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ABSTRACT been reviewed elsewhere [ 15- 161. 

Changes in MOSFET threshold voltage V, and 
number of interface traps Nil have been measured in 
the same sample as a function of time following pulsed 
irradiation. When the gate bias during irradiation V, 
is positive, the initial lAV,I is large due to trapping of 
radiation-induced holes at the Si-SiO, interface, and 
the post-irradiation time dependence of AV, is domi- 
nated by hole de-trapping as expected. On the other 
hand, when V, is negative, interfacial hole trapping is 
minimized. In this case, an unusual peak in the AV, 
vs. time curve provides striking new evidence of the 
involvement of H' ions in the Nil formation process. 

I. INTRODUCTION 

Despite many years of research, the mechanism(s) 
whereby interface traps Ni, are created by ionizing 
radiation in MOS devices remains controversial. In all 
models, the process begins by the production of 
electron-hole pairs in the oxide by ionizing radiation. 
In many models, called here "trapped hole" models, the 
holes then drift to the Si-SiO, interface. Some holes 
are trapped near the interface and are subsequently 
converted to interface traps Ni, [l-51. The important 
features in common to all "trapped hole" models are 
that the holes are trapped near the interface, and that 
subsequent conversion to N,is the rate-limiting step in 
the Nil formation process. Hole transport through the 
oxide cannot itself be rate-limiting since it is much 
faster than the (relatively slow) Nil formation [6]. 

In an alternative model based upon hydrogen 
chemistry [7-91, radiation-induced holes react in the 
oxide to produce hydrogen ions. The H+ then drifts 
through the oxide to the Si-SiO, interface. Once at the 
interface, the H+  reacts with Si-H trap precursors and 
electrons from the substrate to produce silicon dan- 
gling bonds (the interface traps) and neutral H, [9]. In 
this model, the rate-limiting step is H' drift through 
the oxide. Considerable, if circumstantial, evidence 
exists that hydrogen is somehow involved in the trap 
formation process [lo- 141. 

There is considerable experimental evidence in 
support of both models, and unfortunately much of 
this data appears contradictory. These issues have 

In this work, we investigate in detail the time 
dependence of changes in the oxide trapped charge Q,,, 
during interface trap formation. Our goal was to 
develop new data to differentiate between the H' and 
trapped hole models. Since both models involve 
motion and/or annihilation of charged species (holes 
or H') in the oxide, changes in Q, should affect the 
MOSFET threshold voltage V, on the same time scale 
as the Nk build-up. However, to our knowledge, no 
such correlation has ever been explicitly reported. In 
some cases, the time dependencies of Nil and V, were 
reported, but no correlation was established [14,17]. 
Instead, most reported time-dependent changes in V, 
appear to be dominated by hole de-trapping. Since the 
change in V, due to Nil formation is a relatively small 
effect, the large background of hole de-trapping 
makes it difficult to resolve. 

In this work, we report the first observation of 
time-dependent changes in V, which are unambigu- 
ously linked with Nit formation. We will show that this 
behavior is readily explained by the hydrogen model. 
In order to observe the effect, we have employed two 
techniques to minimize the problem discussed above. 
First, MOS devices with high hydrogen concentration 
were used to increase the number of interface traps 
formed. Second, the samples were irradiated with 
negative gate bias in order to minimize hole trapping 
at the Si-SiO, interface and subsequent de-trapping. 

11. EXPERIMENTAL DETAILS 

The samples are p-channel MOSFETs with poly- 
silicon gates from several different process lots fabri- 
cated at NRL. P-channel devices are used to minimize 
post-irradiation field oxide edge leakage. PMOS1 /3 
samples have a 42 nm thick oxide grown in 0, at 
900°C. For PMOS5/12 samples, the wet gate oxide 
was grown 100 nm thick at 900°C and etched back to 
48 nm in buffered HF (this procedure was performed 
for a different experiment). This sample was then 
annealed in 33% H, in N, at 900°C for 1 hr. PMOS6 
samples have 35 nm oxides grown in oxygen at 900°C. 
One wafer (PMOS6/4B) was annealed in pure H, at 
900°C for 1/2 hr after oxidation. This procedure 
[ 18,141 dramatically increases the number of radiation- 
induced interface traps with relatively small effect on 
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Q,. 
traps/cm2-eV (+40%) in all samples. 

Initial trap densities Dit were about 1 x 10'' 

The samples were irradiated to 20-40 krad(Si0J 
with 25-40 MeV electrons at the NRL LINAC using a 
short 1.5 ps radiation pulse. Results presented here are 
normalized to 20 krad dose to facilitate sample-to- 
sample comparisons (at these low doses, changes in Nil 
and Qd are linear with dose in these samples). Experi- 
mental gate biases V, were adjusted for the different 
oxide thicknesses to achieve oxide fields of +2 
MV/cm. Dit was measured as a function of time 
following the radiation pulse using charge pumping 
with a 1 MHz triangular waveform [19,8] on 100/10 
pm (width/length) MOSFETs . Resulting Dit values 
are an average over approximately the central 0.6 eV 
of the silicon band-gap. The samples were kept in a 
flowing nitrogen ambient to eliminate the effects of 
post-irradiation hydrogen exposure [ 131, which other- 
wise caused uncontrollable time-dependent increases 
in Nil. 

Threshold voltage shifts AV, were measured from 
the change in MOSFET source current I, with V,,,= 
-100 mV. V, was set such that I, was in the sub- 
threshold region at 1-10 x 10" A (the smallest possible 
value of I,, consistent with obtaining an accurate, 
noise-free measurement in the short time allowed, was 
used). Our use of the term 'IV: is somewhat arbitrary 
here, since V,,, determined in this way is typically 100- 
200 mV smaller than the usual value of V, obtained by 
extrapolation of the linear MOSFET 1,-V, characteris- 
tic. Both I, and I, were determined in the same MOS- 
FET during separate 20 ms intervals every 250 ms; for 
the rest of the time, a constant "dc" bias was applied to 
the gate. (Application of the measurement signals for 
short 20 ms intervals does not materially affect the Nil 
build-up [ 191). The sample temperature was stabilized 
within k1"C to prevent temperature dependent varia- 
tions in Vlh. 

In this measurement of AV,, which was chosen for 
its simplicity, speed, and compatibility with measure- 
ment of I,, the measured quantity is actually I, vs. 
time. To obtain AV,,,, we use the fact that I, depends 
exponentially on V, in the subthreshold region and 
calculate the (time-dependent) gate voltage required to 
maintain a constant I,, assuming that the subthreshold 
slope S does not change after irradiation. Of course, 
this assumption is not generally correct. Large in- 
creases in Nil cause a decrease in S. (Surface mobility 
pp, which also affects I,, did not change significantly 
at these relatively low doses.) To minimize changes in 
S, the total dose was kept small and S was determined 
pre- and post-rad to insure that these changes did not 
significantly affect the AV, calculations. In the worst 
case, we estimate that this effect causes about 10% 
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Fig. 1 ADil and AV,,, for two non-annealed MOS- 
FETs with constant Eox (+2 MV/cm), or 
switched E, (-2MV/cm at ts10 ms, +2 MV/cm at 
t>10 ms). 

error in AVw (These errors are relatively small for the 
case of switched bias, where, due to the minimal hole 
trapping, the change in I, is only a factor of 2-3). In 
order to determine Q,, the mid-gap shift AV, is 
required rather than AV,, since AV,includes a contri- 
bution from charge in the interface traps [20,21]. AV, 
was calculated from AV,,, by extrapolating to the 
calculated mid-gap value of I, using the subthreshold 
slope. In this calculation, the interface trap charge is 
taken into account using the time-varying value of D, 
measured independently using charge pumping. Rather 
than using the above technique to determine V,, it 
would have been preferable to measure the entire 
MOSFET I,-Vg characteristic, but this was not possible 
in these experiments due to equipment constraints and 
the very limited time available for the measurements. 

111. EXPERIMENTAL RESULTS and DISCUSSION 

A. Non-hydrogen annealed samples 

Typical experimental results for normal samples 
not annealed in hydrogen are shown in Fig. 1. These 
42 nm oxide MOSFETs were irradiated with two 
different gate bias conditions V; Bias case (a): con- 
stant positive V, = 4 . 4  V (+2 MV/cm, triangle sym- 
bols), and case (b): V,= -8.4V for times 110 ms, 
switched to +8.4V after 10 ms (circle symbols). (All 
ADil data here for the all-positive V, cases are shown 
after subtraction of the small constant "early" compo- 
nent to show just the slow build-up [19].) The Dit 
build-up in both bias cases is quite slow, occurring 
between to lo4 s, with saturation at  long times, in 
agreement with previous results [7,19]. Note that a 
very large number of interface traps are formed in the 
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switched bias case, showing that transport of radia- 
tion-induced holes through the Si-SiO, interface is not 
required to obtain significant interface trap formation. 
(The reduction in the magnitude of ADi, in the 
switched case is addressed below.) 

Threshold voltage shifts for these two gate bias 
cases are also shown in Fig. 1. First, for all-positive 
V,, significant V,annealing takes place, approximately 
as AV, 0: log(time). Qualitatively similar behavior has 
been widely observed previously [22,23], which has 
been ascribed to de- trapping of radiation-induced 
holes trapped close to the Si-SiO, interface [22-251. 
The deviation from straight line log(time) behavior at 
long times suggests that the trap density decreases with 
distance from the Si-SiO, interface. This is reasonable 
since the hole traps are believed to be concentrated at 
the interface [24]. Second, for the switched bias case, 
the ln(time) AV, annealing behavior has almost com- 
pletely disappeared. When the gate bias is negative 
during irradiation, the radiation-induced holes drift 
away from the Si-SiO, interface and exit the oxide at 
the gate. (The hole transport time, estimated at s1  ps 
for this oxide thickness at 295 I(' [26], is much shorter 
than the 10 ms switch times.) Consequently, AV,,, is 
much smaller (the small remaining shift is probably 
due to hole trapping in the bulk oxide) and does not 
show significant annealing. This result clearly demon- 
strates that the V,,, annealing observed in the all- 
positive bias case is indeed due to hole de-trapping. 
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Fig. 2A AD, and AV, for two hydrogen-annealed 
MOSFETs with E, constant (+2 MV/cm) or 
switched (-/+2 MV/cm). 

B. Hydrogen annealed samples 

The data in Fig. 1 do not, however, show any 
obvious correlation between the time dependencies of 
AV, and ADil, which is the goal of this work (see 
section C below). In order to improve the chances of 
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Fig. 2B AV,,, (on magnified scale) and ADi, for 
switched bias sample from Fig. 2 A  showing defini- 
tions of t, and tlm 

observing such a correlation, some MOSFETs have 
been hydrogen annealed as discussed above. The time 
dependencies of changes in V,,, and Dit after a short 
radiation pulse are shown for a typical annealed 
MOSFET in Fig. 2A. At 20 krad, the saturated  AD^ is 
4-7 times larger than the non-annealed MOSFET in 
Fig. 1, depending on bias during irradiation. The 
magnitudes of AV,,, in Figs. 1 and 2 A  are comparable, 
but a small peak occurs in AV,,, at time tpcsk for the 
switched bias in Fig. 2 A  (AV,,, from Fig. 2 A  is shown 
on a magnified scale in Fig. 2B to show the shape of 
the data more clearly). Although small in magnitude, 
this peak has been reproducibly observed on about 10 
different hydrogen-annealed samples from two differ- 
ent process lots. This peak has not been observed 
previously. The peak is definitely not an artifact of 
the data analysis because the source current I, under- 
goes a clear minimum at the same time (i.e., at t,). 
Note that t, and the interface trap formation time 
(characterized by tlR, the time required for formation 
of 1/2 the saturated AD,) are similar. This suggests 
that the peak may be caused by the same process as the 
Dit formation. 

To investigate whether the AV,,, peak is caused by 
the same process as the Dit formation, the dependencies 
of the peak on temperature, applied gate bias, and 
magnitude of ADit have been determined. As shown in 
Fig. 3, the time scales for both the D, build-up and 
the AV,,, peak are strongly temperature activated, with 
a similar activation energy of about 0.8 eV, in good 
agreement with previous measurements of the D ,  
build-up [7,19]. Next, the dependencies of t, and t,, 
on the magnitude of the gate bias during the Dit build- 
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woII,12 
The result is that the magnitude of the AV,,, peak is 
linearly related to the magnitude of ADil. Thus, the 
clear correlation between the AV,,, peak and AD, from 
Figures 3-5 strongly suggests that the AV,,, peak arises 
from the same mechanism as the Dit build-up. Our 
explanation of the cause of the peak is given below. 
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Fig. 3 Dependence of t,, and t, on temperature. 
Both have about the same activation energy (w0.8 
eV). t, is consistently smaller. 7 0.5 - " ' ' I  

0.5 1.0 10.0 

up are shown in Fig. 4. (All samples were biased at - 
9.6V for the first 10 ms after irradiation, then 
switched to the variable positive bias.) Both t, and 
t,, decrease rapidly as the bias increases, in good 
agreement with previous results where t,, decreased as 
Ea-'.6 [8]. The field-dependent decrease is caused by 
faster motion of the hydrogen ions at  higher oxide 
fields [7,19]. In both Figures 3 and 4, t, is consis- 
tently about a factor of 3 smaller than t,p Finally, the 
magnitudes of the AV,,, peak and the saturated AD, 
have been compared using PMOS6 MOSFETs with the 
same oxide thickness and bias conditions (Fig. 5). 
Differences in the magnitude of saturated AD;, arise 
from either different total doses or different radiation 
sensitivities (two data points were obtained on non- 
hydrogen annealed samples--see below). The solid 
line is the best fit of a linear relationship to the data. 
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Fig. 4 Dependence of t, and t,, on oxide field after 
switch to +2 MV/cm (switched bias). Changes in t,k 
track changes in t,p 

AD,, (x 10" TRAPS/cm*-eV) 

Fig.5 Magnitude of the AV,,, peak height as a func- 
tion of the saturated increase in ADir Solid line is a 
best fit of a straight line to the data. 

C. AV,,, peak in non-hydrogen annealed MOSFETs 

One concern in the work presented thus far is that 
the AV,,, peak may be a phenomenon associated only 
with hydrogen annealed oxides, and therefore is 
representative only of "abnormal" behavior. There is 
clear evidence that this is not the case. First, the 
annealed MOSFETs appear normal before irradiation 
[18]--that is, the hydrogen annealing does not affect 
the pre-irradiation electrical characteristics. Also, we 
have found that the normalized time, oxide field, and 
temperature dependencies of the Dit build-up are very 
similar in both types of oxides. Additional evidence 
comes from the AV,,, data of the non-annealed MOS- 
FETs. As shown in Fig. 6, which is the switched bias 
data from Fig. 1 on a magnified scale, close examina- 
tion of the data strongly suggests the existence of a 
small AV,,, peak even in a non-annealed sample [super- 
imposed on weak ln(time) annealing behavior repre- 
sented by the dashed line]. Note that the magnitude of 
this peak, and the time at which the peak occurs (t,k 
~ 7 0  s, which is about a factor of 3 smaller than t,, 
=200s) are consistent with the hydrogen-annealed 
results (see Fig. 5 to compare the magnitude data). 
Similar results are obtained on other non-annealed 
samples. These results make us confident that our 
model below, although derived from data on hydrogen 
annealed samples, is in fact applicable to "normal" 
samples. This is not unreasonable since "normal" MOS 
samples, although not intentionally hydrogen annealed, 
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are typically exposed to hydrogen at high temperatures 
during fabrication [ 121. 
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Fig. 6 AV,,, vs. time for a non-hydrogen annealed 
MOSFET (data from Fig. 1 on magnified scale). 
Note small but apparent peak in AV,. 

IV. MODEL FOR THE AV,,, PEAK 

The question now arises why a peak is observed in 
AVa. To this end, we employ a model based on H +  
transport developed previously [8-91. In this model, 
the H +  distributions immediately post-irradiation are 
triangular functions of position which depend only on 
the sign of the gate bias during irradiation V, [8,27] 
(see Fig. 7). These distributions result from the simple 
assumption of a uniform hydrogen distribution in the 
oxide before irradiation as described in detail in ref. 
[SI. For negative V,, the maximum H+ concentration 
occurs near the gate [Fig. 7(A)], while for positive V,, 
the maximum H +  is at the Si-SiO, interface [Fig. 7(B)]. 
With these initial distributions, the normalized Dit 
build-up takes longer for negative V, because the 
average H+ ion must travel farther to reach the Si-SiO, 
interface. 

Using the H +  model together with these initial 
triangular H'distributions, a qualitative understanding 
of why a peak is observed in AV,,, is quickly obtained. 
When V, is negative, the centroid of initial H+ is close 
to the gate where their contribution to AV,,, is relative- 
ly small. As time increases after V, is switched 
positive, the H +  drifts towards the Si-SiO, interface 
and the (absolute) magnitude of V,,, increases. How- 
ever, as the H +  ions reach the interface, they are 
neutralized by electrons from the substrate (creating 
Ho, which in turn react to produce Nil), and no longer 
contribute to V,. Therefore the magnitude of AV,,, 
increases at short times and then decreases at long 
times, producing a peak. Note that the neutralization 
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Fig. 7 Idealized model of initial H+ distributions 
immediately after irradiation [8]. Triangular distri- 
butions depend only on the sign of the gate bias 
during irradiation (see text). 

of the H +  by substrate electrons is not an ad hoc 
hypothesis introduced here just to explain this peak, 
but rather is a fundamental part of the model required 
by the chemistry of the Nit formation process [9]. 

This H +  model has been employed to obtain a 
quantitative prediction of AV, caused by the H+ 
motion. An initial triangular H+ distribution with the 
maximum at the gate (since V, is negative) is assumed 
as in Fig. 7A [8,28]. The H+ drift is described by 
dispersive transport [7,28] which requires two fitting 
parameters: the Dit formation time constant tln, and a, 
a parameter which describes the degree of "dispersiv- 
eness" (i.e., characterized by a wide variety of time 
constants) of the transport process (Osasl , where a=l 
is normal non-dispersive transport). These parameters 
are determined by fitting to the ADh build-up using 
just the switched bias data. Results for a hydrogen 
annealed sample are shown in Fig. 8. Values of the 
fitting parameters determined from this data are 
a=0.38 and t,,=300 s. These values are then used to 
predict AV, (for the switched bias case) and ADil (for 
the all-positive bias case) as a function of time. As 
discussed above, V, is used rather than V,,, because 
V, is generally assumed to have no contribution from 
charge in the interface traps [20,21]. The calculations 
take into account motion of the H+ ions towards the 
gate during the short time of initial negative bias. 
This was found to be negligible for the short 1 ms 
switch time for the sample in Fig. 8. For previous 
samples where a 10 ms switch time was used (as in 
Figures 1, 2, and 6), the initial H +  motion was found 
to be small but perhaps not negligible, which is the 
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reason that a sample with the shorter 1 ms switch time 
was used for comparison to theory. The a value of 
0.38 is reasonably close to previous values of 0.32 
obtained by the same fitting procedure [8] and 0.3 
obtained by McLean fitting to data obtained at an 
oxide field of +2 MV/cm [29]. In addition, the model 
gives a very accurate prediction of the normalized ADit 
build-up for the all-positive bias case (Fig. 8), which 
was a main point of previous work [8]. 
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Fig. 8 Comparison of H+ model (lines) with experi- 
mental data (symbols) from two hydrogen-annealed 
MOSFETs. Gate bias is +2 MV/cm (t symbol) or 
switched ( 0 , ~  symbols). 

A comparison of predicted and experimental AV, 
is shown in Fig. 8. (The experimental AV, has been 
corrected to mid-gap shift AV, as discussed above to 
account for the amount of charge in the interface 
traps, assuming neutrality at mid-gap.) The model 
predicts that a small peak exists in AV,. This peak 
occurs at about 12 s, as compared to the experimental 
peak at 10-30 s. Also, the model predicts that the time 
of the peak is significantly smaller than t,,. This is an 
important qualitative corroboration of the model, since 
tpk is reproducibly smaller than t,, for all MOSFETs 
measured (see Figs. 2-5). [For the sample in Fig. 8, 
tPk (before correcting AV, to mid-gap) occurs at loos, 
as compared to t,, = 280 s. The times at which the 
peaks occur in V, and V, are not the same because 
correcting to mid-gap shift changes the shape of the 
V, curve. Before correction, the V, data for the 
sample in Fig. 8 is very similar to Fig. 2B, and it does 
not rapidly approach zero shift at long times.] Agree- 
ment between model and experiment for AVm at long 
times is also very good. Overall, agreement between 
the model and AV, data is impressive considering that 
only the switched bias ADi, data is used to obtain the 
two fitting parameters tl, and a. 

One aspect of the model which is not known is the 

(average) number of H+ ions required to produce one 
interface trap. The model prediction in Fig. 8 was 
generated using a ratio of H+ ions/AN,of 0.7, obtained 
by a best fit to the experimental data, assuming that 
the total number of traps/cm2 created equals the 
average ADit times 1 .1  eV (the silicon band-gap). 
(Note that this ratio affects the magnitude of the 
model's prediction but not the normalized time depen- 
dence.) This value of 0.7 is somewhat surprising in 
that the process of converting the H+ ions to interface 
traps appears very efficient--that is, few ions are lost 
to other processes. For example, some H+ ions could 
react in the oxide before reaching the Si-Si02 interface 
without creating an interface trap. Indeed, at first 
glance i t  appears difficult to explain how the H+/Nil 
ratio could be less than 1 .O, since this means that more 
than one trap is created by each H+ ion. This difficul- 
ty is resolved by the amphoteric trap model [21], 
wherein two electrically active traps (one above mid- 
gap, one below) exist for each physical defect. Thus, 
the smallest possible "/Nit ratio should be 0.5. Using 
the "best fit" value here of 0.7, about 70% of the 
moving hydrogen appears to be ultimately involved in 
Nil production in these samples, which could of course 
be different in different oxides. 

In Fig. 7, different distributions of H+ ions are 
obtained depending on the sign of the gate bias during 
irradiation (Vd), but the total number of H+ ions is 
independent of the sign of V,. This leads to the 
prediction that the saturated magnitude of ADil will not 
depend on the sign of V,, although the time depen- 
dence of AD, will. This prediction is indeed in good 
agreement with experimental results on hydrogen 
annealed samples here (see Fig. 2) and on hydrogen 
annealed samples from Sandia National Laboratories in 
previous work (Fig. 5 in [8]). The triangular distribu- 
tions shown in Fig. 7 result from the assumption that 
the initial hydrogen in the oxide is uniformly distrib- 
uted. However, some evidence suggests that these 
triangular distributions are idealized approximations, 
especially for the non-hydrogen annealed samples. 
For example, the magnitudes of the saturated ADi, 
increases for the two bias conditions is not the same 
for non-annealed samples, as shown here in Fig. 1 ,  
and in Fig. 4 in [8]. These results suggest an excess 
hydrogen concentration near the Si-SO, interface in 
non-annealed samples. In Fig. 1 ,  43% of the H+ are in 
excess of the expected amount for the triangular 
distribution. This is also probably a contributing 
factor to the different a values of 0.38 in this work for 
a hydrogen-annealed sample vs. 0.32 found previously 
[8] for a non-annealed sample. We are currently 
investigating what effect a non-uniform distribution 
of initial hydrogen, perhaps with excess hydrogen at 
both oxide interfaces, would have on the D ,  build-up 
and AV, peak (to be published elsewhere). 
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A final issue in regard to Fig. 8 is the correction of 
the experimental threshold shift to mid-gap shift to 
remove the effect of charge in interface traps. This 
correction relies heavily on the assumption that the 
traps are neutral at mid-gap. Although there is 
considerable evidence that this is at least approximate- 
ly correct [20,21], never-the-less the magnitude of the 
correction is large and has a major effect on the curve 
shape. In Fig. 8, the AVq peak occurs at 100 s with a 
magnitude of about 10 mV (the data is very similar to 
Fig. 2, although the absolute shift is somewhat larger). 
These values are changed substantially by the correc- 
tion to AV,. Small errors in this correction--if, for 
example, the interface traps are neutral at a slight 
distance from mid-gap, can result in a large error in 
the calculated effect of the H +  alone. Unfortunately, 
at present we see no way of improving the accuracy of 
this correction, or even testing its validity. 

V. COMMENTS ON "TRAPPED HOLE" MODELS 

A interesting question is whether the data present- 
ed above provides any new support or refutation of 
the trapped hole models. First, the simplest versions 
of this model such as that due to Hu and Johnson [2] 
cannot explain the existence of a AV,,, peak, since 
simple hole annealing can only result in a reduction in 
the magnitude of AV,,,. However, Wang et al. have 
proposed a considerably more complex version of the 
trapped hole model wherein there are two distinct 
types of trapped holes: "near-interfacial trapped 
holes", located 2-7 nm from the Si-SiO, interface, and 
"interfacial trapped holes", located within 1.8 nm of 
the interface [3]. In this model, the holes are first 
trapped at the relatively deeper "near-interfacial" 
traps, and over time may convert to "interfacial" 
trapped holes, which then capture an electron during 
conversion to interface traps. Using this model, 1.4 x 
10" holes/cm2 would be trapped at 7 nm using the data 
in Fig. 2B (assuming trapping at 7 nm maximizes the 
predicted peak height). This is about 13Yo of all 
radiation-induced holes created in the first 7 nm of 
the oxide. Assuming that the transfer occurs from 7 
to 1.8 nm, this model predicts a possible maximum 3 
mV peak during transfer of the trapped holes, which 
is somewhat smaller than observed. In addition, the 
calculated 1.4 x 10" trapped holes is too small to 
account for the total ANil of 4.4 x 10" traps/cm2 (=AD, 
x 1.1 eV) in Fig 2B. This model does successfully 
predict that a AV,,, peak will occur, and that tPk will be 
less than t,m Unfortunately, the model is not suffi- 
ciently detailed to provide a numerical prediction of 
time dependence. A further objection is that this line 
of reasoning also appears to predict a much larger peak 
for the all-positive bias case (since there is much more 

hole trapping)--which is clearly not observed. 

We also note that even qualitative examination of 
the AV,,, data in Figs. 1 and 2 appears to give little 
support to the hole trapping models. First, for the all- 
positive-bias case, assuming that all hole trapping is at 
the Si-SiO, interface, the ratio of created interface 
traps to de-trapped holes is 0.41 for the non-annealed 
MOSFET in Fig. 1, and 1.4 for the annealed sample in 
Fig. 2 (positive bias data), as compared with a ratio of 
1 .O as predicted by Hu and Johnson [2]. Why does the 
ratio vary, if not due to the hydrogen anneal? Second, 
there is clearly a major experimental dependence of 
AV,,, on bias during irradiation, whereas the total 
number of interface traps formed differs by less than 
a factor of two (un-annealed sample), or are nearly 
identical (annealed sample), which is difficult to 
explain using the trapped hole models. Third, the 
shape of AV,,, vs. time does not appear to reflect any 
variations in the time-dependence of D, vs. time. In 
particular, at long times AD, saturates, but AV,,, does 
not saturate in either Figs. 1 or 2(A), although a 
reduction in slope is apparent. Finally, we note that 
Kenkare and Lyon [30], who are proponent? of the 
trapped hole model, have recently investigated 
switched bias experiments. They concluded that these 
results can only be explained by an ion drift model, 
although they suggest that the ions are created at the 
oxide interfaces rather than uniformly in the bulk. 

VI. SUMMARY AND CONCLUSIONS 

In summary, we report the first observation of a 
peak in the time dependence of the threshold shift 
following pulsed irradiation. The time at which the 
peak occurs is approximately the same as for the Nil 
build-up. The dependence of this peak time is found 
to be identical to changes in the Ni, build-up as tem- 
perature and gate oxide bias are varied. Also, the 
magnitude of the peak increases linearly with the 
magnitude of ANil. These data firmly establish that the 
AV,,, peak is caused by the same mechanism as the Nil 
build-up. 

Two unusual experimental techniques have been 
used to observe the AV,,, peak. First, to obtain suffi- 
cient sensitivity, these experiments were performed 
primarily on hydrogen annealed samples, but the 
behavior of non-annealed samples is qualitatively 
similar. Second, switched gate bias has been used to 
minimize hole de-trapping at the Si-SiO, interface, 
which otherwise dominates the AV,,, results. 

The hydrogen model, using initial triangular H +  
distributions and dispersive H+ transport, quantitative- 
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fy predicts the time dependence of the AV& peak. The 
model has no ad hoc assumptions or new fitting 
parameters, but rather is derived directly from previ- 
ous concepts and parameter values. This result must 
be taken as very strong evidence supporting McLean's 
H+ model. To date, this is the only model which is 
capable of quantitative predictions of the time depen- 
dence of the Nit build-up. Lastly, we have not been 
able to form a simple, reasonable explanation for the 
threshold voltage peak based on the alternative model 
of interfacial hole trapping. 

We thank the Defense Nuclear Agency and the 
Office of Naval Research for their support of this 
work. 
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