,
where E_, is the applied field and the time to breékdown t is taken at
a specific value of F. The gradient of this plot 1s b/a. The value
of F known as the estimator (Fe) was chosen as the characteristic
point at which to measure t. The estimator iz given by the condition
that Ct3P = 1, so that F, = 0.632. Values of ln (1/t) and 1n E,
are also given in Table 3.5 and plotted in Flg.3.2§. From the
gradient of this plot, b/a = 29.7, which for a = 0,24 éives b="T.1.

3B.3.3 Analysis of dielectric strength data.

The gradient of the Weibull plot is in this ecase equal to (a+b).
Values of {a+b) obtained from Fig.3.27 and analogous plots at thé
other ramp rates used are shown in TableA3.6. The average value 1is
7.46, 1if the anomalous data point at 50 V/s ramp-rate is ignored and
6;9, if all data points are taken into consideration. To determine a
and b separately, 1ln (1/t) at Fo 1s plotted as.a function of the
logarithm of the ramp raté, 1n E. The data used for this plot are
also listed in Table 3.6 and plotted in Fig.3.30. The gradient, which
is equal to b/ (a+b) was found to be 0.95. Hence taking (a+b) = 7.46,
b=17.1and a = 0,36 or alternatively taking (a+b) = 6.9, b = 6.557and
a = 0.34., Either way, agreement between the two sets of data from
wear out Aand dlelectric strength measurements is good, suggesting that
at least for applied fields in excess of 8.5 MV/cem breakdown proceeds

by the same mechanism in wearout and fast voltage ramp measurements.
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3B.3.4 Significance of the Weibull parameters,

From the value of the parameters a and b some deductions can be
made about the nature of the breakdown procesa., When a > 1, the
breakdown distribution in time is peaked. This iﬁplies an égeing
process (155,163) in which the sample retains memory of any previcus
deterioration. In this c¢ase any stressing increases the probability
of failure in a subsequent test. For a =1, the number of breakdowns
decays exponentially with time and the breakdown process is therefore
perfectly random i.e. the sample retains no memory of prior testing.
If a <1, as we obsérﬁe, the time distribution of breakdowns is nof
peaked .and prior testing Iincreases the reliability of the material
i.e. there is a decreasing probability of breakdown with time. This
wés described by Wolters as a decreasing hazard rate (123) and he
suggested that in the case of SiO2 it i3 due to the chserved decay of

the injection current with time under constant applied voltage
conditions.

The parameter b is material dependent and is inversely
proportional to the fluctuation index, m, which is a measure of the
degree of correlation of the motions that transpert the 1lccal strain
between regions (154). It determines the shape of the field
distribution functicn (155). Since m and b are properties of the
material itself they may be.determined from other types of measurement
3uch as the frequency dependence of the dielectric susceptibility or
the mechanical compllance (155).
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Current density
(A/cm?)

7.0 x 1072

3.5 x 1072

de (C/cmz)

F-N Tunneling Avalanche e~ injection
{(9-310 MV/cm) . (~Y4 MV¥/cm)

0.0028 > 0.133

0.35 > 1.75

Table 3.3 Comparison of Quq under F-N tunneling and avalanche

injection conditions at the same set current densities.

Temp. (°C)

20

Qpg (c/cm?) Average Qpy (C/cm?)

20.
1.
6.

1.
u,
>26.
2.
0.

0.
6.
0.
1.

0.
1.
0.

8
]
6

2
2

3
1

8

b
0

3
6

2

5
1

9.5

6.9

Table 3.4 Qpq @s a function of measurement temperature for wafer

P512 (29 nm oxide) at an injection current of 2 mA/cm2.
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Eq a In E, In (1/t) (at Fe)
(MV/cm)
8.50 0.233 2.1401 7.2
9.00 0.195 2.1972 5.6
9.25 0f276 2.2246 5.9
9.50 0.215 2.2513 3.8
9.75 0.229 2.2773 377
10.00 0.310 2.3026 2.8
10.50 0.219 2.3514 1.3
Table 375 Data from wearout measurements made at various applied

fields, Ea' Values of a are obtained from the slope of
the Welbull plots, e.g. Fig.3.28 and ln t at Fy (63.2%
fallures) is extracted from the same data. 1ln t is plotted

versus E, in Fig. 3B.29 to obtain b/a.
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(V/s)

2.5

10

25

50

100

(a+h)

7.54
7.63
7.36
4.74

7.23

Eeh (at Fg)
(MV/cm)

1015
1115
?2.5
14.5

15.5

E/Eqp

0.238%
0.8696
2.8000
3.4433

6.4516

1n(E/Eqp)

~1.4351
-0.1398
1.0296
1.2379

1.8643

Table 3.6 Data from dielectric strength measurements. Values of (a+b)

are obtained from the slope of the Welbull plots,

e.g. Fig.3.27. The characteristic vélue of the field, Eon
was taken at F_ (63.2% failures). 1n(E/E,,) is plotted
against E in Fig.3.30 to obtain b/(a+b).
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log J[A/cm?]

0T 31m oxide on n -Si
Area =8x10"° cm?

*
breakdown

l I I L l [ I

6 8 10 12
Electrical field {MV/cm)

Figure 3.7

I-V curve measured on wafer JN1, cap J,

at a sweep rate of 500mV/s.
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17 log ( J/E?)

~-18 L
-19L
-20L
¢ l . | L 1 L ]
0.12 0.14 0.16

Electrical field (MV/cm)™!

Figure 3.8 Fowler-Nordheim plot constructed from the
1-vV data contained ip Fig.3.7. (wafer
JN1 - cap.J)
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log J[A/cm?)
0 r 39nm oxide
Area = 8x107° ¢m?
1t
-2k
-3¢
A
-5 L
-6 L
-7L
-8 1 1 1 1 1 1 [
A 6 8 10
Electrical field , MV/cm
Figqure 3.9 I-V curves measured orn wafer L9, cap.dJd

(1) first sweep to 9.5MV/cm. (2) second
sweep to 10MV/cm. (3) After measurirg
curves (1) and (2) and subsequent
application of a positive bias of about
SMV/cm.
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Figure 3.1} ayfb as a furction of injected charge for
an n-type (L9) and a p-type (DP2} wafer
stressed at ZmA/cmz.
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Figure 3,12 Avfb as a function of injected charge for wafer Lo,
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Figure 3.14 Photo I-V curves taken on wafer MP4 cap H (1) before stress
(2) after negative constant current stress (3) after

subsequent avalanche ipjection.
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Figure 3.15 ‘Avfb as a function of time during avalanche elctron
injection into cap.H, wafer MP4. Previously 2 negative
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Figure 3.16 Photo I-V curves taken on cap.H, wafer MP4: (1) before
stress (2) after positive constant current stress ({3}

after subsequent avalanche injection of electrons.
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CHAPTER IV:
THE NEGATIVE BIAS INSTABILITY

HA: LITERATURE SURVEY

Application of a bias at elevated temperature 13 a simple and
convenient method of achieving accelerated ageing of MOS capacitors.
At high biases {usually >5 MV/cm) and room temperature -or above, iﬁ
can be used to examine 'the statistics of TDDB as discussed in the
previous chapter. Using more moderate biases, measurement of the high
frequency C-V cuéve at intervals allows the oxide charging kinetics to
be studied. The former gives Iinformation largely concerning the
expected iifetime of the device and the events immediately prior to
breakdown whereas the latter indicates the degradation which can be
expected to occur during the working 1ife of the device and any

potential threat thia may offer to its normal operaticr,

Numerous studies have been made of the kinetics and processing
dependence of both the shift in the C-V curve and of interface state
generation occurring during both positive and - negative BTS
(48,49,58,62~67,167,168). Interface state density distributions over
the silicon band gap are'usually obtained using one of the methods
described in chapter II, l1.e. comparison of the HF and quasi-static
C-V curves or of the ideal and guasi-static C-V curves. Since for
positive bias the effects are samall, unless there 1s.c0ntam1nation
from mobile ions, emphasis will be placed‘here on what is known as the
negative bias instability. Measurements made on transistors
(60,61,169-171) will be largeiy ignored since the application of a
source-drain bias allows the pessibility of hot eleectron injection
from the channel, This complicates the picture and makes it difficult
to compare data.from capacitors and transistors. 1In the next section
(4A.1) the phenomenology and kinetics of the negétiVe bias instability
wili- be considered, Processing factors influencing both Qo (+) and

Dit generation are then discussed in section 4A.2 and models for the
instability in 4A.3.
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4A.1 Blas-temperature stressing of MOS capacitors.
ha.1.1 Measurement of the voltage shift.

There 13 some discrepancy in the literature in the parameters
which have ©been chosen to monitor the negative bias instability and
also in the equations which have been chosen to fit the acquired data.
The most commonly used parameter has been the flatband voltage shiff
(AVey).  However, this has the disadvantage that it Includes
componénts due to both the positive oxide charge (Qot(+)) and to the
effect of interface states (D;.). The threshold voltage shift
(AVT) is the parameter of most-interest from the point of view of
device applications but this suffers from the same problem as Avfb.
Some authors attempt to separate the effects of Q¢ (+) and Dit by '
using the midgap voltage shift (Avmg) as belng representative only
of the positive oxide charge (48,49). This wili be the case If all
the interface states above midgap are aéceptors and all those below
midgap are donors (172-174) (or indeed vice versa providing that there
are equal numbers of states above and Dbelow midgap). It 1is shown
empirically in section 4B.1.2 using results from the bresent work that
it is indeed a reasonabie assumptlon that vmg is a neutral point for
interface states generated durlng BTS.

4a.1.2 Kinetics of AVfb and Avmgf

4a,1.2.1. Time dependence.

In terms of the mathematical form which the shift takes it
appears not to be s0 important whether Avmg or Avfb is used since
Haller et al. (48) found a similar time dependence (mtofa) of both
these parameters 1.e. the interface state density was increasing in
proportion to the oxide charge generated., The kineties of Vg, and
Avmg will therefore be discussed together. AVpy = £0-2 yas
also reported by Sinha and Smith (167) and Shicno et al. (63) found a
similar relationship of AV, = t? for their oxides grown Ln HCI,

- 121 -



NEGATIVE BIAS INSTABILITY: LITERATURE

vwhere 0.31 > n > 0.2 depending on the ageing temperature, For steam
grown and dry oxldes. the latter report a linear dependence of AVfb
onln t., A simllar relationshlp was found by Deal et al. (58},
Hofsteln (65) and Breed (66,67). Walden (175) has shown that such a
logarithmic relationship would be.expected 1f charge trapping in the
oxide 13 responsible for Ve regardless of the exaet form of the
conduction law. The only requirements for this are that the current
shows a atrong dependence on the cathode field and hence decays as
charge 18 trapped and that the charge trapping 1s permanent, The
t0i2 dependence 13 more difficult to account for by a theoretical
model. A t?/u law would be compatible with a diffusion controlled
proceés such as that suggested by Jeppson and Svensson for interface
state generation (49) and the difference between t0f2 and t0-25

is certainly within the experimental error of the measurement.
However, the difference between a In t and a tofz relationship 1is
also not easy to distinguish experimentally since these are very
slmilar functions.

Ya.1.2.2 Temperature dependence.

The negative bias Instabililty is obviously thermally activated
and a good fit has usually been found to an Arrhenius law. However
there is considerable variation in the values of the activation energy
(E;) odtained. Shione et al. (63) found E, = 1.1 eV for dry oxides
and 1.5 eV for steam grown samples. Hofstein (65) also found Ey ~lev
while Sinha and Smith (167) report E;, = 0.64 eV. Breed (66) quotes
two activatlon energles aﬁd postulates the existence of two centres in
the oxlde with ground states under flatband conditions below the top
of the silicon valence band., Some of thele centres are raised above
the Ferml level at negative‘gate voltages. Transitions may then occur
to excited states 0.6 eV (type 1) and 1.3 eV (type 2) above the ground
state, Thermally assisted tunnellng of electrons from the exclted
states to the interface 1s then responsible for positive charge
generation. Breed conducted his measurements mainly at 77 K and he

ahowed that considerable charge 1s generated at room température.
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However, this 1s not observed unlesa the sample Is cooled before C-V
curvea are measured since annealing also occurs rapldly at room
temperature as soon a3 the blas is removed. The type 1 centre Is

unstable even at 77 K and discharges immediately when the- gate and
substrate are shorted.

The most recently reported activation energy is as low as 0.18 eV
(59). This parameter obviously varles from batch to batch probably
due to different processing conditions. Measurement procedure 1s also
an Important factor, however. For example, In reference (59) Haller
et al. cool thelr samples with the gate floating thus allowing some
time —at elevated temperature for the charge to be annealed. Assuming
that the rate of anneal Increases with 1increasing temperature this

could account for the extremely low value of the activation energy
measured.

ba.1.2.3 Fleld dependence.

The fleld dependence reported for the negative blas Instability
also varies wldely. The following relationships can be found Iin the
literature: AVpy o E (65); AVgg « E3/2 (48) and AVey, « EM
(167), where n is 1tself an inverse function of the ageing
témperature. Between 100°C and 300°C n varlied from 3 to 1.5. Again,
the individual technology used seema to be an lmportant factor.

4A.1.3 Generation of interface states during BTS.

Accompanying the positive charge generation under negative BTS is
an increase 1In Iinterface state density. Some increase i3 also seen
under positive BTS conditions (63). Hany-authors have reported the
generation of a peak 1in the 1n£erface state distribution at one or
both polarities. Under negative BTS, Goetzberger et al. (64) found
an 1Interface state peak close to midgap. The exact position was
dependent on processing details. 1In particulér the electrode material

was Important but so also were the oxidation conditions. For
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aluminlum on steam grown oxides, the peak appeared at 0,3 eV above
midgap while for aluminium on dry oxldes it was at 0.25 ev below
midgap. The remalning samples also showed peaks below midgap. Haller
et al. (48) also report a peak below midgap, as do Shiono et al.
(63) for all but thelr HCl grown oxides where there ls a more uniform
increase across the band gap. Jeppson and Svensson's dry oxides (49)
developed a peak above midgap under negative BTS, at 0.65 eV from the
valence band. The 1latter authora, along with Deal et al. (58),
report not oniy a linear but a3 1:1 relationship between midgaplvoltage
and interface state density peak ﬁelght.

Shiono et al. (63) report generation of a peak above midgap
accompanying proionged positive BTS, Haller et al., (48) also see a
peak above midgap if first negative and then positivé BTS is applied.
Processing conditlions are once more an important factor, playing é
decislive role In determining the energy at which Interface states are
generated under BTS conditions,

4A.1.4 Kineties of Dy, generation,

Similar analysis has been applied to the kinetics of Interface
state generation under negative BTS as to the shift In Vfb and
Vmg- A similar time dependence of the growth of interface states
and of positive oxide charge is usually reported. Goetzberger et al,
(64) found AD|, « ln t, while Haller et ai. (48) found a t9:2
dependence for ADy, as for Qg (+). Shiono et al. (63) ritted
their data to an exponentlal of the form aD;y « t” where n is from
0.17 for steam oxides to 0.57 for oxides grown in HCl. Jeppson and
Svensson (49) found a t0-25 dependence at moderate to low fields
and suggest 3 diffusion controlled reaction is responsible for the
creation of interface states. Thls model {s discussed further In
4A.3.2. Agaln, 3sctivation energles differ quite widely from each
other, Goetzberger et al, (64) estimate a value of 1.4 - 1.5 eV
while Jeppson and Svensson (49) find -~0.3 eV. Likewise there is
considerable variation in the reported field dependence of interface
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state generation. Goetzberger et al. (64) find ADjy « E, Shiono et
al. (63) ADyy = exp(E0+3) and Haller et al. (48) abyy « E3/2.

}A.2 Processing dependence of the negative bias instability.

Qut (+) generated during negative BTS is roughly proportional to
the fixed oxide charge, Qp, initlally present (58). Similarly, the
number of interface states created, ADy¢, is propoﬁtional to the
initial interface state density, Diy(dnit) (6U). Hence, factors
which affect Qp and Dj¢(init) (42) such as silicon orientation,
oxldation ambient and post-oxidation anneal will also indirectly
affect the negative bias instability. For example, Qf is 2 or 3
times larger in oxides grown on' <111> s8ilicon than on <100> and
correspondingly larger AVmg values are observed during negative BTS
on the <111> oxides. Dlt(init) is proportional to Qe. Thus,
Di¢(Init) and 40jy during BTS also show this dependence on silicon
orientation. Given the importance of Qp and Dy (init), the effect
of processing parameters on them as well as on Qot(+) and Dy¢ will

be considered.

hpa. 2.1 Oxidation conditions.

The well known Deal's triangle (Fig.l4.1) describes the dependence
of Qp on the oxldation temperature and final ambient (42). Qf 1s
almost certainly due to some non-stoichiometry at the interface and
the ¢triangle can be explained in terms of the relative rates of
diffusion of oxygen to the 1interface and its reaction with the
silicon. At high temperatures, where oxygen diffusion is the rate
determlﬁing step, most of the excess silicon reacts with oxygen
leaving a winimum level of Qp. At lower temperatures the
sllicon-oxygen reaction becomes rate—determlning and excess silicon (a
high Qp) 1s built up at the Interface. If the ambient is changed to
an 1nert gas i1mmediately after oxidatidn, the excess silicon reacts

with the remaining oxygen at any temperature thus lowering Qs.
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Dig(init) shows a similar dependence on oxidation temperature.
However, 1t reacts differently to a final anneal in nitrogen. If dry

N5 18 used, Di¢(init) tends to increase (42). This and the effect
of other anneals will be considered further in the next section.

e

Q¢ A
(em™3

600° 1200°

Figure 4.1 Deal's triangle, illustrating the dependence of Qe on the
oxidation temperature and final ambient (from (42)).

Water or HC1l in the oxidation ambient are also important factors.
The density of Interface traps 1s strongly dependent on the partial
pressure of water, being larger for dryer oxidea (63)., Breed and
Kramer (62) report less variation of Qe and Qg (+) uitﬁ oxidation
temperature for oxides grown in wet nitrogen than for those grown 1In
dry oxygen (aluminlum gate devices). Consequently, at high oxidation
temperatures the denaity of oxide chérge ia larger in the wet oxides
whereas at low oxidation temperatures the reverse is true. (Similar
results have also been reported recently by Akinwande et al; _ (176).)

For the wet oxidea, the interface state density at midgap sﬁous-a
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minimum at an oxidation temperature of about 900°C and the difference

between <111> and <100> wafers I8 no longer significant.

For their polysilicon gate capacitors, Shiono et al. (63) also
found a larger AVgey during negative BTS for steam grown than for dry
oxides. However, the dependence on stressing time was greater at
higher temperatures for the steam oxides and at 300°C and 103 hours
the shift was 3 or 4 times larger than for =imilarly stressed dry
oxides. At the temperatures measured (200-300°C), the dependence of
4Dy oﬁ stressing time was greater for the ¢oxides grown in HCl than
for the dry or steam grown oxides. Similarly, the HC1l oxides showed a
much more rapid increase in the rate of D;, generation with
increasing applied field.

4a.2.2 Effect of anneals,

There are some apparently contradictory results in the literature
on the effect of annealing on Qp and Dy.(init). The previous
history of the sample as well as the precise time and temperature of
the anneal all arffect the result. While a short high temperature
anneal in nitrogen reduces Q¢, an extended anneal causes it to start
to increase again (42) (cf. effect on bopreakdown 1n 3A.1.2 and
34.2.2). Montillo and Balk (177) found the effect of such an “anneal
on Ditiinit) depended on fhe temperature used. Up to T700°C,
Dit(init) increased and above this temperature it decreased. They
also studied the effects of other high temperature anneals (5600°C) in
oxygen, in helium and In a vacuum. Annealing in helium and in
nitrogen gave similar results, as might be expected since both are
rather inert gases., Vacuum annealing gave somewhat different results,
however, cauzaing a-reduction in Qf at either 600°C or 1000°C, whereas
Djp(init) was increased. This was somewhat surprising since similar
annealing behaviour would be expected in a vacuum as in an inert gas.
However, the results in N2 showed a good correlation with its water‘
content, thus again highlighting the importance of this parameter and
explaining the dIffering resuits obtained on annealing in apparently
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gimilar amblents. In contrast to termination of the oxidation at the
oxldation temperature an anneal in O, below the oxidation temperature

always resulted in an increase in both Qp and Djp(init).

Sinha et al. (168) examined the effect of a hydrogen anneal on
Qp, Djtl(init) and on the negative bias instability. A high
temperature anneal in H, (800-900°C; 1/2 hour) prior to aluminium
metallisation significantly reduced Qpf and also 4Dyy during
negative BTS. A low temperature anneal in H, tended to enhance both
of these. D,y,(init) was reduced by both anneals but following a low
temperature anneal, more interface states were introduced by negative
BTS. Breed and Kramer (62) also report that Qp and Q¢ (+) do not
respond in the same way to a low temperature annealing step. {This
time at 450°C 1in wet nitrogen.) Qp is reduced by such a treatment
whereas there 1s very little difference in Qot (+) generated in those
samples having recelved a low temperature anneal and 1n unannealed
samples. They suggested that this difference may be because the

states causing Qot(+) are nearer to the interface than those causing

Q.
44.2.3 Gate electrode dependence.

Use of polysilicon as the gate electrode in place of aluminium
greatly reduces the negative blas 1instability. The initial fixed
oxide charge is likewlse reduced by up to 40% (41). Doping of the
polyailicon after deposition additionally redﬁces Qp and greatly
Improves device stability (¥1). In the case of aluminium, geometry of
the gate was also found té be slgnificant in some cases. Breed and
Kramer {62) report smaller values of Dit and Qp in the sambles with
the largest gate area when the devices did not recelve a low
temperature anneal prior to encapsulation. They suggest lateral
out~diffusion of some anneallng specles 'may be occurring during
encapsulation. As has been previously mentioned the position of the
peak generatéd during negative BTS has been found to be strongly
dependent on the gate electrode (64).
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BA.3 Models for the negative bdblas instability.
§A.3.1 Hole trapping model. -

Hole trapping was firat postulated by Hofstein in 1967 (65) as
the cause of the negative blas insatabllity. The model he proposad 1s
illustrated Iin Fig.4.2. Donor states close to the S1-S10, interface
have an energy level close to the valence band edge. Since the
potential well of the trap exténds into the allicon a hole need not be
excited Into the oxide valence band te be captured. Instead
comnunication with the allicon {2 by a mechanlasm similab to trap
hopping. Under negative BTS conditions holes are excited over the
trap bafrier and are trapped in the oxide. Since the trap level 1lles
near the Ferml 1level, the number of holes trapped and hence the
flatband shift depends on the surface concentration and therefore on
the applied blas. This model also explaina the lack of dependence of
the time constant.on the applled field.

HOLES THERMALLY
EXCITED OVER

BARRIER
ta) ROOM TEMP. {b) ELEVATED TEMP {c) ROOM TEMPR
{NO APPLIED B1AS) {NEGATIVE &P PLIED (MO APPLIED BIAS)

BAS)

Figure 4,2 Hole trapping model for the negative bias instability
(from (65)).

That the presence of holes In an oxide results in interface
degradation 13 well established from other experimenta. Hu ang

Johnson found @ linear relationship between trapped holes and
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interface states when holes were Introduced Into the oxide by
irradiation or by high field stress (178,179). The generation rate
was slow but after a year the rétio of holes to interface states
reached 1:1. Lal also reports a linear increase in midgap iInterface
state dénsity with midgap voltage shift when samples are subjected to
avalanche hole injection (47). Jeppson and Svensson (49) similarly
found a 1:1 ratio between' these two parameters after negative BTS
which lends éome support to the hole trapping model. However, they
themselves suggest a hole tunneling process occurs oﬁly at high fields
(>6 MV/cm) and low temperatures (-25°C). At lower flelds and higher
températures they suggest that a cﬁemical reaction takes place

resulting in electron emission. This i3 discussed further 1n the next
section.

4r.3.3.2 Electron emission model.

A model based on electron emission was firat described by Bresad
(66,67). As with the hole trapping model, the net result is the
transfer of an electron from an oxide donor state to the silicon., The
mechanism and kinetics of transfer are different, however, Bﬁeed's

model 1s {llustrated schematically in Fig.4.3 below.

FLAT- BAND CHARGING CISCHARGING
Vy-Vrg < 0 w| Yo V>0

Figure 4,3 Electron emission model for the negative blas instability
(from (66)).

- 130.—



NEGATIVE BIAS INSTABILITY: LITERATURE

Again, neutral centres are gpresent near to the oxide-silicon
interface which may ac¢t as donors, In the flatband condition
(Fig.l4.3a) the ground states of the tréps are belew the top of the
silicon valence band and they have an excited state just above the
silicon conduction band. Under negative BTS (Fig.4.3b) some of the
ground states are raised above the Fermi levei. Charging may then
oceur by a thermally assisted tunneling process involving thermal
excitation of an electron to the excited state followed by tunneling
of the electron to an interface state. At the interface either
recombination may oc¢cur or the elecﬁron may be injected into the
silicon. Population of the excited states is temperature dependent
therefoﬁe, while the oprobability of electrons tunneling from the

excited states to the silicon leads to a logarithm of time dependence.
The voltage shift due to positively charged centres is:
AVrb(t,T) = -(Q/COX) I N(X)-dx (u-.l)

where t is the time, T the temperature and N{x) is the density of
active centres 1i.e, those whose ground states are raised above the
Fermi level. For é ﬁomogeneous distribution of centres, N(x) = vaa,

where p is a constant and V, the applied bias. Under positive BTS

(Fig.4.3¢c) all centres are below the Fermi level and there is a large
concenﬁration of free electrons at the surface. The charged centres
are neutralised by tunneiing of electrons from ihterface states to the
excited states. For the type 2 ¢entres, transition of an electron to
an interface stéte from which It ¢an tunnel is a thermally assisted

process with an activation energy of about 0.4 eV.

The model of Jeppson and Svensson for interface state generation
during negative BTS (49) has already been mentioned as an example of
an electron emission process. At fairly low fields (<5 MV/cm) and
elevated temperatures thej suggest that the followiné chemical
reaction {8 cecurring:
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FS14-H + FSi-0-Si= ——> =Si- + =5i* + =Si-0H + e~ (4.2)

Since the electron can be lost to the substrate only under negative
bias there 1Is a lack of symmetry of the interface state generation
with respect to bias polarity. The t?/u dependence observed by

these authors can be explained if the diffusion of Si-0H away from the

interface is the rate determining step.
4a.3.3. Excess silicon model.

One of the models best abie to account for the observations on
fixed oxide charge and the generation of further positive charge
during negative BTS is the excess silicon model of Deal et al. (58).
Thermal oxidation proceeds by diffusion of oxygen to the iﬁterface;
Here there is excess silicon present for it to react with, When thé
oxidation stops, these excess silicon ions are 'frozeﬁ in', giving
rise to positive charges (see Deal's triangle, section U4A.2.1).
Application of a negative field at elevated temperature may break é
second already strained bond to Si*, resulting in an Si2* species.
This would explain the dependence of positive charge generatioﬁ on
initial levels of fixed oxide charge. In this model, interface states
have a similar origin to Qp, béing associated with unsaturated
silicon bonds at the interface. The role of a hydrogen anneal in

reducing the density of these states can be easily ezpiained,
therefore.

Yamasaki studied the orientation dependence of the initial film
growth rate, the shear modulus of a silicon substrate and their
relationship to oxide <charges (180). His results support the
assumption that Si*', S1*2 and Si'3 exist at the interface.

These species form the ©bvasis of the excess 9ilicon model. More
recently, the existence of the 1, 2, and 3 oxidation states of‘silicon
at the {nterface has been demonstrated by XPS (181-183).
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ka.3.4 Oxygen vacancy model,

Exceas silicon and deficient oxygen appear to be two ways of
degscribing the same saituation. However, the energy levels of the two
épecies are not necessarily the same. Bennett and Roth (68) wused
molecular orbital theory to calculaté the energy of various defects in
5105, including an oxygen vacancy. The latter was found to be
energetically quite favourable requiring three times leas energy than
formation of a silicon vacancy. The removal of an oxygen atom causes
twe energy levels ¢to appeaf in the band gap, the upper level being
doubly degenerate. If the lower level is uncccupied the neighbouring
silicon atoms tend to move apart. The energy levels meve upwards and
the upper one merges with the conﬁinuum. In this case the empty level
is above the silicon bandgap and wéuld thus remain charged. This
level could be responsaible for fixed oxide charges. '

The negative bias inatability can be accounted for by the oxygen
vacancy model in the following way. At sufficiently high temperatures
and under the influence of an elecﬁric field, asome oxygen vacancles
are known to migrate (184). Under application of a negative biaa,
posltive charge in the forﬁ of oxXygen vacancies (Vo+) could be

generated by the following reaction:
XS1 + S10; —> (1 +x)Si0, + 2%V, (4.3)

These vacanclea then migrate alowly into the oxide. Under positive
bias the vacancies drift back towards the Si—8102 interface where

they are eventually neutraliased.

This model can account for all the non-oxygen annealing behaviour
of Qr; for example, the work of Fowkes and Hess on
oxldation-reduction treatments (18%). The smaller density of Qp
after wet oxlidation can be attribufed to hydrogen atoms bonding with
the oxygen vacancies, while the dependence of Qp on oxidation

temperature can be related to the effect of streas on the vacancy.
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The annealing experiments of Aslam and Balk (186) have provided
experimental evidence for a relationship between oiygen deficiency and
hole traps. A high temperature POA in 02 was strongly correlated
with high hole trap density. Conversely, a short final POA in O,
substantially reduced hole trapﬁing. 03531- -51303 and 03531—0-
°SiEO3 were postulated as likely hole trapping sites generated by the
removal of either O, or water from the lattice. These aites are
probably amphoteric, that 1s able to act as either electron or hole
traps., This is compatible with the observed correlation between the
densiﬁy of deep hole traps and shallow electron traps following a
given annealing treatment (186}.

4A.3.5 Valence alternation pair model.

A model for defects in the 351-510, system based on valence
alternation pairs (VAPS) has been proposed by Hubner (187). He
attempts also to explain the generation of interface stétes. and
positive charge by 1irradiation and BTS using this theory. A VAP
conalats of a palr of oxygen atoms one of which 1is undercoofdinated

and one of which is overcoordinated, as illustrated below:

=i .. . 0-st=
=51-0*-Si=

These species 3S1-0 and 5313—O+ may act as hole and electron traps
respectively. Interface states arise in this model from the
dependence of the strength of the third Si-0* bond on its proximity
to the interface. Due to increased dielectric screening and bond
distortion at the silicon surface this bond i3 ten times weaker here
than in the ©bulk, thus favouring =Si+ formation. The increase in
Dit under BTS is explained as follows. Under negatiﬁe BTS electrons
captured by VAP defects are transferréd to the silicon. An associated
relaxation of 5313—0+ centres out of the interface plane releases a
silicon dangling bond causing generation of an interface state at
about 0.35 eV above the silicon valence band. Under positive BTS
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electrons are transferred from the silicon to the weak Si-0* bonds
generating an interface state at 0,42 eV below the silicon conduction
band edge.

Fixed positive charge is attributed to uncompensated =8i3-0*
centres. The generation of positive charge by negatlve BTS 1s then
accounted for by the breaking of weak Si-H bonds {(presumably
accompanied by loss of an electron to the substrate) and transfer of
H* away from the interface. This increases the concentration of
undercoordinated sillicon and hence overcoordiated oxygen near to the
interface. 1t is debatable however whether it is necessary to invoke
hydrogen to account for Qo (#+) since loss of an electron to the
silicon accompanied Dy rearrangement of the VAP can lead to generation
of =8i-0% and -5i=, thus accounting for both the positive charge and
interface state generation during BTS.

On the basis of X-ray photo~electron spectroscopy (XPS)
measurements Grunthaner et al. (143) also proposed the generation of
these species at the interface on irradiation of the sample, a process
which also leads to hole trapping and interface state creation. They
suggest bond breaking is occurring in strained Si-0-81 bonds at the
interface. This occurs via hole capture in the oxygen 2p lone pair
orbital glving 03581- and O3ESi-O+. The surrounding 1lattice
undergoes a slight relaxation preventing immediate reformation of the
bond. Subsequently the hole in the lone pair may be annihilated by an
elecﬁron tunneling from the silicon. The resulting site is then
03581- -0—81203, which is one of the sites suggested by Aslam and
Balk as a deep hole/shallow electron trap. Capture of an electron
this site leads to 0538i-0" and 05Si- and capture of a hole to
O3ESI+ and 03531-. The presence of the charged sites suggested by
Hubner (187) are not consistent with the XPS data. Rather, the
experimeﬁtal evidence pointed to the existence of trivalent silicon,
03381- coordinated by water in its neutral state (hydrogen bonded)
and also to non-bridging oxygen. In thlis last model both interfacial

strain and oxygen deficiency are implicated in hole trap Cformation,
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since the strained layer which has been shown to exiat in the first
15-30 A of the oxide is also a region of iow oxygen content with a
mixed composition of Si0, 8120 and 31203 (143).

4a,3.6 Other models.

There are several models for positive charge and interface state
generation during irradiation or electron injection (188-191).
Analogous models could be considered as potential candidates 'té
explain the similar degradation occurring under negative BTS. A key
factor in most of these models is the release of some neutral species
in the bulk as a result of energy loss to the oxide from either the
radiation or hot electrons. This aspeclies then diffuses to the
Iinterface where it reacts ﬁith Si-H bonds, strained 5i-0-Si bonds or
other defects generating positive charge and interface states. Atomlie
hydrogen (188,191) and excitons (188,190) have been the main
contenders fbr the.diffusing specles. Although there is no evidence
to suggest that a significant eleétron current is flowing under BTS
conditions to enable release of any species iIn the bulk, the
similarity of the observed degradation under ail types of stress makes
these models worth noting. The possible role of hydrogen or water 1in

causing degradation is aléo a recurring theme in the literature.
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IB: RESULTS AND DISCUSSION
3B.1 Kinetics of positive charge generation.

Although the kineties of the negative bias instability have
already been widely studied, it 1is apparent from the previous
discugssion that the discrepancy in the various results makes these
difficult to interpret, Many of the studies, also, were carried out
ten to twenty years ago énd given the sensitivity of this phenomenon
to changes in processing, it seemed worthwhile to repeat some of these
measurements uaing present day technology. The remainder of this
section (4B.1) therefore contains observations concerning the
phenomenology and kinetics of Q. (+) generation. The relationship
of thls charge to hole trapping is covered in HB.Z and interface state
generation is considered in 4B.3. The high frequency aﬁd quasi-static
C~V method was used teo determine interface state distributions in

depletion and the quasi~atatic and ideal curves were used for the rest
of the band gap.

UB.1.1 Hysteresis in C~V curvea and loss of Qot(*)-

Following negative BTS, the C~-V curve is shifted to negative
voltages and also shows =3ome hyateresis due to the generation of
alow-statea (Fig 4.4). The magnitude of thia hystereais and indeed
the precisze position-of the C~V curve changes with successive voitage
aweeps. This is because a portion of the positive charge generated
during'negative BTS i3 easlly loat. Application of a positive voltage
(as occurs during a C~V aweep) or elevation of the temperature 1s
sufficient to neutralise or de-trap this charge. To obtain an
accurate measure of Q.. (+), it is important, thereforé. to ude the
first C~V curve taken after BTS and to sweep from negative to positive
voltages, Some charge may be removed even then, since Breed reported
the annealing of positive charge generated by BTS, even at room
temperature and zero bias (66). However, provided that C~V curves are

always taken immediately after the stress, this effect should be both
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amall and consistent.

48.1.2. Use of AVmg to measure oxide charge.

Throughout the present work, the midgap voltage shift, avmg,
has been used as a measure of the change in oxide charge alone, i,e.
assuming that there was no contribution from interface states to ihe
shift at this point. As mentioned previously, there will be no net
charge in the interface states at midgap if all the astates above
midgap are acceptofs and all those below are donors, The reverse
condition, where all the states above midgap are donors and all those
below are acceptors, can give the same result but requires the
additional assumption that there is also an equal number of 3states
above and below midgap. If elther of these conditions holds, then
Vmg is a neutral point fof interface atates and avmg represents

the change 1in oxide charge alone. Several authors have assumed this
to be the case for interface states generated by different types of
stress: avalanche hole 1injection (47), negative BTS (48,49), high
field stress (48) and irradiation (48,50,172). From C-V measurements,
it is {impossible to prove conclusively thatrvmg is a neutral point
for interface states or to distinguish whether the states are donors
or acceptors over any particular part of the band gap. However, as
will now be shown, the assaumption that at Vmg there is no net charge

in BTS-induced interface states was conslstent with the data obtained
in the ¢ourae of thias work.

Fig.4.4 shows the shift of the high frequency C-V curve following
application of a negative BTS of -UMV/cm for 1 h at 250°C to a 28 nm
oxide with an aluminium gate {curve B). On revérsing the stress (+4
MV/em for 1/2 h at 250°C) the curve moves back to more positive
voltages (cﬁrve c). Comparison of avalanche hole injection
measurements on samples subjected to (a) negative BTS3, (b) negative
BTS followed by positive BTS or (¢) unstressed, showed that all the
positive charge generated by negative BTS is removed by a subsequent

positive BTS. These experiments are deseribed in detail in sectlions
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4yp.2.2 and 4B.2.3. Following negative BTS and subsequent positive
BTS, there 1s considerable interface state generation, however,
causing distortion of the C-V curve. Nevertheless, curve C in Fig.
4.4 crosses the Initial curve (curve Aj very close to Vmg_ Hence,

the net charge in the interface states is aparently zero at midgap and

Vmg can be used as a measure of the change In oxide charge alone.

48.1.3 Location of Qg (+)

If the positive oxide charge, Q,¢(+), resides close to the

Si-3102 interface, the AVmg due to this charge should increase
linearly with oxide thickness for a given BTS, since:

Avmg = Qot(+)x0/ Eny

where X, s the charge centroid, measured from the metal-oxide
interface. It can be seen from Fig.4.5 that this reiationship holds
for three sets of differently processed walers with oxide thicknesses
up to 50 nm.

One suggested cause of Q. (+) is hole trapping (ef.4a.3.1). To
see iIf the location of this charge is compatible with the filling of
oxide hole traps, photo I~V measurements were carried out before and
after avalanche hole injection into an MOS capacitor. This showed
intrinsic hole traps to he located at both interfaces. Typical photo
I-¥ curves measured ©bpefore and after avalanche injection of 6.25 x
137 holes into cap. B on wafer A11 are shown in Fig.4.6. Since
there I3 distortidn on both sides of the I-V curve'following hole
injection, the trapped holes can be estimated to be within 5 mm of
each interface. Any charge trapped near to the metal gate would have
no effect on the C-V curve while charge trapped in hole traps near to
the silicon would cause a Avmg which increased linearly with oxide
thickness., It is possible therefore, that the generation of positive

oxide charge dwring negative BTS is due to the filiing of intrinsic
hole traps.

— 139_



NEGATIVE BIAS INSTABILITY: RESULTS

4B.1.4 Time dependence of Avmg-

Simllar variation of Avmg with time was observed to that found
by other workers. The results could be fitted to either aln t or a
th relationshipf Wafer MN6, for example, showed a good fit to Avmg
« 1ln t (Fig.L4.7), whereas the wafers of run U could better be flitted
to Avmg @ tn,'where n depends on the stress temperature and varied
from 0.28 to 0.33 over the temperature range studied (Fig.4.8). These
latter results are similar to those reported by Shiocno et al. {63)
for their oxides grown in HCl, although no HCl1l was used in tﬁe inner
tube during oxidation of run U. A avmg versus ln t plot for these
samples ({(using the same data as that in Fig.4.8) {s shown in Fig.4.9.
It can be seen that although in the latter the-data do not fit duité
50 well to a straight line, the scatter is within experimental error.
The functions avmg « 1ln t and Avmg « 0 are very similar and in .
many cases the time dependence cannot easily be distinguished. In one
case only, that of boron doped polysilicon gate capacitora, was there
clearly a dependence of Avmg on 1ln t whereas a plot of 1n AV
1n t deviated from linearity at longer times (Fig.L.10)}.

mg *

4B.1.5 Temperature dependence of avmg,

The build-up of positive charge under negative blas is obviocusly
strongly influenced by temperature as is the subsequent -annealing of
this charge under positive or zero bias. A good fit was obtained to

an Arrhenius law, Avmg = exp(~E;/kT) with an activation energy, E

a
of between 0.24 and 0.43 eV. The value varied from batch to batch but
was fairly reproducible (+0.03 ev) for wafers processed

gimultaneously. Neither the substrate dopant (n- or p-type) nor the
dopant level had a significant effect. (See Table 4.1). An Arrhenius
plot for one of the wafers from Table‘4.1 (MN6) is showﬁ in Fig.4.11,
The activation energies found in this Qork are lower than the Qalueé
reported in the early literature on the negative bias instability
{(0.6-1.5 eV = see section UA.1.2.2.). However, Haller et al.
recenfly raported a very low value of 0.18 eV (48}. The latter maj
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well be artificially low due to the sample not being cooled under
bias. Nevertheless, this parameter would appear to vary quite
considerably between samples.

Since water or related species are implicated in several models
for the negative blas instability, it is intereating to compare the
above activation energies for Q. (+) generation with those for the
diffusion of H,0, -OH and other species in Si0,. From experiments
using tritiated steam as the oxidising ambient, it appears that water
incorporated during oxide growth does not redistribute under BTS
(192,193). It therefore has no charge associated with it and/or it is
nbt mobile. However, water subsequently diffused into the oxide wili
be in a chemically different environment. It has been suggested that
under certain c¢onditions it may act as a poslitively charged speclies
{194-196), possibly bound H*, Protons from ethancl have been shown

to be exchanged with Si0, giving some support to this idea (197).

The activation energy for the diffusion of water into 510, films
is around 0.3 eV (196) which is in the range of values found in this
work for the activation energy of Qot(+) generation (and also the
same as that found in ref. (49} for interface state generation.) It
is known to diffuse as two éeparate entities but the nature of ﬁhese
has not been established. E, for the diffusion of water in bulk
510, (fused silica) is someﬁhat higher at about 0.6 eV (196). of
similar magnitude are the activation energies for steam-oxidation,
oxidation in wet 0, and for the out-diffusion of Hy0 from steam
grown oxides ({196). 0.6 eV 1s closer to some of the activation
energies for Q.. (+) generation previously measured (66,67,167). E,
has also been measured for the diffusion of molecular hydrogen and of
-0H iIn Si0, (198). These values were 0.49 eV and 0.68 eV
respectively. H> has been suggested as a possible product.of Si-H
bond breakiné during BTS and 0.49 eV {8 again fairly close to the

activation energies for positive charge generation measured in this
work.
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If the diffusion of some water-related species 13 invoived in
positive charge generation during negative BTS, several factors could
be responsible for the widely varying magnitude of the associated Ea-
These include differences in the structure of the SiO2 itself e.g.thé
exlstence and size of micropores and the water content of the lattice,
differences in the nature of diffusing species and in the way in which
it binds to the lattice. However, the diffusion process would be
expected always to involve the making and breaking of hydrogen bonds

8o that E_ should remain of the order of the strength of such a bond
i.e. between 0.2 and 1 eV (199),

4B.1.6. Field dependence of Avmg.
For all the wafers examined an E3/2 dependence of AVmg on

the field was found. This is illustrated in Fig.4.12 for wafer MN6.

A similar relationship was recently reported by Hailer et al. (ﬁB);

As yet however, there {3 no explanation in terms of mechanism of

kineties for this striking form of the field dependence.

UB.1.7 Electrode dependence of Aumg'
There is a strong dependence of Avmg on the gate electrode,
Aluminium gate capaclitors were generally used 1in this work since
polysilicon gate devices showed much smaller shifts for a given time
and magnitude of stress. Times of the order of 103 h are usualiy
required to measure significant degradation of polysilicon capacitors
(63) whereas similar degradation couid be achieved with aluminium gate
devices in a matter of minutes. The thickness of the aluminium gate
electrode and the meana of its deposition were aiso found to be

important, This i3 discussed further in the following sections.

One batch of boron-doped polysilicon gate devices showed somewhat
larger Avmg shifts than expected. These were notably larger than
similarly processed phosphorus—doped polysilicon devices (Fig.4.9).

This difference was seen whether the boron was introduced by theﬁmai
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doping or ion—implantion. For the ion—-implanted wafers, Avmg was
found to decrease with increasing temperature of post—-deposition
anneal. This is in agreement with the work of Sinha et al, (168) who
found én increase in positive BTS shift and a decrease In negative BTS
shift following high temperature H2 anneal. They attributed this ¢to
enhanced boron penetration of the oxide and subsequent negative

charging of some horon-related species under stress.

4B.2 Positive charge generation and hole trapping.
UB.2.1 Correlation between Avmg(BTs) and AVmg(AI)f

While conducting measurements on capacitors with wmetal gate
electrodes of different thicknesses, it was observed that samples
showing a smaller AV, during negative BTS (AV,g(BTS)) also showed
a smaller shift during avalanche hole injection (Avmg(AI)). This is
illustrated in Table 4.2, Avmg(AI) after injection of 2.5-x ?015
holes/cm? is compared to Avmg(BTS) following a stress of 3 MV/cm
for th at 250°C for three wafers with differing aluminium electrode
thicknesses. The shifts are normalised to an oxide thickness of 28 nm
assuming all the charge to be resident at the 31-8102 interface. For
moth negative BTS and hole 1injection, the trend is the same. A
thinner gate electrode resulted in a smaller Avmg. Tnis suggests
that hole trapping might be responsible for the negative bias
instability and further experiments were performed to confirm this.
These experiments are discussed below while the dependence of holé

trapping on metal gate thickness 1s considered further in 4B.2.6.

4B, 2.2 AUmg(ETS) and filling of intrinsic hole traps.

Avalanche hole injection was carried out on a sample which had
undergone negative BTS and the variation of Avmg and Vmg was
compared with that measured during hole injection on a virgin sample.

1r AVmS(BTS) were entlrely due to hole trapping, a subsequent hole
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injection experiment would show the same saturation value of the

absolute midgap voltage, Vmg, as is observed on a virgin sample. On
the other hand, Avmg, the midgap voltage shift, occurring during
hole 1iInjection would differ 1in the two cases by the magnitude of
AVmg already found during negative BTS. This was, in fact, observed
experimentally. Figfu.13a shows Avmg during hole injection on a
virgin sample and on one having undergone a stress of 3 MV/cm at 250°C
for 5.5 h. The difference between the saturation values of the two
curves tends towards the value of AVmg already present after BTS and
at the moment hole injection commenced; in this case about -2 V.
Fig.4.13b shows the absolute value of the midgap voltage in the twé

cases and both curves saturate at the same level,
4B.2.3 Removal of positive charge by positive BTS.

It has already been shown in 4B.1.2 and Fig.4.4 that positive BTS

after negative BTS returns Vmg te a'value very close to its initial
valuef Subsequent avalanche hole injection resulted in a Avmg
versus injected charge curve almost identical to that obtained on an
unstressed sample (Fig.4.14). Hence, the positive stress removed all
the holes from the oxide; no.new hole traps were created during BTS at
either polarity and there was no change in the existing capture c¢ross
sections as a result of filling and emptylng of the traps. It would
seem, therfore, that hole trapping during BTS is a completely
reversible process. It does, however, result in considerable

interface damage which will be discussed in 4.3.
4B,2.4 Capture cross sections of hole traps.

All the avalanche hole injection curves which were measured could
be fitted using first-order kinetics to two exponentials i.e. to give
two capture croas sections and effective trap densities. " Table 4.3
shows the capture crcss sections and effective trap densities measured
for three samples. Two of these were unstressed, having thin (15 mm)

and thick (1 w) aluminium gates, respectively. The third was taken
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from the same wafer as the unstressed device with a 1 u gate but was
first subjected to a stress of -3 MV/cm for 1/2 h at 250°C. Comparing
samples 2 and 3 in Table 4.3, it can be seen.that BTS resulted in the
filling of the 1larger capture cross 3section trap, with o= 3 x
10°™ em2. This trap was not seen in the sample with 15 nm
éluminlum as the gate. Inatead a trap with g = 6 x 10“16 cm? was
found at relatively low effective density (8 x 10'! /em2).  Wafers
with thin and thick gates both showed a trap with ¢ = 5 x 10~15

cm2, but this had a lower density in the thin metal gate samplés.
4B.2.5 Current flow during negative BTS.

No measurable current f{low was observed during negative BTS once
a steady temperature had been reached. ©Ouring heating a small peak
was sometimes seen at low temperature (<100°C) presumably due to Na*
drift (inset Fig.4.15). Above 200°C the current agaln began to rise
somewhat but as soon aé the temperature stopped 1increasing, the
current dropped rapidly to zero {(Fig.4.15). It is difficult to decide
whether this current is due to ionlc effects such as K' drift or
whether it 1is a displacement current assoclated with hole trap
filling. The current increase does occur at about the temperature
expected for K*' ion motion (200); also, integration of the current
over the time of the applied stress cannot account for the observed
Avmg. Heating to 305°C at 2 MV/¢m and immediately cooling agaln to
room temperature resulted in a shift of about -1 ¥V in the C~V curve
for a 28 nm oxide of capacitor area 1.1 x10°2 cm2. Thils is
approximately equivalent to 10™2 c/cm® of injectea charge, If 1t is
all located at the Si-8i0, interface. However, only about 5 x 1077
C/cm? of injected charge was found from integration of the current
during the tlme of the applied stress (Fig.4.15). Fllling of hole traps
very near to the interface would not resuit in any displacement

current which possibly could account for this diascrepancy.
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4B.2.6 Effect of gate electrode on hole trapping.

To investigate the dependence of hole trap densities and capture
cross sections on the thickness of the metal gate, avalanche heole
injection was conducted on a batch of similarly processed wafers with
aluminium electrodes ranging from 15 to 1000 nm thick. Avmg as a
function of injected charge, Qinjv is shown for these wafers
(51-86) in Fig.4.16 after hole injection at 1.5 x 1078 asem,
After 8.5 x 10_1u holes had been injected, there was 6 V difference
between the shifts measured on Si (1000 nm Al) and on S6 (15 nm Al).
Figure 4.17 is a plot of Avmg Versus éluminium thickness (dp;) and
Fig.4.18 a plot of Avmg versus dAl(D'25). The latter gives
a good straight line fit to the data but the reascen for this is
unknown,

Table 4.4 shows the capture cross sections (o;) and effective
densities (Nefﬁ) of hole traps obtained for each sample by fitting
the hele injection curves. The total effective density of traps for
each wafer is also shown, In all cases three traps gave the best fit
to the data. The trap with the largest capture cross section ¢, was
least affected by the electrcde thickness, showing no change in the
value of ¢. There is a tendency for trap density to inc¢rease with
increasing gate electrode thickness for traps 0y and oy and there is
alsc an increase in ¢ for traps g, and U3. If the effective trap
densities are summed there are almost twice as many traps in the oxide

with a 1000 nm Al gate as in that with a 15 nm Al gate.

The reason for the increasing density of intrinsic hole traps
with increasing aluminium gate thickness may be that the magnetron
sputtering technique introduces some radiaticn damage. This would be
greater for longer sputtering times and hence thiéker metal gates.
However, the fact that thin aluminium gate capacitors show even fewer
hole traps than polysilicon gate devices which were not exposed to
radiation means that other factors are also at work. (Hole injection

curves for polysilicon, thin and thick aluminium gate devices are
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shown in Fig.4.19 with AV,g normalised to a 28 nm oxide.) The most

likely reason for the high hole trap density with polysilicon gates Is
that there 1s always a high temperature anneal following polysilicon
deposition and this is known to increase hole trap density (186}. .

The effects of the electrode material and metal deposition
technique were further examined using flash evaporation as well as
magnetron sputtering to depcsit aluminium, either directly on to the
oxide or on top of a previocusly deposited polysilicon layer,
Polysilicon electrodes without an aluminium contact layer were alsé
used. Table 4.5 shows Avmg after 1015 holes had been injected
into similar wafers, differing only in their gate electrode. The
wafer with thick flash-deposited aluminium (R10) electrodes showed far
fewer hole traps than the one with magnetron éputtered aluminium of a
similar thickness (S1)., Wafer R12, with 425 nm of flash-deposited Al
gave the lowest AV,  followed by R10 (850 nm flash) and S6 (15 nm
magnetron sputtered aluminium). Polysillicon gates resulted in almost
twice the shift shown by the latter devices (10 V}. 1 u of magnetron
sputtered aluminium gave a still higher shift énd worst of all was
polysilicon with flash-deposited aluminium on top of It, These
results suggest that some radiation damage is probably occﬁrring in
the magnetron sputtering system, but polysilicon deposition is almost
as detrimental from the point of view of hole trap creation. However,
while the polysilicon gate devices show the presence of many hole
traps 1In an avalanche 1injection experiment, these are less easily
populated in a BTS experiment than the traps in the aluminium gate
devices. This may be due to their being located further from the
interfaée or g2imply at a different energy level.

Another factor, which may be Important 1in determining the
observed density of hole traps, i1s the effect of the gate electrode on
the interfacial stress. Zekeriya and Ma (201,202) saw a decrease in
both AVp, and aD;, during irradiation for increasing thickness of
the aluminium electrode, They were able to explain this using the

bond strain gradient model {181-183), since thicker aluminium layers
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relieve more effectively the intrinsic tensile stress at the 81-5102

interface (Fig.4.20). When avalanche hole 1injection was done on
devices with flash-evaporated aluminium of different thicknesses, a
somehat similar trend of Avmg with metal thickness was found. These

results are illustrated in Fig.4.21(a) while those of ref. (201) are
shown in Fig.4.21(b) for comparison. 1In Fig.h.21(b), Avég at first

drops quickly with increasing aluminium thickness and then saturates.
In Fig.bk.21(a) 8Vpe also decreases sharply but there is slight -
increase again at greater metal thicknesses. Since the overall trend
is similar, however, it seems likely that iﬁterfacial stress is indeed
a significant factor in causing hole trap generation, along with

oxygen deficiency and exposure to radlation.
yp.2.7 Discussion of models for hole trapping.

Although it has now clearly been established that the positive
charge generated during negative BTS 1s due to hole trapping, two
basic questions remain to be answered., Firstly, what is the precise
mechanism of hole trap filling and secondly, what Is the physical
nature of a hole trap? Either of the trapping mechanisms suggested in
the literature, i.e. thermally activated tunneling of electrons from
donor states in the oxide to the silicon conduction band (65) or
thermal emission o¢f holes in the silicon valence band directly into
oxide hole traps (66) could be operating. Likewise, few of the models
offering a physical description of the negative bias instability can
be ruled out, since bond breaking (58) may well be the net result of
hole trapping, while oxygen vacancies (68}, VAP defects (187), Si-H,
Si-OH (186) or strained Si-0-Si bonds (181-183) are all possible hole
trapping sites. Nevertheless, some ihdications are available both
from the literature and from the present work as to how the hole

trapping process might occur. These will now be discussed.
Firstly, it seems clear that hole traps are related to
non-steichiometry of the oxide and in particular to oxygen deficiency.

There 13, for example, a strong correlation between the number of holé

- 148 -



NEGATIVE BIAS INSTABILITY: RESULTS

traps and exposure to a high temperature anneal in No. Conversely, a
short final POA in O, substantially reduces hole trapping (186).
This agrees with the findings of the present work where polysilicén
gate devices, which always receive a high temperature POA in Nz, have
a large number of hole traps. 03531- 31203 and 03=51-0+ +31£03
generated by removal of oxygén or of H20 from the lattice have been
suggested as likely hole trapping sites (186). Using XPS, Grunthaner
et ai. (143) found experimental support Afor the existence of
trivalent silicon, 03581-, and negatively charged non-bridging oxygen
at the interface after exposure to irradiation by high energy
electrons, a process known also to generate hole traps. These authors
propose that bond breaking is occurring at strained Si;O—Si bonds near
to the interface resulting in generation of the 03381- -0-51503
site. This site may subsequently capture either an electron or a hole
which is compatible with the evidence that hole traps are in fact
amphoteric sites able also to act as shallow electron traps (186).
The XPS data mentioned above were not consistent with the presence of

the dipolar site suggested by Hubner (187) in the VAP model.

It is interesting to consider the value of the activation energy
for hole trapping measured in this work {(around 0.3 eV) which is close
to that expected for breaking of a hydrogen bond and certainly
compatible with the trapping of holes at 03281- -81503 or 03581-
-O-SiEO3 sites coordinated by water. In the XPS spectrum measured in
ref. (143), there was a shift of 0.3 eV in the oxygen 2p signal of

the neutral non-bonding oxygen species suggesting that it is indeed
hydrogen bonded.

The role of stress in the interfacial region 1is still unclear,
I* has been demonstrated that a strained layer exists in the firsﬁ
15-30 A of the oxide, the width and precise nature being determined by
processing conditions (181-183). This layer 1is also essentially
oxygen deficlent with regiohs corfeSponding to Si0 and 51,50, It
seems likely that whatever their nature, the density, energy and
position of hole traps will be affected by the interfacial stress.
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One possiblie reason why hole traps in polysilicon gate capacitors are
not readily filled by BTS, although avalanche hole injection shows
them to exist with a high density, is that the different interfacial
stress causes them to be located further from the interface or at a
higher energy than those 1in aluminium gate devices. There is also
evidence from the dependence of hole trapping on thé thickness of

flash-evaporated aluminium electrodes that stresa is playing a role.

if, as seems likely, hole traps are associated with singly
occupled non-bonding orbitals on either oxygen or silicon these may be
generated in several different ways. Higher energy holes entering the
oxide by avalanche hole 1njectioﬁ or being generated as a result of
irradiation are probably able to break weak Si-0-Si bonds as has been
suggested (143). However, it may be that the reason for the lower
positive charge generation in a BTS experiment is that only already
broken or the most highly strained bonds may be accessed by this low
energy technique. These bonds must also be suitably located in
position as weil as energy. If a sample is irradiated, even if the
positive charge 1s annealed out, it will have a higher density of hole
traps under avalanche injection or BTS conditiona than an unirradiated
sample. Likewise, a sample having undergone hole injection and then
having this charge neutralised is more sensitive to positive charge
generation by subsequent BTS., No traps are generated or populated in
the BTS experiment though that would not also be reached by the higher

energy avalanche injection technique.

The fact that no current flow was observed during negative BTS
suggests that either trap hopping or thermally activated tunneling is
indeed the most likely mechanism for injection of holes into the
insulator. The process of positive charge generation may, therefore,
be quite different from that occurring during current injection under
avalanche or F-N tunneling conditions. Unfortunately, the kinetics of
hole trapping during BTS do not reveai as much as might be expected
about the mechanism by which hole trapping occurs. The time and field

dependence of the positive charge generation is malinly wuseful in
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predicting degradation under less severe device operation conditions.
The E3/2 dependence of Avmg on the field is striking but does not -
immediately suggest a model. The time dependence is not so clearly
established but Avmg = In t seems to give the best fit to all the

data. This relationship could be indicative of either a direct hole

hopping or an electron emission process, however,

4B.3 Interface state generation accompanying hole trapping and detrapping
or neutralisation of trapped holes.

It is already well known that hole trapping results in interface
degradation (47,148). Interface state generation accompanying hole
trapping during both ﬁegative BTS and avalanche hole 1injection has
been examined and in this section the results will be presented and
compared with those in the literature, Neutralization or detrapping
of holes by positive BTS after negative BTS was also found to
influence the interface state density distribution. The resulting
degradation was simllar to that seen following irradiation or F-N

injection, both of which supply both holes and electrons to the oxide.
4B.3.1 4D;¢(mg) during negative BIS.

Interface state generation across the whole bandgap was observed
following negative BTS. As has been reported by other workers (49),
the change in interface state density at midgap, ADit(mg). was found
to be proportional to ﬁvmg i.e. to the number of trapped holes,
This is illustrated in Fig.4.22(a). From this plot, the ratio of
interface states generated to trapped holes was found to be 1.36 (N,
= Avmgeox/Gqu and Nyt = Dyi(mg) x 1.1 ev), This Iis -
somewhat larger than the value of one reported in reference (49).
This one-to-one ratio has also been reported for interface state
generation by 1lonising radiation (178). Although a long period was
required before all the interface states were created; the 1limiting
value only being reached after a year,
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As previously mentioned, some of the positive charge c¢reated by
negative BTS 1is very easily detrapped, by the taking of a C-V curve,
for example and the apparently high ratio measured here may be partly
due t¢ an underestimation of Avmg. However, in ref. (49) the
samples were ccoled with the gate fleating which would be expected to
lead to an even greater loss of charge (and hence to a real Nit/Nh
ratio of less than one.) It may also be that some aamples are simply
mcore sensitive to iﬁterface state generation as a result of hole

trapping than others,

4B.3.2 AD;(mg) durlng avalanche hole injection.

Lai reports a linear relationship between holes trapped and
ADyy(mg) during avalanche hole injection (47) (from his data
N;¢/Ny~0.35). This 1linear relationship was confirmed by the
present measurementsa., It can be seen from Fig.4.22(b) that ADjy (mg)
saturates with injecﬁed charge but is a linear ‘function of Avmg,
i.e. of the number of trapped haoles. A higher ratic of interface
states t¢ trapped heles was found in the present work than was
reported by Lai, however. Nit/Nh ia ¢close to 2 from the data of
Fig.4.22(b). This ratio is also greater than that found for negative
BTS; During avalanche injection a substantial hole current flows
through the oxide. Traps may well be filled further from the
interface than 13 the case far negative BTS where no current flow was
geen under steady-state conditicna. Holes trapped at, say, 50 A into
the oxide would cause substantially less shift in a 280 A oxide than
those trapped at the interface. This may be one of the reasons for
the higher Nit/Nh ratio found for hole injection compared with that
for negative BTS. Experiments on slightly thicker oxides would help
to decide this. question. Alternatively, more of the holes entering
the oxlde and filiing hole.traps may be de-trapped again under the
somewhat higher field conditions existing in thé case of avalanche
injection, The interface degradation would remain or even be
increased by de-trapping of the holes, although the measured AV

g
would be reduced, thereby increasing the apparent N;{/N,. That Lai
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measured a8 much smaller N;./Ny ratic for avalanche hole injection

than was found here suggests that there is substantial
sample-to-sample variation in this value. 1In neither ref. (U47) nor
this work was any evidence found for a 1:1‘ratio of interface states

and trapped holes though.

4B.3.3 Dy distribution after negative BTS/positive BTS.

Positive BTS after a negative BTS resuited in removal of the
positive oxide charge and generation of a peak in the interface state
distribution at between 0.15 eV and 0.25 eV above the middle of the
silicon band gap (Fig.ﬁ;23). The precise position varied somewhat
from batch to batch and to a lesser extent (:0.02 eV) with the
parameters chesen for the C-V analysis. The magnitude of the peak was
dependent on the severity of the .initial negative BTS if the
subsequent positive BTS was kept constant. Figure U4.24 shows,
qualitatively, the effect on the peak size of iIncreasing the stress
time during negative BTS. The peak ares was found to be linearly
proportional tc the amount of pcaitive charge removed by the positive
BTS (AVmg+). This is illustrated in Fig.4.25. The peak could not
be generated by & positive BTS alone; once generated, however, it
could be reversibly removed and regenerated by negative BTS and

positive BTS, respectively.

Using avalanche hole injection followed by photo-injection of
electrons, Lai has shown that such a peak is created in the interface
state density distribution by a8 two-stage process involving the
capture of electrons by trapped holes (47). This sequence of
measurements was also performed in the course of the present work and
these results were confirmed (Fig.4.26). It appears that a similar
two-stage process of interface state generation occurs during hole
trapping and neutralisation or detrapping in the negative BTS/positive
BTS sequence. However, if Fig.4.23 is examined carefully it can be
seen that 83 well as the peak being generated following positive BTS
there is a correspcnding reduction 1in Djy beyond 0.25 eV above
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midgap. It is possible, therefore, that the peak iIs due to a
Pedistfibution of astates In energy rather than to the actual
generation of new states. Maintalning the sample at 250°C under zero
blas for about U5 min. - (after negative BTS then positlve BTS)
resulted In flattening.out of the peak. Again, thls may be a further

redistribution effect rather than an actual anneal of states.

4B.3.4 Dy distribution generated by F-N tunneling or
irradiation.

Other processes which supply both electrons and holes to the
oxide, such as high field stress and irradiation, have also been
reported to generate the 0.2 eV peak (U48)., Confirmation that electron
injection by F-N tunneling'generates this.peak is given by the results
presented in Fig.4.27. The peak helght is apparently proportional to
the injected charge (Fig.lt.28).

Haller et al. (48) conducted a study comparing the rate of Dy
generation with .Avmg following negative BTS, F-N tunneling and
irradiation. They observed a peak at 0.1 eV below midgap following
negative BTS alone and at 0.15 eV abo#e midgap after irradlation or
high field stress. They reporf precisely the same linear relationship
between the heights of these peaks and Avmg for all three forms of
stress. Thelir data are summarised in Fig.4.29. The measurements In
this work did not support the existence of such a relationship.
Firstly, following negative BTS, no peak was observed at 0.1 eV beloﬁ
midgap but there was a fairly uniform increase across the.whole band
gap. More importantly, there were difficulties with the use by these
authoré of the so~called corrected midgap voltage shift, 'EV;é',
the electron injection experiments. Electron trapping in the oxide

for

partly obscures the pcsitive charge bulld-up which also accompanies
high fileld stressing. In ref. (U48) it was assumed that this could be
corrected for by taking tﬁe slope of the initial negative Avmg,

close to time zero, as belng due solely to positive oxide charge.

This assumption is not valid since there is no reason to suppose that
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electron trapping does not begin Iimmmediately and that the early
AVmg is not due to the net effect of both electron trapping and

positive charge generation with the latter predominating. Thias 1is
demonsatrated in Fig.4.30, where Avmg versus injected charge is

plotted for different values of the current density. It can be
readily seen that a different initial slope is obtained for each
current density. The measurement interval chosen may also affect the
equilivrium between poaitive and negative charge in the oxide. The

use of Avmg as a measure of the positive trapped oxide charge during
electron injection does not seem justifiable, therefore.

That the height of the peak In the Interface state density,
4Dy (peak), plotted versus E_Eé 13 a straight 1line 1s not
surprising since it has already been shown that AD;,(peak) 1s
proportional to the injected charge, Qinj (Fig.4.25) and Haller et
al. themselvea confirm this relationshlp. If Avmg 1s deliberately
made proportlional to Qinj then ADit(peak) must also vary linearly
with Avmg' Although there are undoubtedly qualitative wsimilarities
in the degradation occurring during irradiation, BTS and F-N
tunneling, the evidence for the existence of the same quantitative
relationship between AVmg and interface state generation for these
three technlques (as expressed in Fig.4.26) does not seem to be very

firmly based.

4B, 3.5 Dit distributiona measured by charge pumping.

Since calculation of the interface 3tate distribution from C-V
curves requires measurement of the surface potential, 1t can be
affected by any 1lateral non-uniformities of the charge at the
interface. It 13 possible that these might cause artifacts in the
Dit distribution such as the peak observed above midgap. To check
that this peak was genuinely due to interface stétes and not to
non-uniformities, transistors and capacitors from the same wafer were
similarly satressed. Charge pumping measurements were then coﬁducted

on the transisators and C-V measurements conducted on the capacitors.
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The corresponding interface state densities were then calculated and

compared.

Polysilicon gate devices were used in this case and so as to
increase the rate of degradation a short high field stress was first
applied (9.1 Mch_? for 120 s). This was then followed by negative
BTS (- 2MVem ! at 250°C for 1/2 h) and positive BTS (+2 Mvem ! at
250°C for 15 min.). It would be expected that, if anything, the high
fleld stress would increase the charge non-uniformity at the

interface.

The D;, distributions resulting from charge pumping and from
C-V measurements are shown in Fig.4.31. It can be seen that the peak
at 0.2 eV above midgap is present in bbﬁh distributions. The charge
pumping measurement however, resulted in a much sharper and narrower
peak than the C-V measurement. A possible reason for this is that the
charge pumping measurenent ié inherently more accurate in the regions
near to the band edges where the peak occurs, whereas the C-V
technique has greatest accuracy near to the centre of the band gap.
Cn the other hand, comparison of Dit distributions from charge ‘
pumping and from C~V measurements with no structure in the
distribution showed a good correlation between the two sets of data.
Figure U4.32 shows such distributions for a capacitor and a transistof
from the same wafer (CP1) (a) before stress and (b) after negative BTS
at 2 MV/cm and 250°C-for 1 h. This difference in shape between the
interface state density peak.caiculated from C-V measurements and from

charge pumping measurements needs further investigation.
4B.3.6 Nature of interface states generated by hole trapping.

Since the number of interface states generated during hole
trapping 1is proportional to the number of holes trapped, it seems
likely that these states are physically similar. If{ may be that the
same defect generates either a hole trap or an interface state

depending on its distance from the interface. From the previous
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discussion on the nature of hole traps (4B.2.7), the amphoteric
trivalent silicon and non-bonding oxygen site is the most 1likely
candidate for this defect. It is already established (45) that =Si.
i3 responsible for the U—éhaped distribution of interface states
present 1In as—-grown oxides, Interface state generatlon across the
whole band gap during negativé BTS and avalanche hole injection 1s
compatible, therefore, with an increase in =Si- being responaible for
these states. =3i* and =Si+ are probabliy present, although holes
trapped near to the interface were shown to be easily de-trapped even
at zero applied voltage, suggesting a tendency for the neutral state
to predominate.

Positive BTS after negative BTS neutralises or detraps holes
trapped in the oxide and creates a peak in the interface state density
at 0.2 eV above midgap. The reversibllity of the generation and
remo#al of this peak on positive and negative BTS respectively,
suggests that it is caused by a redistribution in energy of existing
traps rather than the generation of new states. The cause of this
redistribution may be either a re-crientation of bonds in space or a
change in the charge state of the defect.
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Wafer B, (eV) Doping level
MN2 (n-type) 0.143 1015
MNG " 0.37 1017
MP6 (p-type) 0.43 "
8T2 {n—-type) 0.24 "

Table 4.1 Activation energles for the generation of Q¢ (+) during
negative BTS for n— and p—type wafers.

Al thickness AVpg (BTS) AV g (AL)
(nm) (3MV/em: Th: 250°C) (2.5 x 1012 holes/cm)

15 -0.2 V -2.57 V

60 -0.3 ¥ -4.,54 v

1000 -1.1 V -8.04 V

Table 3,2 Avmg following negative BTS and hole injection on
capaclitors of varying metal gate electrode thickness.
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Sample

15 nm Al
(sT1)

1w Al
(8T2)

1 u Al (ST2)
after BTS at
-3 MV/cm

250°C 0.5 h

3E-14

3E-14

N1,
(/cm?)

SE12

3E12

02,
(cm?)

5E-15

4E-15

6E-15

No,
(/eme)

1E12

3E12

3E12

03,
{cm?)

6E-16

(/eme)

8E11

Table 4.3 Capture cross sections (6) and effeciive hole trép

densities (Ny for wafers ST1 and ST2 before siressing

and for STZ after negative BTS.
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S1 (1000 nm)} 83 (250 nm) S¥ (125 nm} S5 (S0 nm)} S6 (15 nm)

o ————— . — . . k. . | 7 o " S Tl S T S S . S ] ] T T P T . o 1 o " 2ol o R . . A P M S . e S e o T Al e el e e s

Neer! 2.3 1.5 1.5 1.3 1.0
(x 1012)

o4 1.5 3.3 3.0 2.3 2.3
(x 10714

Neff2 1.5 1.0 0.9 0.9 0.8
(x 1012)

o, 5.2 0.1 0.1 0.6 0.6
(x 10714

Nere3 1.0 1.4 1.2 0.8 1.0
(x 1012)

o3 3.8 8.4 6.2 0.8 0.6
(x 10713) '

TOTAL Nepp: 4.7 3.9 3.6 2.9 2.8
(x 1012)

Table 4,4 Capture cross sections and effective densities of hole
traps in wafers with different thicknesses of the
aluminium gate electrode (S81,S3,584,85,S6).
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Wafer Electrode AVmg after

material 1015 holes injected

Rb Poly 450 nm + -13.0 V
850 nm flash

RS Poly 450 nm + -11.0 V¥
425 nm flash Al '

R6 Poly 450 nm + -16.0 V
700 nm flash Al

RT Poly 450 nm -10.0 V

R10 Flash Al 850 rnm 5.3V

R12 Flash Al 425 nm 4.0V

R13 Flash Al 100 nm ~-8.0 V

51 Sputt. 1 u Al -12.Q V

S6 Sputt. 15 nm Al -5.5 V

Table 4.5 aVy, after injection of 10'> holes into samples
with different gate electrodes. Run R has 58 nm oxide
and run S has 51 nm oxlide. Shifts have been normalised to

58 nm of Oxide,-assuming all charge to be at the interface.
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Figure 4.4 High frequency {(1MHz) C-V curves for wafer ST2, cap F
(A) before stress (B) following negative BTS and (C)
following negative plus positive BTS.
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Wafer All: 40 nm .

Gate Voltage (V)

Figure 4.6 Photo I-V curves taken before and after photoinjection of
6.25 x 1012 holes cm™2 on wafer All, cap F.
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Pigure 4.7 - Aymg versus ln t during negative BTS at 250°¢ and 2MV/cm

on wafer MN6, cap.F.
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Figure 4.8 Log(- Avmg) versus log t for wafer U3, cap.B during negative
BTS at 2MV/cm and various temperatures.
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Figure 4.9 -Avmg versus log t for wafer U3, cap.B during negative
BTS at 2MV/cm and various temperatures.
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CHAPTER V:
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

Two major aspects of the electrical behaviour of the MOS
capacitor system have been studied. Firstly, dielectric breakdown and
the charge bulld-up and defect creation which immediately precede it
were investigated. Secondly, the instability which is often seen
during operation of devices under negative blas was examined by means
of blas-temperature stress. The latter degradation occurs well before
the breakdown condition is reached.

From a combination of photo I-¥, avalanche electron injection and
high fleld stress measurements it was demonstrated that both positive
and negative charge are generated during high field stressing. The
locations of this charge and of the electron traps created during the
stress were establisheq. The following picture resulted for the

distribution of defects and charges in the oxide immediately prior to
breakdown.

1) Positlve charge resides in slow-states created at the Si-5102

interface (within 10 A of the silicon) after stress at either
polarity.

2) Electron traps are created at the anode but under negative

stress only a few of the energetically deep traps close to the
interface (<30 A) are filled.

3) During positive high field stress, electron traps near to the
51—3102 interface are filled. In this case electrons must tunnel to
the oxide conduction band to ieave the oxide so the trap depth 1s the
most important factor. Under negative stress they must only tunnel to

the silicon so that the distance from the 1interface determines trap
population,
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4) No bulk charge was seen folloﬁing high field stress under any
injection conditiona. All charge bulld-up and defect creation was
within about 50A of the interfaces.

5) With aluminium gste electrodes, positive charge 1is generated
at the gate under positive high field streas,

The above observations polnt to the importance of the {nterfaces
in understanding defect creation in the insulator. In particular,
damage seem3 to be generated at the anode where the injected electrons
attain their highest energy. Poaitively charged slow states were

always observed st the Si-8i0, interface, however, regardless of
whether this was the anode or the cathode.

de. the total charge which can be Llnjected prior to breakdown
was also investigated and was shown to be dependent on the current
injection conditiona. 1in particular, 1t varies 1linearly with the
inverse of the appliéd field. Since during constant current injection
on MOS capacitors, the current i1s related to the applied field by the
F-N tunneling equation, de varies exponentislly with the current
density. Qpq st positive polarity is 1increased by interspersing
periods‘at lower positive or negative voltages, even when the negative
stress results in current injéction. The more negative (or less
pogitive) the interrupting stréss and the more frequent the
interruption, the gresater the increase in Q,;. This suggests that
relaxation of the voltage 1s an {important factor 1in delaying
breakdown. The gate electrode material and the measurement
temperatuﬁe have also been shown to affect de. Polyailicon gate
capacitors show a much larger Qpq than similariy ﬁroceSSed aluminium

gate devices, while Increased temperature dramatically decreases

Qg -

From the above, both current and field are obviously important in
determining the point of breakdown. As the energy of the injected

electrons fncresses (incressing field), Q,y decreases but for

- 192 -



CONCLUSIONS

]

uninterrupted stress’ at a given applied field, de is constant.
This implies that a certain amount of damage must be done to achiévé
the breakdown condition. Since evidence was found for defect creation
at the anode, the two mdst likely breakdown models appearing in the
literature would seem to be the gas discharge model of Budenstein and
Wolters (31,32,33) and the anode hole injection model (144,16%). The
first of these depends on the trapping of electrons'to brecipitate
breakdown and the latter on hole trapping. Further experiments are
still required, therefore, to decide between these two main classes of
breakdown model. Some indication of whether either electron trap
generation or lpositive charge build-up is responsible for breakdown
could perhaps be obtained from measurement of the rate of generation
of these defects and of thelr density immediately prior to breakdown,
for a number of different samples. If the density of either the
positive charge or the electron-traps does not saturate with time or
if it always reaches a certain level before breakdown, this species
would be a likely cause of breakdcwn.

Another experiment which remains to be conducted is the
measurement of Q.4 at negative gate polarity for the same duty
cycles as has been done for positive polarity. Similar results are
expected, although a different injecting eiectrode may well cause a
difference in the absolute magnitude of Qug - It would also be
interesting to further investigate the témperature dependence of

de. measuring enough samples at each temperature to carry out
statistical analysls of the data.

The Welbull distribution was found to provide a useful
statisticai model to describe the observed breakdown distributions in
both wearocut and dielectric strength tests. Since the same values of
the parameters a and b in the probability function were found for both
measurements, the implication is that the mechanism of breakdown 1s
the same in both cases., As a is less than one, the probability of
breakdown occurring decréases with time. Electrical stressing

therefore increases the reliability of the devices which survive the
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teat. This may be because under constant voltage condltions the
injeétion current falls with time, as has been suggested (123).
Measurement of the fallure distribution and evaluation of a ahd 5
under constant current condltions could show whether this is the case.
This might also prove intereating from another point of view. Thé
Welbull distribution, as a statlistical description of the bréakdown
ﬁrocess, waa arrived at theoretically by Hill and Dissado (152-155)
from a physical model which does not take lnto account any cﬁangé in
the appljed fleld due to charge trapping In the oxide. Constant
current stress should in fact provide a closer appréxlmation to
constant fleld conditlions than constant voltage stress. It would be
interesting, therefore, to sge whether the same valueé of a and b are
found for constant current wearout as for dlelectric strength
measurements.

The second major topic studied here was the negative blas
instability; It was found from avalanche hole Injection experiments
on samples ﬁaving undergone negative BTS and on unatressed samples,
that the positive charge generated during negative BTS 1s due to the
£111ing of intrinsic hole trapa. These are located within 50 nm of
the S1-510, interface. Sincé no new hole traps are created durlng
BTS the number of intrinsic hole traps in an as;processed oxide
appears to be an extremely important parameter. It 1a a strong
indicator of the degradatlon likely to occur during 6peratlon of the
device Into which the oxide 1s Iincorporated. The fact that hole
trapping and de;trapping have both been shown %o ﬁlay a key role in
interface state generatlion increases the importance of these intrinsic
hole traps still further.

Although the positive charge 1s now known to result from hole
trapping, two questions remaln to be answered. Neither the mechanism
of hole trap filling during negative BTS nor tﬁe physical nature of a
hole trap have been clearly established., The fact that no current
flow was obeserved during negative BTS suggests that some sort of

trap hopping or thermally activated tunneling process is occurring by
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which holes may enter the insulator. Almost certainly the process 1is
different from that for positivé charge generation during current
injection under avalanche or F-N tunneling conditions, 4 modified
fiocating gate technique could perhaps be used to- measure more
accurately the current during BTS in order to establish whether this
is actually zero or merely very low. Thia method allows currents down

to about 10717 A to be measured (203).

The kinetica of the negative biaa inatability were inveétigated
using the midgap voltage as an 1ndicator of the change in oxide
charge, since it was found empirically that thils represented a neutral
point for interface state charget Avmg « 1n t was found always to
glve a reasonably good fit to the data. A clear dependence of Avmg
on E, !5 was observed. Unfortunately, It 1s difficult to deduce
any particular model for hole trapping from these kinetic data. The
value of the activation energy measured (around 0.3 eV) was berhapa
the most useful result from this point of view. It is close to the
value expected for the breaking of a hydrogen bond and compatible with
the trapping of holes at 03281- -81503 or 03531. f0-81503 altes
caordinated by water as proposed in ref. {(143).

The role of interfacial stress and of water in generating hole
traps remains to be clarified. The dependence of the trap density on
the thickness of flash-evaporaﬁed aluminium gates suggests that stress
does play a role. Correlation of results from electrical measurements
and from mechanical stress measurements are required to confirm this,
however, The latter may be performed on both a macroscopic scale;
using obtlcal techniques, and on a microscopic scale, by means of
Raman epectroscopy. Other effects of the electrode material also
remain to be furtheﬁ investigated. For example, polysilicon gate
devices are known from avalanche hble injection measurements to have a
large number of hole traps. However, these are not readily filled
under BTS conditions. Moﬁe detalled investigation of the denalty and
location of hole trapé as a function of the electrode material and its

method of deposition are needed to establish the reason for this,
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Water certainly enhances the negative bias inatability when it is
allowéd to diffuse into the oxide after growth (60,61). Wafers with
different water content and with the water incorporated during and
after growth could bhe used to obtain a more precise picture of the
relationship between water-related speclies and hole traps. Infra-red
spectroscopy provides a potential method of measuring tﬁe denalty of
Si-H and SI-OH bonds in the differently processed wafers.

During BTS, interface state generation has been shown to be
proporticnal to 4Vp,, {.e. to the number of trapped holes. No
evidence was found for the previously reported one-to-one ratio of
these defects, however (49), The ratio of Interface states generated
to holes trapped was rather high for the samples measured in this work
when compared with similar results in the llterature. The sensitivity
of samples to interface atate generation a resuit of hole trapping
would appear to depend on the processing, therefore. The linear
relationship of interface atate generation to hole trapping suggests
that both of these may hbe due to the same defect. This could glive
rise to an interface atate when located at the interface or to a hole
trap when altuated further into the oxide. The amphoteric site =8i.
-0-Si= seems a likely candidate for this defect since =Si. 1s known
to be responsible for the U-shaped distribution found in as-processed
oxides and since Interface atate generation accompanying hole trapping

also occurs across the whole hand gap.

Positive BTS after negative BTS led to the appearance of a peak
in the interface state distribution at about 0.2 eV above midgap.
This could be due to either a redistribution of existing states t6
this specific energy level or to the generation of new states. A
redistribution in energy seems the most 1likeliy explanation for Athe
reversible removal and regeneratlon of the peak by negative BTS and
poaitive BTS, reaspectively and also for the removal of states from
other parts of the band gap when the peak Is created.
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Using the charge pumping technique It has been eatablished that
the peak at 0.2 eV above midgap ia due to interface atates and not to
lateral non-uniformities in the surface potential. A peak at this
energy has been seen following avalanche hole injéction and subsequent
photo 1-V, high field stress and irradiation. All these techniques
supply both eleg¢trons and holes to the oxide; It seema quite general,
therefore, that hole trapping followed by either neutralisation or
de-trapping of the holes generates this peak. Although the interface
degradation ia qualitatively simiiar for these different - techniques,
it is difficult to compare the effect of hole trapping on the
interface quantitatively. Other processes such as electron injection
and trapping may also cause oxide degradation to a varying degree 1in
the different measurements.

It would be interesting to e¢arry out further charge pumping
measurementa on asamples likely to show a peak in the interface state
density. The charge pumping technique was found to give better
resolution of the peak than C-V methods and thus to provide a
potentially more accurate means of examining the conditions which
generate it. For example, although it seems that the peak‘usually
accompanies de—trapping or neutralisaticn of trapped holes, the peak
was not seen frollowing channel hot hole injection and subsequent
channel hot electron injectlion (204). This 1led these authora to
suggest that excitons are responsible.for ita generation i.e} trapped
holes must firat be de~trapped and it is the process of recombination
with incoming electrons and the aceompanying release of energy which
results in interface state generation. More experiments are needed to
eatablish whether thia is the case or if it is merely that the holes
and electrons are not in the same physical location 1in the case of

inhomogenecus injection from the channel of a MOSFET.

Breakdown and charge trapping in the MOS system have been studied
here from an electrical point of view. Knowledge of these electrical
properties 1is, of course, of primary importance for device

fabrication. However, perhaps the most important direction for future
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work in this field is a more thorough physical characterisation of the
oxide interface region to correlate structure and electrical
properties. This 1s certainly essential to the formulation of
accurate mddels both for the breakdown mechanism and for hole trapping

and the accompanying interface state generation.
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ABSTRACT

8i0, layers with low defect demsities hava been
grown in a double-wallad oxidation tuba, for use eas
thin gate dielectrics in MOS8 IC's. Under all high-
field stress conditions poesitively charged slow
states are created at tha $1-8i02 interface. These
can be neutralized by applying positive flelds at
the gate of an MOS device. HNegative charge can also
be genarated, especially during z positlive field
stress. The total amount of generated charge 1s
much less for polysilicon gate capacitors tham for
Al-gate capacitors. The time-to-breakdown in a
wearout experiment could be extended by periodic
application of a positive gate volitage, This also
caused neutrelization of the slow states. However,
it nad no influence on the high-field breakdown
distribution in a fast voltage ramp experiment.
It is suggested that interfaca rather than bulk
phenomena dominate trap generatiosw and charge
build-up during the high-field stresses which
induce oxide bresakdown.

1. INTRODUCTION 1t has been suggested that breakdown of Si0; layers
on Si is preceded by injection and trepping of charge
in integrated circuit technology improvements in and by generation of trapping sites. For instance,

speed, density, and yield can be obtained by reducing

the dimensions of MOSFET's. The principle of scaling
{1] offers the possibility of designing small-geometry
transistors based on a knowledge of larger ones. In
practice, for various reasons, voltages cannot be
scaled down by the same factor as device dimensions,
This leads to a2 number of effects on device character-
istics related to high fields. As far as gate oxides
are concerned, this means that they must withstand
higher fields and that they are more susceptibla to
trapping of carriers from the substrate.

S5iQs layers of 20 to 50 nm thickness were fabricated
on Si for use as gate oxides in 0.5 to 3 wm chennel-
length MOS transistors. These oxides should have low
charge densities, low trap densities (traps being any
kind of electrically active microscopic defect), and
low flaw (macroscopic defect) densities in order to have
a high dielectric strength 2nd a long time-to-breakdown
under electrical stress.

generation of electron traps both in the bulk [2,3] and
near the 5i-8i0; interface [4] during high-field stress-
ing has been inferred from C-¥ and ramp J-V measure-
ments, These data led us to initiate the second part
of the present study.

For the first time, accurate charge injection and
sensing technigues have been applied before and after
stress at low and high fieids, to thin thermally grown
oxides on n- and p-type silicon.

2. EXPERIMENTAL

<100> n- and p-type silicon wafers of doping levels
101% and 1017 ¢m™3 were oxidized in dry 0p at 500°C,
which is an optimum temperature for the growth of
oxides in the required thickness range. The oxidations
were carried out in 2 double-walled furnace tube in
erder to meet the requirements of low charge, trap, and
defect densities. After oxidation the wafers were

O01B-93467/B4/0600~0245%01.00 & 1984 IEEE
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annealed for 10 minutes in Nz at the oxidation tempera-
ture. Opn some of the wafers a 450 nm thick polycry-
stalline silicon layer was deposited in an LPCVD system.
The polysilicon was then phosphorus doped from a liquid
source and annealed at 975°C in N3, to give a reais-
tance of 20 1 per square sheet.

MOS capacitors were formed by magnetron sputter depo-
sition of 15 nm or 1 um Al (depending on whether or not
photo I-V measurements were to be applied) and then
etching to give circular gates of various dimensions.
The final anneal was 20 min at 435°C in forming gas
(10% Hz in Mp).

3. INFLUENCE OF PROCESSING ON
DIELECTRIC STRENGTH

In the dielectric strength measurements the capaci-
tors were subjected to a fast voltage ramp (ramp rate
100 V/s), while monitoring the current flowing into the
oxide. When a preset current level (0.5 mA) was ex-
ceeded, the voltage was measured by a digital velt-
meter connected to an automated data-acquisition
system. When plotting the relative number of break-
downs as a function of the electric field, three groups
were generally distinguished in the resulting histo-
gram [S): low-field breakdowns caused by gross defects
which short the oxide layer, medium-field breakdowns
caused by small defects, and high-field breakdowns
tentatively ascribed to an intrinsic property.

The most important advantage of using a double-walled
furnace tube instead of a conventional single-walled one
is that fewer medium-field breakdowns occur (Fig. 1)
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Fig. 1: Breakdowm hiatograms of oxides grown in a

single- and a double-walled oxidation tube.

The reason is, most probably, that metal ions
(including alkali ions) which diffuse from the heating
elements and the furnace ambient through the outer
wall, are carried away by the gas flow in the outer
tube and thus prevented from reaching the oxidatien
ambient.

In this cxperiment 0z was used in the outcr tube.
¥hen a small percentage of some chlorine containing
compound was added te the gas flow in the outer tube
we saw a narrower distribution of high-field break-
downs and a slight decrease of the number of low-field
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breakdowns (Fig. 2). These effects have been reported
to occur for oxidations cartied out in a chlorinated
atmosphere at higher tempcratures [7]. It is improba-
ble that chlorine ioms can diffuse through the inner
furnace wall and we, therefore, suggest that chlorine
in the outer tube prevents some species from diffusing
into the oxidation ambient. This species is thought
to be Tesponsible for at least part of the high-field
breakdowns in the experiment without chlorine, which
implies that high-field breakdowns are not caused
solely by an intrinsic process.

The use of a higher flow rate in the oxidatlon tube
increased the maximum breakdown field. This is shown
in Fig. 3, where the cumulative percentage of break-
downs is plotted as a function of field for a capacitor
with a very small area {for which the chance of finding
a low-field breakdown is correspondingly small). It is
believed that the higher gas flow may carry off unwanted
particulates more effectively, preventing the formation
of tiny defects in the oxide which trigger the final
breakdown.

The vse of phosphoTus-doped polysilicon electrodes
led to a higher maximum breakdown field (Fig. 4).
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Fig. 2: Breakdown histograms of oxides grown in a
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4. CHARGE TRAPFING IN ALUMINUM AND
POLY-SILICON CAPACITORS

A first impression of the charge build-up during
stressing with a rapidly increasing field is obtained
from ramp I-V measurements. In this technique the
current response to a voltage ramp of the order of 1
V/s is measured with a logarithmic current-to-voltage
convertor. The current is determined by Fowler-
Nordheim injection of electrons from the negatively
biased e¢lectrode, which in turn is influenced by the
sign, amount, and location of trapped charge [3]. Re-
sults from more accurate and scnsitive charge measure-
ments are reported in the next sectiom.

Charge trapping during high-field stressing was
studied using the ramp I-¥ method. We used capacitors
with very small electrode areas and oxides grown in
the double-walled tube in order to obtain almost ex-
clusively high-field breakdowns. Typical I-V curves
on capacitors with aluminum and polysilicen electrodes
arc shown in Fig. 5. Curve 1 represents the well known
Fewler-Nordheim injection of electrons. When the vol-
tage Tamp was stopped before breakdown and the measure-
ment repeated immediately, curve 2 was obtained. The
threshold voltage for electron injection is reduced by
positive charge ncar the $i-5i0 interface and at
higher current levels a shift to higher gate voltages
is seen, caused by trapped electroms.

When the veltage ramp was stopped as in the previous
experiment and the measurement repeated after a stress
at positive voltage (S MV/cm for S minutes) curve 3
was recorded: most of the positive charge has dis-
appeared and only negative trapped charge remains. The
amount of trapped charge is dependent on the exact
stress conditions but is always much less for capaci-
tors with polysilicon electrodes. This is in agreement
with earlier conclusions from avalanche injection ex-
periments [8].

It should be noted that quantitative information
about the charge trapped in the oxide during stress
cannot be obtained from ramp [-V measurements, because
the high field and the injected current tend to dis-
turb the charge distribution already present in the
oxide. In the next section phote I-¥ measurements
will be used to obtain more reliable information on
oxide charge distributions.

Charge Buildup and Breakdown in Thin 5i02 Gate Dielectrics

5. PHOTO I-V MEASUREMENTS

To gain more insight inte the type and location of
the charge build-up during constant stress experiments,
internal photoemission measurements as a functien of
voltage (photo I-¥) [9] were carried out for the MOS
capacitors with a transparent aluminum gate. A 150 W
Xenon arc lamp and a 25 cm monochremater were used and
the photocurrents were measured using a high-speed
electrometer and an automatic data acquisition system,

Figure 6 shows photo I-V curves from a 39 nm oxide on
p-type silicon before and after a constant current
stress at negative gate voltage. The flat-band voltage
shift 4Vgp, after this styress was-12V, but no shift can
be seen in the photo I-V curves, indicating that the
positive charge is located at (within 1 nm of) the
51-5i0, interface. This positive charge can be attri-
buted to (slew) states located at the 5i-510, inter-
face, which are created in a positive charge state but
can be neutralized easily by applying a moderate posi-
tive voltage stress. Similar states were reported to
be generated in electron avalanche injection experi-
ments [10]. Such a positive veltage also occurs during
the positive part of a -V recording [6] or during the
retrace in a ramp 7-V measurement, when a triangular
ramp i5 used. Slow states were detected upon the
application of both positive and negative stresses to
oxides on p-type as well as n-type silicon. The dis-
persion at high positive voltage for the curves in
Fig. 6 before and after stress, indicates the presence
of some negative charge close to (within 3 nw of)
the 5i-5310; interface. Phote I-V measurements after
avalanche injection [11] of electrons from the sub-
strate at an oxide field of about 4 MV/cm showed that
extra electron traps {compared to an unstressed
sample) are created clese to the 5i-5i0; interface.
Similar tesults were found after negative voltage
stresses for oxides on n-type silicon.
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Fig. 5: Ramp I-V curves for (a) oxide on n-type 57
with Al electrede and (b} oxide on n-type St with
poly-5i electrode. FEzplanation in text.

Photo I-V¥ curves before and after positive current
stresses on p-type samples (dpp=39 nm) are shown in
Fig. 7. The curve recorded after application of the
stress shows negative charge near the $i-5i0; inter-
face and positive charge near the Al-5i0; interface,
possibly due to positively charged Al-related centers.

From an appreciable negative A¥gp after this stress
it was concluded that again slow states are generated
at the Si-5102 interface. The photo I-¥ curve after
avalanche injection of electrons shows that no elec-
tron traps are created closc to the S$i-S5i0 interface.
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Similar results were obtained on n-type samples using
a positive current stress.
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6. STRESS EXPERIMENTS

The filat-band voltage shift as a functien of total
injected charge is depicted in Fig. 8 for a 35 nm oxide
on n-type silicon (Al gate) during different constant
current strasses at positive gate voltages (called
positive current stresses). The neutralization of the
positively charged oxide states by the applied posi-
tive voltage {36 to 40 V} is reflected in the increas-
ing value of nV}b and is more efficient at lower in-
jection current densities.

For p-type samples we found an increasing negative
AVfb for stresses of both polarities [6]. The fact
that positively charged states are not neutralized
efficiently for p-type samples in inversion (positive
gate bias) is Telated to the low generation rate of
minority carriers.

From Fig. 8 it follows that the time-to-breazkdown
tgp in a wear-out experiment (prolenged application of
constant current Or voltage stress) is not a unique
function of the amount of injected charge, as was sug-
gested previcusly [12]. We have found that tgp can be
increased considerably by interspersing periods of
positive bias with the constant current injection.
During these periods of positive bias the slow states
are also largely neutralized.

Insulation VYol. E1-1? No.3, June 1984

Fast voltage ramp dielectric strength measurements
are not affected by the presence and charge state of
these states. We found similar breakdown voltages for
unstressed samples and for stressed samples, regard-
less of whether the slow states have been previously
charged positively or neutralized.
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Fig. 8: Flat-band voltage ehift as a function of
injected chargs for poaitiva current stress.

7. DISCUSSION AND CONCLUSICNS

8i0; layers on S5i with extremely low defect densities
have been grown in a double-walled oxidation tube,
The use of a chlorinated gas in the outer tube, tha
increase of 0z flow in the inner tube, and the use of
pelysilicon electrodes all improve the maximm break-
down fields.

The charge distributions found in the oxides after
high-field stressing are depicted schematically in
Fig. 9. To a first approximation the distribution ob-
tained is only a function of the applied voltage po-
larity. An important observation is that no bulk
charge exists after high-field stressing, The reason
is that the large electric field in the oxide bulk de-
traps all charge immediately (13]. Electrons can
eventually become trapped near the oxide interfaces,
especially near tha S5i-5i0> interface in positively
stressed samples (where they constitute negative inter-
face charge). In general less charge is trapped im
polysilicon capacitors than in Al-gate capacitors.

Slow states are created at the Si-5i0; interface
under all stress conditions. They can be neutralized
by applying positive fields. The presence and charge
state of the slow states has no influence on the final
breakdown voltage in a dielectrig strength measure-
ment.  However, the intermittent application of a
positlve voltage during a wearout experiment caused
the peutralization of the slow states and increased
the time-to-breakdown,

Under negative high-field stress defects are created
near the 5i-5i0; interface, which could indicate the
onset of the final breakdown process. We expected
the existence of similar defects near the electrede-
Si0; interface in positively stressed samples, but in
Al-53i0,-5i capacitors such defects could not be de-
tected because of the dominant electron trapping by
positive charge created under the Al-gate. Experiments
with polysilicon gate structures are on the way.
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Avalanche hole injection measurements on unstressed metal-oxide-semiconductor capacitors
and those having undergone bias-temperature stress (BTS) are compared. The results show that
the negative midgap voltage shift {4 F,,; ) occurring during negative BTS is due to filling of
intrinsic hole traps. Conversely, positive BTS removes any previously trapped holes from the
oxide. No evidence was found for hole trap generation at either stress polarity. Interface state
generation across the band gap accompanies hole trapping during negative BTS and a
characteristic peak is generated in the interface trap distribution at ~ 0.2 eV above midgap on
neutralization or detrapping of these holes during positive BTS.

A shift in threshold voltage can seriously affect the reli-
ability of a metal-oxide-semiconductor field-effect transistor
{MOSFET). In SiO, layers free of mobile ions, one commeon
form such a shift may take is the negative bias instability.
This is a negative shift of the threshold voltage, ¥y, fallow-
ing prolonged operation under negative gate bias. Under real
operating conditions this is a long-term instability. The ag-
ing process can be accelerated however, by applying the bias
at an elevated temperature, the so-called bias-temperature
stress (or BTS) measurement. The phenomenon is also more
severe in aluminum than polycrystalline silicon gate devices.
For this reason the measurements presented here will be on
aluminum gate capacitors.

Over the past 20 years the negative bias instability has
been extensively studied, both from the point of view of ki-
netics'~!' and of processing dependence.'>**!® Various
models have been proposed for the positive charge genera-
tion; these include hole trapping® or electron emission from
traps in the oxide,>® the breaking of weak bonds near the Si-
SiQ, interface,' and the formation and migration of oxygen
vacancies.' In this work an attempt was made to shed more
light on the means of positive charge generation by elucidat-
ing the role of hole traps. Interface state generation accom-
panyiug BTS and its relationship to hole trapping was also
examined.

Capacitors were fabricated on n-type {100) silicon wa-
fers of {1-2} X 107 cm ™2 doping. This heavy doping is nec-
essary to allow laterally homogeneous avalanche injection.'?
Oxidation was carried out in a double-walled furnace at
900 °Cin dry O,."* SiO, layers of 25-55 nm were grown and
the wafers then received a nitrogen anneal, also at 900 °C for
1S min. An aluminum layer, usually 1 xm thick, was deposit-
ed by dc magnetron sputtering and electrodes were defined
by standard wet lithography. Finally the samples received a
post-metallization anneal in forming gas at 435°C for 20
min.

BTS measurements were conducted at
100°C < T < 305°C and fields of 1-4 MV cm ™' for times
of up to 20 h. Samples were heated and cooled under bias and
all C-¥ curves were measured at room temperature. A posi-
tive BTS of 2 MV em ™! at 250°C for 15 min {2 MV ecm ™1/
250°C/15 min) showed that the mobile ion concentration
was below 10'® em—2.
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Avalanche injection of holes from the silicon into the
SiO, using a sawtooth waveform'’ was performed on un-
stressed capacitors and on devices having already undergone
BTS. The injection current, measured with an electrometer
{Keithley 616), was kept constant and the midgap voltage
shift AV, was measured at intervals using a capacitance
meter (Boonton 72BD) to see if any hole traps had been filled
or generated during the BTS.

The interface state density distribution over the band
gap was calculated from the difference between the quasi-
static and high-frequency-capacitance-voltage (C-F) curves
in depletion and from the quasi-static and ideal low-frequen-
cy curves over the rest of the band gap.

Throughout the present work, 4V, has been taken asa
measure of thechange in positive oxide charge alone, with no
contribution from interface states, Ifabove midgap the inter-
face states are all acceptors and below midgap they are all
donors (or indeed vice versa providing there are equal
numbers of acceptor and donor states) the midgap voltage is
a neutral point in the interface state distribution and any
shiftin this voltage, 4 ¥, , is representative only of a change
in the amount of oxide charge. This has been assumed to be
the case by several authars for interface states generated by
different types of stress: avalanche hole injection, ' negative
BTS,™!" high-field stress,’! and irradiation.!™!” As will be
shown here this assumption appears to be valid for BTS in- .
duced interface states.

Figure 1 shows the shift of the high-frequency C-F curve
following application of a negative BTS of — 4 MV cm™!/
250 °C/1h toa 28 nm oxide, curve (b). On reversing the stress
(+ 4 MV cm™1/250°C/1h) the C-F curve moves back to
more positive voltages, corve (c). It will be shown later from
avalanche hole injection measurements that all the positive
charge generated by negative BTS is removed by the subse-
quent positive BTS. There is considerable interface state gen-
eration followiug the positive BTS, however, causiug distor-
tion of the C-¥ curve. Nevertheless, curve [c}in Fig. 1 crosses
the initial C-¥ curve [curve {a]] at ¥, . Hence the net charge
in the interface states is zero at midgap and A V,,, can be
used as a measure of the change in oxide charge alone.

An indication that the negative bias instability might be
due to hole trapping came from an observed correlation
between the magnitude of 4 ¥, seen ou a sample subjected
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tonegative BTS and AV, seen during avalanche hole injec-
tion.

To examine this idea further, avalanche hole injection
was carried out on a sample having undergone negative BTS
and the evolution of 4V, . compared with that during hole
injection on a virgin sample. If 4V, during negative BTS
were entirely due to hole trapping, a subsequent hole injec-
tion measurement would show the same saturation value of
the gbselute midgap voltage ¥, , as is observed on a virgin
sample. On the other hand 4 ¥,;, the midgap voltage shift,
occurring during hole injection would differ in the two cases
by the magnitude of AV already found during negative
BTS. This is, in fact, what was observed and the results are
illustrated in Fig. 2. Figure 2{a)shows 4 ¥, during the hole
injection for a virgin sample {(—) and for one having under-
gone a stress of — 3 MV cm™1/250°C/5.5 h (----). The dif-
ference in the saturafion value of the two curves tends
towards the value of AV, already present at the moment
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o after neg BTS
€ _§ 4
Z ________________________________
-8
<z, Fa
0 { ‘ 3
221 i
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---- after neg. BTS
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FIG. 2. Evolution of (a) AV, and {b) ¥, during avalanche injection of
holes into a 28 am oxide at a current density of 9.3 10~% A em ™2, (solid
lines} unstressed sample; (dashed lines) after BTS of —3 MVem™'/
250°C/5.5h.

injected hales {cm™%
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hole injection commenced; in this case approximately — 2
V. Figure 2(b) shows the absalute value of the midgap voltage
in the two cases. Here both curves tend towards the same
saturation value.

As can be seen from Fig. 1, positive BTS after negative
BTS returns ¥, to very close to its initial value. Subsequent
avalanche hole injection resulted in a AV, versus injected
charge curve very similar to that obtained on a virgin sam-
ple. Hence the positive stress removed all the holes from the
oxide; no new traps were created during BTS at eitber polar-
ity and there was also no change in capture cross section or
trap density as a result of hole trapping. It would appear
therefore that hole trapping during negative BTS is a com-
pletely reversible process. It is, however, accompanied by
significant interface degradation which will now be dis-
cussed in more detail.

Interface state generation was seen across the whole
band gap following negative BTS. As has been observed by
other workers” the change in midgap interface state density,
AD, (midgap), duning negative BTS was proportional to
AV, ie, to the number of trapped holes (Fig. 3(a)). We
found the ratio of interface states to trapped holes to be
greater than the value of 1 reported in Ref. 7. Some of the
positive charge is very easily detrapped (e.g., by the taking of
a C-V curve) and this apparently high ratio is probably due to
an underestimation of AV,

Lai reports a linear relationship between holes trapped
and 4D, (midgap) during avalanche hole injection.'® This
was confirmed by our measurements. AD, (midgap) satu-
rated with injected charge but was a linear functionof AV,
[see Fig. 3(b)]. In this case the ratio of interface states at
midgap to holes trapped was measured as ~0.5, The charge
may well be trapped further into the oxide during avalanche
injection where there is a substantial hole current flowing
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FIG. 3. {a) Growth of 4D;, (midgap) as a functionof A¥,  during negative
BTS on a 39 nm oxide. {b) Growih of 4D, (midgap) during avalanche hole
injection into a 28 nm oxide at a current densily 6 4.65 X 10™° A cm ™% ()
vs 4V, and (A}vs injected charge.
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than is the case for negative BTS where no measurable cur-
rent flow was observed once the set temperature had been
reached. Holes trapped deeper into the oxide will be less
easily removed thus giving a larger measured valueof 4V,
for a given value of 4D, (midgap).

Removal of holes from the oxide also resulted in signifi-
cant interface degradation. If negative BTS was followed by
positive BTS, then a peak was generated in the interface state
distribution at between 0.15and 0.25 eV above midgap (Fig.
4). The precise position varied somewhat with processing
and to a lesser extent ( + .02 V) with the parameters cho-
sen for the C-¥ analysis. Lai has shown nsing avalanche hole
injection followed by photoinjection of electrons that gener-
ation of such a peak in the interface state density distribution
is a two-stage process accompanying the capture of electrons
by trapped holes.'® Other forms of stress which supply both
electrons and holes to the oxide, such as high-field injection
and irradiation, also result in generation of this peak.’! It
appears that a similar two-stage process of interface state
generation occurs during hole trapping and neatralization
or detrapping in the negative BTS/positive BTS sequence.

The peak in the interface state distribution was con-
firmed to be genuine and not due to lateral nonuniformities
since it appeared both in the distribution measured by the C-
¥ technique on stressed capacitors and in that measured by
charge pumping'®!? on similarly stressed transistors on the
same wafer. The latter technigne directly measures a current
from the charging and discharging of the interface states and
is not sensitive to fluctnations in the surface potential.

The precise mechanism by which holes enter the oxide
under BTS conditions is not known. The most likely mecha-
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nism seems to be direct hopping of holes, already present at
thc Si-SiQ, interface under thc negative bias, into an oxide
hole trap. Such a mechanism would not cause a measurable
carrent in the onter Jeads if the hole traps are present close to
the Si-Si0O, interface. A hopping process is also consistent
with the observed field and temperature dependence of the
hole trapping during BTS. Discharging under positive bias
may occur by cither detrapping of the holes or direct tunnel-
ing of electrons to the trapped holes which act as Coulombic
attractive traps. Since the discharging is also temperature
dependent, the former mechanism seems most likely.

Since no hole trap generation was seen doring these ex-
periments and all the observed degradation was preceded by
the filling of intrinsic hole traps, the number of such sites in
an oxide is obviously an important property. There is evi-
dence that filling of hole traps is also responsible for positive
charge generation during other forms of stress.”® Hole traps
must therefore be taken into account when considering oxide
quality along with the more frequently considered electron
traps.
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