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Abstract. The interface traps created by ionising radiation or hot-electron injection
in M0s capacitors have been found 1o undergo significant changes with time over an
extended period (many months). Immediatefy after radiation or hot-glectron da-
rmage, an interface trap peak above the midgap {~ £, + 0.75 eV) invarighly appears.
This peak {designated peak 1), along with its background, would cofitinuously
change with time sfter damage, and the detailed time-depsndent behaviour depends
on the surface orientation of the §i substrete. processing history, gate bias apd
sampie temperature. For samples made on {100) substrates, three separable regimes
have been observed: (i} latent generation {peak 1 and its background increase with
time}, (ii) defect vansformation {peak 1 gradually converts inta peak 2 below the
midgap, resulting in @ doubls-peak interface trap distribution) ard (i} room-
wemperature annsating (the overall density of interface traps decreases with time).
The focus of this paper is on the defect transformation process. For sampiss made on
(111} samples, on the other hand, the most salient featurs is the gradual shift of the
energy position of peak 1 toward the valence band, and eventually a single peak
residing below the midgap is observed In comtrast to the (100) resuits, no
discersible double-peak distribution has been found in {111) samples. Resufts on
{110) samples are qualitatively similar to those on {111) samples, while {311}
samples are similar to (100} samples, The various experimental parameters that affect
the defect transformation process in both {100) and (111) samples will be dis-
tussed. Whiie the {100) results are too complex 1o be explained satisfsctorily based
on existing theories at the present time, the {111) results will be interpreted in terms
of the atomic refaxation of the dangling-hond defect of the (111)5i/53i0, interface,

Interface trap transformation in radiation
or hot-electron damaged MOS structures

1. Introduction

Winokur et af were among the first 1o make a systematic
observation of the post-irradiation behaviour of radia-
tion-induced interface traps i MOS capaciors [1-3].
They reporied that, under a positive gate bias (of order of
| MV com™ 1Y), the interface trap density would continue
to grow for a period of up 1o several hours at room
temperature before it would saturate. On the other hand,
under a negative gate bias, very little or no post-irradia-
tion growth of the interface trap density was observed. It
was found that the fina] vaiue of the interface trap density
depended on the radiation dose and the oxide field
during irradiation, and the timescale for the post-irradia-
tion build-up depended on the oxide field and the sample
temperature after irradiation.

in those studies the focus was on the post-irradiation
build-up of the overall density of interface traps, and not
on their energy distributions.

Since the energy distribution of the interface traps
may provide valuable information about the nature of
the time-dependent evolution of these radiation-induced
interfacial defects, we decided to make a more compre-
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hensive study of their post-irradiation behaviour, with
particular atiention focused on any systemaiic changes of
the energy distribution with time.

Initially, all our experiments were performed on
samples fabricated on (100) §i substrates, not onby be-
cause of their technological relevance, but also because of
the avaitability of the samples. After extensive investiga-~
tion on numerous samples, some fabnicated at Yale and
many others supplied by our industrial colleagues, we
discovered that, although details did vary among the
different samples, the time-dependent evolution of the
post-irradiation interface traps in all the (108) samples
showed quahtatively very similar behaviour. in general, a
broad interface trap peak above the midgap{~ E, + 0.75
e¥) appears right after irradiation. This characteristic
peak {designated peak 1), along with its background,
would continuously change with time after irradiation.
Three different regimes have been identified: (i) latent
generation (peak i and Hs background increase with
time), {if) defect transformation (peak I gradually con-
verts into peak 2, a second peak below the midgap) and
{iii} room-temperature annealing {the overall interface
trap density decreases with time). Which of these three
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regimes dominates depends on a number of parameters,
including processing history, irradiation conditions, gate
bias, gate<induced stress and sample lemperature. By
appropriately adjusting these parameters, it is possible 10
observe all three regimes in a given sample over a long
period of time, Qualitatively similar time-dependent be-
haviour has been observed in samples where interface
traps are generated by hot-electron injection.

Of the three regimes mentioned above, the interfacial
defect transformation process in {100} samples, which
results in a double-peak interface trap distribution, is the
most interesting one, and is the focus of this paper.

Having found that the interfacial defect transforma-
tion process occurs generally in ail the (100) samples
studied, we were curious to know whether the same
phenomenon would exist in samples of other orienta-
tions. In addition, some of our colleagues who have
modeiied the interfacial defects, notably Poindexter and
Edwards [4], urged us to look into {111) samples on the
grounds that the dangling-bond defect at the {111} inter-
face is much simpler than #ts (100) counterpart, and
therefore should be easier to understand. Consequently,
we started a series of experiments using (111} samples; we
ziso included some (110) and (31§) samples for compar-
ison.

In the (111} samples, we found that although a
characteristic inlerface trap peak, very much like the
peak 1 observed in (100) sampiles, also appears right after
irradiation, ity subsequent post-irradiation evoiution is
distinctly different. Apart from the latent generation and
the annealing processes, which eccur in both (1080) and
(111) samples under certain conditions, the most salient
feature in (111) samples is the gradual shift of the energy
position of the peak toward {he valence band with time,
and eventually a single peak residing in the lower half of
the §i band gap is observed at the end of the interface
trap transformation process: no discernible double-peak
structure has been observed. The movement of the peak
is a function of the gate.induced stress, the gate biag
polarity and sample temperature. Because of its relatively
simple defect configuration in sheory, we have been abie
to explain qualitatively the €111} results based on the
mode! calculations of Edwards [5}

The experimental details and some of the pertinent
results are presented in the following sections,

2. Exparimantal details

The (100) 8 m0s capacitor samples used in this study
covered a wide range of gate electrode materials {e.g. Al
poly-8i, Mo, TiSi,), various oxidation conditions (e.g.
dry O,, steam, with/without Cl, various oxidation tem-
peratures) and processed at several different laboratories
{Yale, GE, TI and Hitachi). Aithough the resalts to be
preseated here are for some specific sets of samples,
quatitatively similar resulis have been observed in all the
samples investigated. The (111}, {110} and (311} mOs
capacitors were fabricated at Yale University. The pro-
cessing details are summarised below.

The Al-gate, dry oxide samples were fabricated at
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Yale on p-type (100), (11} or (311) Si, with the oxides
grown at 1000 °C in dry O, followed by N, annealing for
30 min.

The Al-gate, wet oxide samples were grown pyrogeni-
cally on p-type {100} 5i at Hitachi Centrai Research
Laboratory. The oxidation temperature was 900 °C, and
the subseguent N, anneal was done at the same tempera-
ture {or 30 min,

The gate Al of both the dry and the wet oxide samples
were deposited at Yale using a Ta boat evaporator. Post-
metallisation annealing was done in forming gas at
450 “C for 30 min.

The Mowgate samples were fabricated on s-type (100)
St at GE, with thermal oxides grown at 900 °C in
O, + 2% trnchloroethane (Tca) ambient, {oliowed by an
in situ post-cxidation annealing in N, for 30 min. The
gate Mo was deposited by sputtering.

The poly-8i and the TiSi, samples were fabricated at
TI, with the oxides grown in an O, + 3%, HCl atmos-
phere at 950 °C, followed by in situ N, annealing. The
poly-8i gatc was deposited by low-pressure chemical
vapour deposition to a thickness of 4500 A, and the TiSi,
gate was formed by sputtering 2000 A of pure titanium
on top of the poly-Si iollowed by reaction in a furnace at
675°C in an Ar + N, atmosphere.

The irradiation source used was an x-ray beam
generated from a W target bombarded by 40 keV elece
trons with & typical dose rate of 30 krads{Si)/min. A total
dose of up 1o 24 Mrads(8i) was used for some of the
samples. In most cases no gate bias was applied during
irradiation, zithough in some cases a gate voltage of + 5§
of — 5V was applied 10 study the bombardment bias
effects.

For hotlectron damage studies, constant-current
Fowler-Nordheim injection was done using a HP 4145B
semiconductor parameter analyser.

The interface trap distributions were analysed by
measuring the high-frequency and quasistatic -V
curves, with a ramp rate of GOF V 57} Since it takes
approximately 2-3 min to set the sample and to start the
measurement, in this paper whenever we state that C-V
curves are measured ‘right after” irradiation we mean no
additional delay beyond the 2-3 min mentioned above,

After x-ray irradiation and characterisation. the sam-
ples were stored at a constant temperature ranging from
room temperature to 130°C, and C-V measuremenls
were made at several time intervals to monitor the time-
dependent evolution of the generated interface traps. In
most cases no gate bias was applied on the sample during
storage; in some cases a gate bias of +5 or —5 V was
applied to study the effects of the gate bias.

3. Results on (100} samples

3.1. Appesrance of the double-peak interface trap distri-
bution

Figure I shows the gquasistatic C-V curves of a poly-§i
gale MOs capacitor measured within three minutes after
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Figura 1. High-frequancy ard quasisteric £V curves for
a poly-Si gate mos capacitor right after irradistion {full
curve) and 2800 h later {broken curve). A = 218 x

1073 em?; dose = 2 Mrad(S5i}; ¢, = 250 A

x-ray irradiation {full curve) and 2900 h after irradiation
{broken curve). The sample was stored at room tempera-
ture with no bias on the gate between the two measure-
ments. As one can see, shortly after irradiation only one
peak was visibie, corresponding to an interface trap peak
in the upper haif of the Si band gap (~E, + 0.75 eV),
which has been previously called the *characteristic’ peak
in irradiated samples [6] and will be designated peak 1 in
this paper. The sampie was then stored at room tempera-
ture, and C-} measurcments were faken at various
intervals to examine its time dependence. Our results
showed that peak 1 would decrease with time in this
particuiar sample, and accompanying this was the forma-
tion and growth of a second peak in the lower half of the
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Figure 2. Interface trap distribution for four mos
capscitors with different gate electrodes, measured at
various time intervats after the termination of x-ray
ircagiation. Only peak 1 appesred right after irradiation for
all four sampies. The oxide thickness is 500 A for the Al-
gate sample and 250 A otherwise.

intorface trap transformation

Si band gap {designated peak 2 hereafter). The broken
curve in figure ! exhibits clearly the appearance of the
second peak after 2990 h of storage.

This second peak { ~ E, + 0.35 ¢V} has been observed
in a variety of sampiles made of different gate electrodes
and with different oxidation conditions. Figure 2 shows
the energy distribution of the interface trap density for
four different Mos capacitors after x-ray irradiation and
storage at reom temperature for varicus lengths of time.
For these capacitors no gate bias was applied during
storage. Despite the fact that the gate electrodes are
widely different, and the oxides were grown at different
conditions, these samples all clearly show two peaks at
late times after irradiation. In the case of the Al-gate
sample shown here, peak 1 above the midgap continued
to increase with time after irradiation for a long period of
time {typically several months) until it started 1o saturate,
and eventually showed a decreasing trend. During the
period that peak | was increasing, there was no sign of
peak 2. Only when peak [ started to decrease did we
observe the development of peak 2. For the other three
sampies, we only observed a decrease with time of peak 1
shortly after irradiation. Meanwhile, the development of
peak 2 in these three samples appeared to occur over a
shorter timescale. In fact, the general trend seemed to
indicate that the growth of peak 2 is at the expense of
peak 1, suggesting the possibility of the oceurrence of
some Kind of interfacial defect transformation process,
leading to a change in the energy distribution of the
interface traps.

The interfacial defect transformation process will be
discussed further in subsequent sections.

3.2, Time-dependent evolution of the interfuce traps

After analysing the data obtained on numerous samples
produced in various laboratories, we found that the
overall post-irradiation time-dependent behaviour of the
interface traps may be characterised by three regimes: (i)
latent genmeration (peak 1 and its background increase
with time after irradition), (i) defect itransformation
(peak 1 above the midgap gradually converts into peak 2
betow the midgap) and (iii) annealing (the overall inter-
face trap density decreases with time). One of the three
dominates the observation at a given time, depending on
several parameters, including the sample processing
history, irradiation conditions, gate bias, sample temper-
ature and time Japse alter irradiation. One of the most
influential paramsters has been found fo be the initial
damage level (the interface trap density right after rra-
diation): for samples which had low initial damage, a
latent generation process tends to dominate, at least in
the inmitial phase, while room-temperature annealing
tends to occur in highly damaged samples.

The latent generation process, we believe, corre-
sponds {o the same phenomenon reported by Winokur et
al [1-31. In agreement with their observation, we found
that the latent generation process is enhanced with a
positive gate bias while suppressed with a negative gate
bias. On the other hand, we also observed latent genera-
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tion in samples with no gate bias (gate floating) if their
initial damage level was sufficiently low, although the
rate of latent generation was lower than that with a
positive gate bias.

In all cases, the interface defect transformation pro-
cess, characterised by the gradual appearance and
growth of peak 2, has penerally been observed in {100}
samples. For example, in samples that initially exhibit the
iatent gencration process, peak I along with its back-
ground will increase for a period of time {up to several
months in some cases) until it saturates. This is followed
by & decreasing trend. When peak 1 starts to decrease, the
defect transformation process becomes visible: the reduc-
tion of peak 1 15 accompanied by the formation and
growth of peak 2, until eventually 2 double-peak inter-
face trap distribution is formed. For samples that have
been heavily damaged, the defect transformation process
is often accompanied by an overall reduction of the
interface trap deunsity (i.e. annealing} with time; especiaily
at clevated temperatures,

The fellowing section describes the interfacial defect
transformation process in more detail.

3.3. Interfacial defact transformation process

331 Early evidence for interfacial defect transformation.
The reiationship between the growth of peak 2 and the
reduction of peak 1 has been systematically stugied in
vartous (100) samples by monitoring continuously the
time-dependent changes of both peaks. To calculate the
nei change of peak 2 as a function of time, we used a
background subtraction procedure as described belaw,
Figures 3(2) and 3(b) show two examples of the
interface trap distribution measured immediately after
irradiation {dotted curve) and a! later times (full curve}
for two different MOS capacitors. Note that peak 2
appears very prominently on the full curve in either case,
and it is riding on a background corresponding to the tail
of the peak 1 distribution. Since evidence shows that this
background is changing with time at the same rate as
that of peak I, we must subtract out this background
effect to reveal more accurately the net change in peak 2.
Using this procvedure, we found that the amount of
reduction in the magnitude of peak 1 corresponds almost
exactly to the amoun! of growth in peak 2 for both
samnples exhibited in figures 3(a} and 3(b), providing
additional support to the defect transformation idea.
More convincing evidence for the defect transforma-
tion model is presented below. Figures 4(a} and 4(b)
show the time-dependens changes of peak 1 and peak 2,
normalised with respect to the peak 1 value right after
irradiation, for the fwo samples. If one follows the pair of
peak 1 and peak 2 curves for either sample, one will
notice that there is a strong correlation between the
growth of peak 2 and the reduction of peak 1. In
particular, note that the pair of curves for the Mo-gate
sample (figure 4(a}) undergoes several np-and-down seg-
ments over the period of the experiment, and cach up-
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Figura 3. Interface trap distributions measured
immaediately after irradiation {dotted curve} and at later
tirmes (full curve) for two different mos capecitors: (8)
Mo-gate sample, 0.5 Mrad(Si) and {&) Al-gate sample,
Z Mrad(Si} (Hluorinated)

going (down-going) segment in the peak 2 curve is
correlated to a down-going (up-going) segment in the
peak 1 curve. Moreover, the absolute changes in peak 2
are cqual to those in peak 1 within experimental erTors.

Omne inleresting feature of these results is the occur-
rence of a reverse transformation process (back~conver-
sion of peak 2 into peak 1) in some cases when peak 2 has
achieved a sufficient size, although the forward (peak 1 to
peak 2) transition seems to be the dominant process over
most of the period of the expgeriment. 1t is not clear what
causes the reverse iransformation in these samples,

Although we only showed here some results for x-ray
trradiated samples, qualitatively similar resulrs have been
observed for hot-electron damaged samples as well (see
§3.34)



et

tal

0.4
Mo
0.2} Penk 2
2
d i
. L
- Paok 1
5§
< .paF
-6.4 2 2 i
Y w1 et
fime Rl
14
EN
Al
- W . P
s Pk Tl
T ~ ¥ S
® -
= °'<\ Pesk 1
3‘- ~
,’Q.. f\-‘\
‘20 d L
i ] n 19} w0t
Time )

Figure 4. Time-dependent evolution of the magnitude of
peak 1 {lower traces} and peak 2 (upper traces) far two
different mos capacitors after inradiation, showing strong
cotreiation between the two peaks: (a) Mo-gate sample;
(&) Al-gate sample (fluorinated). The magnitude of peak 2
has bheen obtained by the background subtraction method
described in the text.

3312 Interface traps st the midpgap. One interesting
feature we have ohserved is that, when defect transforma-
tion is the only process faking place at the interface (i.e.
there is no annealing or latent generation), the interface
rap density located at the midgap does not change with
time even though other portions of the interface traps
undergo drastic changes,

Some representative examples are shown below for a
sel of Mo-gate (dry oxide) samples {figure 3) and a set of
Ab-gate (wet oxide) sampies (figure 6), with a storage
temperature of room temperature (fgures 5(a) and 6(a))
or 758°C (Bgures 5(b) and 6(b)) after irradiation. It is
apparent that in all cases the midgap interface trap
density hardly changes throughout the entire defect
transformation process. These examples are typical for
devices in which only the defect transformation process
oceurs during the period of the measurements.

As mentioned previously, in addition to the defect
transformation process some samples exhibit annealing
of latent generation behaviour under certamn conditions.
in the case where the annealing process dominates, the
midgap interface trap density has been found to decrease
with time; while in the case where the latent generation
dominates, we observe an increase of the midgap density

imerface trap transformation
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Figure b. Inmterface trap distribution immediately after x-
vay iradiation {curve marked O k) and some [ater imes for
Mo-gate sampies: (8} stored at room temperature; (&)
stared at 75 *C. The arrows indicate the directions of
change in &, with time. Note that the midgap density
does not change with time. Dose = 2 Mrad(Si}.

with time. Thus the time dependence of the midgap
density provides a convenient indicator for us to tell
these three processes apart without having (o analyse the
interface trap spectrum throughout the band gap.

The fact that the midgap density does not change
with time in (100} samples when only the defect transfor-
mation process is evident may arise from two possible
sources. Onae possibility is that the energy width of the
decreasing peak 1 extends beyond the midgap and into
the lower half of the band gap, while the width of the
increasing peak 2 also extends beyond the mid gap and
into the upper haif of the band gap. In this case, to obtain
a midgap density that does not change with time, the rate
of decrease of the peak 1 distribution at the midgap must
be exactly equal to the rate of increase of the peak 2
distribution at the same energy position. Another possi-
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3.3.3. Repeated darnuge-storage cycles. In this experi-

Room temp.  Peak? ment, a set of Mo-gate MOS capacitors were first irra-
on diated to a total dose of 2 Mrad(Si), foliowed by
ST 860 b measurements of interface traps. These samples were
& LGS b
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Figera 6. interface trap distribution immediately after x-
ray imadiation {curve marked 0O h} and some later times
after inradiation in Al-gate (wet oxide) samples: (5) stored
at room temperature; {b) stored at 75 *C. Note that the
midgep density does not change with time, Dose =

0.3 Mrad(Si}.

&5

bility is that the transformation process resembles a
seesaw motion with the midgap as the pivot, such that
one side goes up while the other side goes down, with the
pivot point staying motionless. We have not been able to
determine from our experimental data which of the two is
a more accurate description, although such information
may help our eventual understanding of this process.
The next experiment provides strong evidence that
peak 2 is not generated directly by ionising radiation,
even after repeated x-ray irradiation, and a necessary
condition for its formation is the pre-existence of peak 1.

then stored at 75 °C while their interface traps were
monitored. Afterwards, the same experimental sequence,
involving x-ray irradiation followed by periodic C-V
measusements after storage at 735 °C, was repeated two
more times on the same samples, and each time an x-ray
dose of 2 Mrad{Si) was used. A post-irradiation sample
storage temperature of 75 °C was selscted to accelerate
the transformation process (see § 3.1.5).

As shown in figure 7(a) only peak 1 appears immedia-
tely after the first x.ray irradiation (labelled 0 h), which
decreases continuously while peak 2 begins to appear
more and more prominently with time (see curves la-
beiled 0.5 k and 23 h). Note that for this particular
sample, in addition to the defect transformation process,
thermal annealing is appreciable at 75 °C, as the midgap
density decreases significantly with time.

After the first x-ray irradiation and storage at 75°C
for 23 b, at which time the interface trap distribution
looked like the curve labelled 23 h in figure 7(a), the
sampile was again irradiated to a dose level of 2 Mrad¢5i).
As shown in figure 7(h), peak i, along with its back-
ground, jumps hack to a high level immediately after the
second x-ray irradiation. In conmtrast, using the back-
ground subtraction procedure described earlier, we
found that peak 2 did not increase at all as a result of the
second X-ray irradiation.

After the second irradiation, the posi-irradiation
time-dependent behaviour of the interface traps has been
found to be qualitatively similar to that after the first
irradiation: continued reduction of peak 1 with a corre-
sponding increase of peak 2 {see curves Jabelled 0.5 hand
21 hin figure 7(h)). The peak height of peak 2 after the
second storage period, however, has become higher than
that after the first irradiation-storage cycle.

The sample was then irradiated for the third time to a
dose level of 2 Mrad(Si). This time the sample was slored
and measured periodically for as long as 1000 h 1w
investigate its Jonger-term time-dependent behaviour. As
shown in figure 7(c), the time-dependent behavioar
again qualitatively similar to that in figures F(u} and th)
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Figure 7. Interface trap distributions for a Mo-gats mos capacitor measured immediately after irradiation
{curve marked 0 h} and some later times after irradiation: (#) after first 2 Mrad({Si) imadiation and storage;
(&) after second 2 Mrad(Si} imadiation and storage; {c) after third 2 Mrad{Si) imadiation and storage. The
sample was stored at 75 "C between measurgmaerts,



up to 22 h of storage time. Thergafter, both peaks along
with the background began to decrease at approximately
the same rate, causing a downward paralie! shift of the
entire energy distribution (see curves below the one
labefled 22 h in figure T(c)), suggesting that thermal
annealing becomes the dominant process.

The efffects of repeated irsadiation-storage cycles are
more clearly exhibited in figure 8, where the changes in
the peak 1 height dower curve) and the peak 2 heights
(with background effect subtracted, upper curve} are
plotted as a function of time after irradiation. The storage
temperatare was again 75 °C in all cases. It can be seen
that, within each irradiation-storage cycle, there is a
strong correfation between the growth of peak 2 and the
reduction of peak 1 during the first hour; therealter, peak
2 approaches saturation while peak 1 continues to de-
crease. BEvidently peak 2 also decreases later after the
apparent saturation level is reached due to annealing (see
the peak 2 curve corresponding to the third irradiation-
storage cycle),

The important point to note here is that peak 2 does
not grow immediately after each x-ray irradiation, de-
spite the fact that each time peak 1 shows a large increase.
Instead, peak 2 only grows when peak } decreases,
suggesting that the reduction of peak 1 i3 a necessary
condition for the growth of peak 2. This is another strong
piece of evidence in support of the defect transformation
idea.

it shonld also be noted that, immediately after the
second and third irradiations, peak 2 actually showed a
slight decrease, suggesting the possibility of a reverse
transformation triggered by the irradiation. Evidence for
this reverse transformation phenomenon also oxists in
some other samples under different circumstances {see
figures 4a) and 4(b}), but its cause is not yet clear.

The saturation of peak 2 fwhich occurs after ~ 1 hof
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Figure 8. Time-dependort change of interface strap peak
1 above the midgap (lower curve)} and peak 2 below the
midgap {upper curve). The order in which irradiation was
performed is marked. The sample was stored at 76 “C
batwesn messuraments,
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storage at 75°C for these samples) appears to indicate
that a large portion, but not all, of peak 1-eventually
converts to peak 2 at this temperature, The other fraction
of peak 1 does not seem to undergo the defect transfor-
mation process described above (its reduction does not
contribuste to the growth of peak 2). After each repested
irradiation, however, more of the convertible peak 1
defect is again generated, and the peak 2 growth process
proceeds accordingly.

31.34. Hot-electron-indaced interface traps. All aspects of
the time-dependent behaviour described above, including
latent generation, defect transformation and annealing,
have also been observed in samples damaged by Fowler
-Nordheim hot-glectron injection.

Figure $ shows an exampie of the C-¥ curves for a
poly-Si-gate MOS capacitor measured before (curve A),
right after (curve B} and 32 h (curve ©) after hot-glectron
injection. A broad peak in the quasistatic C-¥ curve
{labelied 1) is clearly visible right after hot-electron
injection. This peak is due to the same characteristic
interface trap peak in the upper half of the 51 band gap,
peak 1, as that in radiation-damaged samples,

The post-injection evolution of the interface traps has
been found to exhibit qualitatively similar behaviour o
that of the radiation-induced interface traps. Curve € in
figure 9 shows the development of a double-peak struc-
ture, suggesting that the interfacial defect iransformation
process also occurs in hot-electron damaged (100} sam-
ples.

Figure 10 is another example showing evidence of
defect transformation in a hot-electron damaged MoOs
capacitor with an Al gate.

In both examples, the hot-clectron injection was done
with a positive gate bias so that electrons are injected

/o

-3 -2 ~1 & 1 ?
Applied voitsge (V)
Figure 9, High-frequency and guasistatic -V curves for
a poly-Si-gate mos capacitor before electran injection {A},
rigght after electran injection (B3, and 32 h after electron
injection {C). The electrons are injected under a positive
gate bias at a current density of 1.7 x 1074 Aem™2,
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Figurs 10. interface trap disttibution measured
immediately after hot-alectron injection {curve markad
0 b} and some later times for an Al-gate M0OS capacitor.
The electrons are injected under 8 positive gate bias at a
current density of 5 x 1075 & em™ 2 for 204 s, at room
tompersture.

from the Si substrate toward the gate electrode. It has
been found that the time-dependent behaviour of the hot-
eiectron-induced interface traps is strongly influenced by
the gate voltage polarity during injection. This point wil
be discussed further in § 3.3.5.

3.3.5. Dependences of transformation on various param-
eters. As mentioned earlier, the interface defect transfor-
mation process depends on a variety of experimental
parameters. Some of the more important parameters are
summarised below,

Gate bias during irradiation. The effect of the gate bias
during irradiation on the post-itradiation behaviour of
the interface traps in (100) samples is iHustrated in figure
{1, in which the interface trap distributions for three Mos
capacitors (which had three different gate biases during
irradiation) are displayed.

The thin dotted curve roughly represents the distribu-
tion right aiter irradiation for all three samples. Since the
radiation sensitivity depends strongly on the bombard-
ment bias, we adjusted the radiation dose for each sample
50 that approximately the same density of interface traps
was created. Thus, three different dose Jevels, |, 2 and 24
Mrad{Si) were used for sampies biased at + 3§,
¢ {floating) and — 5 V, respectively.

When measured 1060 h after irradiation, however, we
found substantial differences among the three samples. It
is apparent that the rate of reduction of peak 1 and its
background is retarded with a gate bias of either polarity
during irradiation, and a negative bombardment bias
gives rise to the strongest refardation. After a more
therough investigation, we have concluded that thereisa
substantial room-temperature annealing component in
addition o the defect transformation process in these
samples, and the major difference arnong the three sam-
ples is the different annealing rates. The fact that the
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Figure 11. interface trap distributions for three samples
measured right after irradiation {(curve A) and 1000 h after
iradiation (full curvas), The three samples were under
different bombardment biases, and the total doses were
adjusted to produce roughiy the sams density of interface
traps for all samples: B, 24 Mrad(5i) and — b V;

C, 1 Mrad{Si) and -+ 5 V; D, 2 Mrad(Si} and no bias.

room-temperature annealing rates for the three samples
are different is also evident in the data of figure 11, in
which the midgap densities for the three sampies follow
the order B > C > I {see § 3.3.2 for a discussion of the
midgap density during annealing}.

Hot-electron injection polarity, As mentioned briefly in
§3.34, the time-dependent behaviour of hot-electron-
induced interface iraps depends strongly on the gate
voltage polarity during injection.

¥Figure 12 compares the post-injection development
of interface traps created by hot-electron injection under
& positive gate bias during injection (figure 12{a)} and
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Figure 12. interface trap distribution measured
immediatefy afier hot-electron injection and 1000 h after
injection: {2} positive gate bias during injection; (&)
negative gate bias during injection.



under & negative gate bias (figure 12{4)). Note that when
measured 1000 b after injection, peak 2 is clearly visible
in figure {2(a) bat not in 12(b), indicating the strong
influsnice of the injection polarity.

To find out whether the difference is due to the
different origins of the hot electrons (the injected hot
electrons originate from the Si substrate under a positive
bias, while under a negative bias they onginate from the
gate elecirode), or merely due to the different polarities of
the oxide field, we investigated the bombardment-biag
dependence of the same set of samples after irradition.

Figure 13 shows the resaits Jor a set of x-ray irra-
diated samples with a positive bombardment bias (figure
13¢4)) and a negative bombardment bias (figure 13(b)).
The magnitude of the bombardment bias was set {o be
sufficiently low so that it did not significantly affsct the
energies of the radiation-induced electrons and holes in
the oxide. Again, it is apparent that the development of
peak 2 is hindered in sampies which had a negative gate
voltage during irradiation.

The qualitative gimilarity between figures 12 and 13
icads us to belicve that the difference between the resuits
in figures {2(a) and 12(d) can be attributed te the polarity
of the oxide field during hot-electron injection.

When the hot-clectron-induced interface trap density
is sufficiently low, we often observe a laten! generation
phenomenon in samples injected with a negative gate
polarity as shown in figure 14{g), but not in samples
injected with a positive gate polarity, as shown in figure
14{h). Note that no gate bias was applied on either
sampie after hot-glectron injection. The effect’ of post-
damage gate bias will be discussed below.,

It should be noted that, while peak 1 in figure id(a}
continues to increase for a long time, its rate of increase
will eventually reduce to zero, followed by a decreasing
trend afterwards. The decrease in peak 1 is again accom-
panied by the formation and growth of peak 2.

ta} +  Peok

6
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Figura 13. interface yrap distribution measured
immadiately after x-ray irradiation and 1000 h aher
irradiation; (@) 1 Mrad(Si), positive bombardment bias;
(b} 24 Mrad(§i), negative bombardment biag.
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Figure 14. Interface trap distribytions of Al-gate mos
capacitors at several time intaervals after hot-electron
injection 8t a current density of 8 x 10" Acm™ 2 for
200s: {2) e~ injection from Al gate; o = 500 A; current
density = & x 1078 Acm™2; time = s. () & injection
from substrate; A = 3.2 » 107 % em?.

Gate-induced stress. It has been shown that the radiation
sensitivity of a MOs capacitor depends systematically on
the gate-induced siress [6]; in particular, the radiation-
induced interface trap density has been found {o be lower
for a sampie having a higher gate-induced compressive
stress. Therefore, it is reasonable to suspect that the post-
irradiation behaviour of the interface traps might slso
depend on the gate-induced stress.

Among other things, the gate-induced stress is a
function of the thickness of the gate electrode material
and the dimension of the gate electrode £6]. For exampie,
for an Al-gate MOS capacitor, the thicker the Al clectrade,
or the smaller the gate-Al dimension, the larger the gate-
induced compressive stress.

Figure 15 shows the post-irradiation change in the
magnitude of peak 1 for & set of Al-gate MOS capacitors
having three different Al thick nesses. In this particnlar set
of sampiecs, only a latent gencration phenomenon is
observed over the period of titne of the experisnent. i is

it
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Figure 15. Post-irradiation time-dependant change of the
magnitude of pesk 1 for three Al.gate mMos capsacitors with
different pate-Al thicknesses. ¢, = 500 A; 3 Mrad(Si).
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apparent that the rate of latent generation is higher fora
sample haviag lower gate-induced compressive stress.

Figure 16 shows the time dependence of peak 1
amplitude after hot-electron imjection (under positive
gate bias) for a set of (100} samples having three different
gate dimensions. Two different injection current levels
were used to create different degrees of damage. The
injection period was 200 s for all sampies. The depen-
dence on gate size (thus the gate-induced stress) is
evident for both sets of samples that received cither a
lower level of damage (curves A, B and C) or higher
{curves D, E and F}

In addition to the gate size, the time-dependent
behaviour is quite different between the two sets of
samples that received different degrees of hot-electron
damage. The dependence on the damage level will be
further discussed below,

Sampie storage temperature. All three components of the
post-irradiation time-dependent behaviour, latent gener-
ation, defect transformaiion and sanesling, have been
found to be thermally accelerated.

Figures 17(a) and (b) show an example of the post-
irradiation time-dependent evolution of peak 1 (lower
haif of each graph) and peak 2 (upper half) for a set of dry
axide (Mo-gate) and a set of wet oxide (Al-gate) samples
stored at three different temperatures beiween measure-
ments. In this case, defect transiormation is the dominat-
ing process for both sets of samples at all three
temperatures, as evidenced by the fact that the peak 2
curves are nearly the mirror image of the peak 1 curves.
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Figure 16. Time-dependent change of normalised peak ¥
amplitude after electron injection {positive gate biss
during injection) for a se! of samples with three different
gate-Al dimensions. The device areas are 4.1 x 1073 em?
forcurves A and D, 1.7 x 10”2 em? for B and E, and

3.2 x 10~ 4cm? for C and F. Two different injection
current densities {as specitisd) are used for A-C and D-F,
respectively.
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Figure 17. Time-dependent evolution of peak 1 (upper
traces} and peak 2 {lower traces) for {#) Mo-gate samples
{dry. Tca oxide} and {b) Al-gate samples {wet oxide} after
irradiation and stored al three different temperatutes; @,
room temperature; A, 5G°C. . 75°C.

it should be noted that, although the rate of transfor-
mation is even higher at temperatures above 75 C, we
observed substantial annealing in the temeprature runge
100-150 °C, and the annealing rate for peak 1 is highcr
than that for peak 2 at these elevated temperatures. As 2
result, given sufficient time, peak 1 will completely disap-
pear, leaving a single peak {peak 2) distribution in the
lower half of the 8i band gap. This phenomenon is further
discussed in § 3.3.6.

Sample storage bias. The dependence of the latent genera-
tion process on the gate bias after irradiation was first
reported by Winokur et o [1-3). This dependence has
since been confirmed by researchers in several laborator-
ies, including our own.

In addition, we have found that the interfacial defect
transformation process also depends on the presence or
absence of a gate bias and its polarity during storage.



