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RESPONSE OF MNOS CAPACITORS TO IONIZING RADIATION AT 800K

Nelson S. Saks
Abstract

MNOS capacitors with oxide thicknesses 85R-600R
and silicon nitride thicknesses 200-2000R have been
irradiated with 2 MeV electrons at 800K. Measured
flatband shifts are found to depend on both polarity
and magnitude of the applied field, oxide thickness,
nitride thickness, and variations in device process-
ing. For neggtive gate bias and effective applied
fields 1-2xlO V/Cm, AVFB is independent of device
processing and magnitude of the applied field. For
these bias conditions, it is shown that flatband
shifts in all MNOS samples may be explained by con-
sidering only generation and trapping of holes in the
oxide. The holes travel a mean free path of 125+25R
in the oxide before being trapped. For positive gate
bias, electrons generated in the oxide are trapped
at the oxide-nitride interface and/or in the bulk of
the nitride, compensating the effect of the posi-
tively charged trapped holes in the oxide, and pro-
ducing a relatively smaller AVFB for positive bias.
The electron trapping process is considerably pro-
cessing dependeng. For high effective applied fields
exceeding + 2xlO V/cm, a strongly field-dependent
mechanism of charge generation in the gate insulator
is observed.

Introduction

The subject of radiation damage in MNOS (metal-
silicon nitride-silicon dioxide-silicon) devices has
been of interest to the radiation commun ty for many
years. Work3by Stanley, Perkins et al, and Newman
and Wegener, among others, in the late 1960's
established that MNOS devices often show substantial
improvement in tolerance to ionizing radittion when
compared with most pure SiO MOS devices. Recently,
interest in the radiation a?tributes of the MNOS
structure has decreased since the development of
radiation hard "clean" SiO MOS devices. However, at

low temperatures, all SiO films, including the
radiation hard "clean" oxides, show the same build-up
of trapped holes in the oxiSe, and are highly sensi-
tive to ionizing radiation. Consequently, a gate
insulator structure more tolerant to ionizing radia-
tion than SiO2 is needed for certain low temperature
applications of MOS devices such as CCD signal pro-
cessors for infrared arrays.

The purpose of this work is to study the radia-
tion sensitivity of the MNOS structure at 800K. Also,
we hoped that performing the irradiation at low tem-

peratures would prove to be an advantage in the inter-
pretation of the experimental results because of
recent advances in the understanding of irradiation
effects in Si02' It now appears that the buildup of

trapped holes tnSiO2 when exposed to ionizing radia-
tion at 80°K is the same in all thermally grown SiO2
layers, independent of variations in processing6(5his
is not true for irradiation of SiO2 at '300°K).
Consequently, any differences between charge buildup
in the MNOS structure and that expected for the SiO2
alone should be due to charge generation and trapping
in the nitride or at the oxide-nitride interface. It

is assumed throughout this work that the thermally
grown SiO layer in the MNOS structure behaves

exactly tie same as other SiO2 films. It is also

assumed that both the oxide and nitride have uniform
bulk properties and are separated by an infinitely
thin interface layer.
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Fig. 1. Energy-band diagram of the MNOS structure.

A baud diagram of the MNOS structure is shown in
Figure 1. Ionizing radiation incident on this struc-

ture will create electron-hole pairs in both the
oxide gnd nitride layers. For applied fields greater

than 10 V/cm, most of the electron-hol§ pairs created
in the oxide will escape recombination. The elec-
trons are mobile agd are swept out of the oxide by
the applied field. At low temperatures (-800K), the
holes created by t4e radiation are trapped near the
point of creation. For carriers generated in the
Sio2, it is apparent from Figure 1 that no potential
energy barriers to either electron or hole motion
exist at either of the oxide interfaces.

Much less is known about the generation and

trapping of free carriers created by ionizing radia-

tion in silicon nitride compared to SiO . For a

radiation exposure of 2 MeV elecisons required to

produce Sne Rad (Si), 1.0-1.5xlO electron-hue

pairs/cm will be created in Si3N and 8.5xlO pairs/
cm in the giO9. (The value for tiO is based on

18 eV/pair, wgile the value for Si3i4 is calculated

based on the approximation that the production of one

electron-hole pair consumes 2-3 times bandgap in

energy for high energy radiation.) Although these

generation rates for SiO2 and Si3NA are not signifi-
cantly different, previous MNOS radiation experiments
appear to show that charge buildup in the nitride is

substantially smaller than in SiO2. Referring to

Figure 1, it is unlikely that either electrons or

holes created in the nitride which escape recombina-

tion will have sufficient energy to surmount the

potential barriers at the oxide-nitride interface

(1.05 volts for electrons in the nitride conduction

band, and 1.85 volts for holes in the nitride valence

band). Consequently, it appears that most of

electron-hole pairs created by ionizing radiation in

silicon nitride must recombine before being separated
by the applied field. Fast recombination of carriers

has been proposed by P. F. Schmit et al. to explain
cathodoluminescence studies of silicon oxynitridTo
with a composition of about 80% silicon nitride.

Considering only hole generation and trapping in

the SiO2 region of the MNOS capacitor, and assuming
uniform trapping of the holes within the SiO2 at the
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point of creation, the trapped holes contribute to
the flatband shift by:

tN t
AV -'h ox £ +EVFB Ph toX [eN x2eo

where tN! tox0 eN and e x are the thickness and
dielectric constant of t e nitride and oxide, respec-
tively. P is the charge density of uniformly
trapped hoVes created in the SiO by the ionizing
radiation, and is dependent on tge applied electric
field. In the MNOS structure, for tox << tN Eq. (1)
reduces to:

tLVFB =itox tN N (2)

Therefore, for MNOS structures with thin SiO2 layers,
this simple model predicts AVFB linearly proportional
to toxs and not proportional to the square of the
oxide thicknes as observed for pure oxide MOS struc-
tures at 800K.

Sample P are ation and Irradiation

The MNOS capacitors were fabricated on <a00> 3-5
m-cm n-type silicon wafers as follows: (1) geroxide
clean, (2) thermal oxide growth in 0 at 900 C, (3)

at900 to30 min anneal in H2 at 900°C to reduce the fast
surface state density, (4) CVD nitride deposition at
8000C, (5) aluminum deposition and photoengraving of
aluminum gate capacitors, and (6) aluminum sinter at
4500C in N2 for 30 min. The CVD nitride is obtained
from decomposition of SiC 2H2 with NH39 and has a
dielectric constant of 7.8 as deposited. The thick-
ness of this nitride will sometimes be referred to
here as "effective thickness," defined as the thick-
ness required to contribute the same capacitance to
the gate insulator if the dielectric constant were the
same as for Sio2 (3.9). The effective thickness
of the CVD nitride in this work equals 3.9/7.8 or
1/2 its real thickness. Likewise, effective applied
field is defined as applied bias divided by the sum
of oxide thickness and effective nitride thickness.

A few selected wafers received additional high
temperature processing after the nitride degosition
as follows: (1) CVD SiO deposition at 400 C, (2)2photo-engraving of capacitors, (3) 900 C phosphorus
diffusion between the capacitors, (4) removal of CVD
oxide, (5) 9000C wet oxide growth in the phosphorus
doped regions, and (6) aluminum evaporation and photo-
engraving. In addition, one sample (14-11 in Fig. 6)
was fabricated with this 9000C processing and phos-
phorus doped polysilicon gates. All samples were
bonded ayl checked to insure dc leakage currents less
than 10 amp. at 10V gate bias.

After cooling to 80 K in a vacuum dewar, the MNOS
capacitors were irradiated under bias with 2 MeV elec-
trons. Flatband shifts were obtained within 10 min.
of each sequential irradiation using 1 MHz C-V curves.
Annealing of AVFB was measured for several samples
irradiated to several volt shifts for both positive
and negative bias. Annealing of AVF from 5 min. to
6 hrs was -5%, indicating that very Fittle annealing
of the flatband shift occurs over this time scale.

Previous measurements of fast surface state
densities (N55) generated by ionizing radiation in
MNOS capacitors at 300 K indicate that generation of
surface statf is smallest for devices with thin
SiO2 layers. For the radiagion exposures used in
these experiments (up to 3x10 Rad(Si.)), no signifi-
cant distortion of the C-V curves was observed in
samples irradiated at 800K with less than 200k thick
Sio2 layers. Measurements of N using the conduc-
tance technique were made at 3880K on several sample
with 1002 SiO before and after irradiation at 800K. 52For total doses exceeding 1 Mrad(Si), there was no

measurable increase in N at midgap. Consequently,
it is assumed that the rsaiation-induced flatband
shifts are entirely due to buildup of trapped charge
in the gate insulators with negligible contribution
from the generation of charged surface states.
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Fig. 2. Flatband shift (AVFB) at 800K vs radiation
dose (2 MeV electrons) for a set of MNOS
capacitors with different gate bias.

Flatband shift (AVFB) vs. dose is shown in
Figure 2 for a typical set of MNOS capacitors at 80 K
under different gate bias conditions. These capaci-
tors are from a single wafer with 125R SiO2 and
100O Si3N4 layers. The solid lines with unity slope
are drawn for best fit to the data near AVFB equal to
1 volt where all samples showed reasonably good fit
to linear dependence. In the following graphs where
the data is presented as AVFU per unit dose, this data
is obtained from the slope of the best fit straight
line as in Figure 2.

Experimental Results

Field Dependence

In Figure 3, AVFB vs. applied gate bias is shown
for a sen of samples with 100o SiO2 and 1000 Si3N
for 5x10 Rad (Si) dose. The observed flatband shift
shows a strong and complex dependence on both polarity
and absolute magnitude of the applied bias. The data
in Figure 3 is typical of most samples studied in the
following respects: (1) For both positive and nega-
tive gate bias, AV is very nearly bias independent
over a range of effective applied field of + l-2x10
V/cm. In this range, AVFB is always negative which
indicates that the first moment of the trapped charge
in the gate insulators is positive. (2) For effective
applieg fields smaller in absolute magnitude than
3.5x10 V/cm, AV is smaller for positive gate bias
compared to nega ive gate bias. (g) For high effec-
tive applied fields exceeding 2x10 V/cm in absolute
magnitude, AVFB is a strong function of the applied
bias.

Negative Gate Bias, Low Field

In Figure 4, AV B data is shown for a number of
MNOS capacitors whicW have the same oxide thickness
(t = 1008) but different nitride thickness
(tox= 200-2000k). Samples 12R-3 were all fabricated
N
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Fig. 3. Dependence of LV, on gate bias. AV is

approximately ingependent of gate ias over

two narrow ranges in bias from -6 to -12
volts, and +6 to +12 volts.

from a single wafer after oxide/nitride growth by
etching back the nitride. Consequently, these
samples have essentially identical oxide, nitride, and

interface layers. The oxide for sample 12R-4 was

grown simultaneously with 12R-3 but had a thicker
nitride deposition. Each sample was irradiated gt an

effective applied field of approximately -1.5xlO V/cm,
or in the negative bias "plateau" region of Figure 3

where AVFB is nearly independent of applied bias5 The

results are plotted in Figure 4 as AVFB per lxlO Rad
(Si) vs total effective gate insulator thickness.

The data in Figure 4 shows a very good fit to a

straight line (curve 4(b)), indicating that AV is

linearly proportional to nitride thickness. T is is
the expected dependence for no (net) charge trapping
in the nitride (Eq. (2)). Fig. 4(a) is calculated
from Eq. (1) for an electron-hole pqir yield of 0.85
at the oxide field of 1.5xlO V/cm.

Flatband shift data for samples with different
oxide thicknesses (t = 85-600R) but the same

nominal nitride thicRness (tN = 1000R) is shown in

Figure l. Each sample was irradiated at approximately
-1.5xlO V/cm effective applied field, the same bias

condition as the data in Figure 4. Results for

samples 9-1 to 9-4 are the most comparable because

the oxides in these samples were grown sequentially
under identical conditions (except for growth time)
and the samples had the same nitride and aluminum

depositions. The two samples designated by the open

triangles in Figure 5 received the additional high
temperature processing. It appears that this pro-
cessing may have affected the flatband shift of sample
5-4 slightly, although 6-1 does not appear affected.

The data in Figure 5 shows a strong dependence
on the oxide2thickness which goes approximately as

AV a. t . For comparison, curve 5(a) shows the

flatband 00ift calculated from Eq. (1) for an

electron-hole pair yield of 0.85. For all thin oxide

samples, the magnitude of the observed flatband shift

is smaller than predicted by (1). Agreement between

experiment and Eq. (1) is reasonable only for the

600R thick SiO sample. For the thinnest oxide

samples, the o served shift is about a factor of four

smaller than calculated.
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Fig. 4. AVFB/105 Rad (Si) vs total effective gate
insulator thickness (t + tN (eff)). Each
sample was irradiated with negative gate
bias in the bias independent region. Samples
12R-3 were obtained from a single wafer by
etching back the nitride layer. Curve 4(a)
is calculated from Eq. (1), and 4(b) is the
best fit of a straight line to the data.

Positive Gate Bias, Low Field

In Figure 6, flatband shift data is shown for
samples irradiated under positive ggte bias with
effective applied fields 2 + 1.5xlO V/cm such that
the samples are in the nearly bias independent posi-
tive bias region of Figure 3. Samples 12R-3 are
samples with the same oxide thickness (t = 100A)
but different nitride thicknesses mage by etching
back the nitride. The data for lxlO Rad (Si) dose
is shown in Figure 6 plotted as AVFB vs total effec-
tive gate insulator thickness (t plus effective tN).
Where two data points are shown Or the same nitride
thickness, this indicates the spread in values
obtained from one set of samples. The data in Figure 6
do not appear to show any clear dependence of AV B on

effective nitride thickness. Sample 12R-4, whicK
nominally received the same processing as 12R-3
except for the nitride deposition, appears to be in
particularly poor agreement with the other samples.
It is interesting to note that AVFB data for the same

set of samples irradiated under negative bias show a

well-defined, monotonic dependence of AVFB on nitride
thickness (Fig. 4).
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Fig. 5. LV /105 Rad (Si) for different samples
wi@ tN = 1000 but different oxide thick-
nesses. Each sample was irradiated with
negative gate bias in the bias independent
region. Samples with ogen triangles have
received additional 900 C processing.
Solid lines are calculated considering only
hole generation and trapping in the SiO2,
assuming mean free paths of the holes before
capture of (a) zero, (b) 50 i, (c) 100R,
(d) 150R, (e) 200g.

In Figure 7, LVFB per 10 Rad (Si) vs oxide thick-
ness is shown for samples with the same nominal nitride
thickness (1000R) and varying oxide thicknesses. The
samples are irradiated under positivg gate bias with
an effective applied field a 1.5xlO V/cm. In this
case AVFB increases rapidly with increasing oxide
thickness. Data from samples with open symbols in
Figure 7, which have received additional 9000C high
temperature processing as discussed previously, is not
in good agreement with data from the other samples
and appears to show that additional high temperature
processing significantly degrades the radiation hard-
ness of MNOS devices with - I0 SiO2 at positive
gate bias.

The apparent conclusion from the data in
Figures 6 and 7 is that AVFB of these MNOS devices
for positive gate bias is significantly processing
dependent, and depends on some aspect of the process-

ing in a way which is not reproducible. However, AVFB
for positive gate bias was always observed to be less
than for negative gate bias, independent of processing.

High Field Regions

For applied effective fields exceeding + 2xlO6
V/cm, AVFB in all MNOS capacitors studied is a strong
function of applied bias as shown in Figure 3. For
increasing positive gate bias, AV is increasingly
negative, indicating that more positive charge is
being trapped in the gate insulator. For increasing
negative gate bias, more negative charge is trapped
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*12 R-3
o 12 R-4

0
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Fig. 6. AV for samples irradiated to 10 Rad (Si)
vsFotal effective gate insulator thickness
(t plus t (eff)). Samples have 1002
si8x but dilferent nitride thickness.
Samples are irradiated with positive gate
bias in the bias independent region. AVF
shows no clear dependence on nitride thic-
ness.

in the insulator, and for large enough negative bias,
the first moment of the trapped charge is negative.
There is no sign of saturation in this high field
effect for either polarity of6gate bias up to effec-
tive applied fields of + 5xlO V/cm.

In Figure 3, the high field flatband shifts of
the MNOS capacitors appear nearly symmetric for posi-
tive and negative gate bias. In order to test this
possible symmetry, that part of the flatband shift
MAV B) due to the high field effect is here defined
as t e deviation of AVB frot its value in the bias
insensitive region at l-2x10 V/cm applied effective
field. From LA(AVF ), the charge trapped in the gate
insulator is calcurated assuming it is located at
the oxide-nitride interface. The results are plotted
in Figure 8 for samples 12R-3 and 12R-4 (t = 100,
t = 200-2000R) as the absolute value of tex trapped
charge vs effective applied field in the insulator.
The data in Figure 8 indicates that: (1) the high
field flatband shifts are very nearly equal in magni-
tude but opposite in sign for oppositive polarity of
gate bias, (2) the trapped charge appears approxi-
mately independent of nitride thickness for a very

wide range of nitride thicknesses, and (3) all samples
appear to conform reasonably well to a single curve

of field dependence Lexcept for sample 12R-3D
(tN = 200k) for positive gate bias only].
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Fig. 7. AV /106 Rad (Si) for samples with t='000R
anS different oxide thicknesses. Samples
are irradiated with positive gate bias in
the bias independent region. Samples marked
by open symbols have received additional
9000C processing and show that AV is
significantly processing dependent!

Discuss ion

The data just presented is, in a very general
sense, in agreement with previously published data
obtained at 3000K. Perkins et al observed that the
radiation sensitivity of their MNOS capacitors
increased with increasing oxide thickness and that

AVFB was smaller fog positive gate bias compared to

negative gate bias . §ecent data of Cricchi et al
shows AvF --0.5 V/10 Rad for an MNOS transistor
with 100kFiO2, l0002 Si3N at -12V gate bias, very
similar to the magnitude ot AVFB in this work for
those conditions. Furthermore, their data appears
to show the onset of a high fielj effect very similar
to that discussed in this work.

Negative Gate Bias, Low Field

Data frog the negative gate bias, low effective
field (1-2xlO V/cm) region appears to be very
reproducible for different MNOS sample runs with the
same processing sequence, and is only slightly
affected by the high temperature processing. From
samples with t = 100g but different nitride thick-
nesses, AVFB s8Rws a very good fit to linear
dependence on nitride thickness (Figure 4). This
dependence is a consequence of the MNOS geometry:
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Fig. 8. Summary of high field AVFB data for
samples with t = l00X and different
nitride thickness.

for t << t,N the MNOS gate insulator capacitance

(COX) will be inversely proportional to the nitride
thickness, and AVFB is inversely proportional to Cox'

Electron-hole pairs generated by ionizing radi-
ation in the nitride may recombine before being
separated by the applied field as discussed previ-
ously. However, those carriers which escape recom-
bination will drift in opposite directions due to the
applied field. For negative gate bias, electrons will
drift towards the SiO , and holes towards the gate.
Both electrons and hoies may be trapped in the bulk of
the nitride or may be transported to the SiO2-Si3N4
interface and gate, respectively. The electrons wll
most likely not have enough energy to cross the poten-
tial energy barrier at the SiO -Si N interface
(Figure 1) and should be trapped aE the interface
where, from MNOS memory experiments, many deep elec-
tron traps are known to exist. Holes in silicon
nitride are believed to have higher mobility than
electrons and so the holes Ttyl3ove through the
nitride with relative ease. ' However, it is not

known if these results can be applied to hole mobility
in nitride at 800K. The result of generation of
electron-hole pairs in the silicon nitride due to

ionizing radiation would most likely appear to be net

negative charge in the nitride, trapped either
throughout the bulk of the nitride or at the oxide-
nitride interface. This would result in a contribution
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to the flatband shift which is positive (but opposite
to the observed negative shift), anf3proportional to
the square of the nitride thickness (rather than the
observed linear dependence shown very clearly in
Figure 4). Consequently, the simplest model which fits
the observed dependence of AVFB on nitride thickness
is that there is no net charge trapping in the nitride
under low field negative gate bias conditions and
that carriers generated in the nitride are quickly
recombined before separation by the applied field.

The data in Figure 5, AVFS for samples with fixed
nitride thickness and differenE oxide thickness, shows

AVB varying approximately as the square of the oxide
thickness for t < t . Considering generation in
the SiO2, generfed eYectrons are mobile in SiO2 at
80 K, and due to the negative bias are rapidly swept
out of the SiO2 into the s6licon substrate when they
cannot contribute to AV B. Holes are relatively
immobile and grq trappeS at or near the point of crea-
tion at 80 K. 9 Assuming trapping of the holes at
the point of creation, and 85% separation of the
electron-hole pairs at6the exyerimental applied field
in the Sio of -1. 5x10 V/cm, curves 4(a) and 5(a)2
show the expected dependence of AVFB on nitride and
oxide thickness, respectively, as calculated from
Equation (1). For most MNOS capacitors, the magnitude
of the experimental flatband shift is much smaller than
calculated. It is possible that net negative charge
generated and trapped in the nitride results in a
smaller AVVFB by partially compensating the positively
charged trapped holes. This appears unlikely, however,
because as discussed previously the data in Figure 4
indicates no net charge generation mechanism in the
nitride.

Another possible explanation for AVFB being
smaller than calculated is that the holes may move a
short distance in the oxide before being trapped.
Based on data which show slightly different flatband
shifts for positively and negatively biased MOS capa-
citors with -l0002 SiO gate oxides, Boesch and
McGarrity have proposes that holes in SiO2 have an
average transport distance of 85R. They suggest
that this is caused by transport of the holes in
extended states of the valence band before being
trapped. For MNOS capacitors with oxides on the order
of l00R, many of the holes created in the SiO by the
radiation may reach the SiO2-Si3N4 interface iefore
being trapped. Since there is no potential energy
barrier to holes crossing this interface (Figure 1),
these holes may drift through the interface and the
nitride (where they appear to have relatiyl 5high
mobility at 300°K) without being trapped. 9

In this work, it is assumed that the motion of
radiation ggnerated holes in the SiO at applied fields
of + 1-2x10 V/cm are characterized gy a probability
of being trapped which is constant per unit distance
trave3ed in the SiO2 and a pair creation efficiency of
0.85. Furthermore, it is assumed that once a hole
created in the SiO2 reaches either interface, no trap-
ping of the hole occurs at either interface or in the
nitride. Very likely this last assumption is some-
what unrealistic, and is chosen only to provide the
simplest possible model. Curves 5(a) through 5(e)
were calculated for this model assuming a mean free
path EY from zero to 200R in 50R steps. The data forms
a reasonable fit to the model for AX = 125 + 25k, where
+ 25R represents the scatter in the data. The fact
that aX ' 125R is somewhat longer than the mean free
path measured by Boesch and McGarrity may be explained
by two effects: (1) AVF n this work is measures
after longer times (-3x0 sec) compared to -10 sec
in ref. [9]. Because AVFB anneals in time, the

average hole transport distance is time dependent and
increases with time. (2) AVFt is measured at higher
doses in this work. AVFB is found to be slightly sub-
linear with dose in these MNOS samples, perhaps due to
filling of trapping states, which implies that the
hole transport distance increases as the number of
empty traps decreases.

Positive Gate Bias, Low Field

For positive gate bias the AV B data for these
MNOS capacitors is more difficult o interpret. Holes
generated in the SiO drift towards the silicon sub-
strate under the infiuence of the positive gate bias,
while electrons transport through the SiO2 to the
oxide-nitride interface and the nitride. It is known
from MNOS memory effect measurements that electrons
may be (permanently) trapped both at the interface and
in the bulk of the nitride. In this case, it is
believed that electrons created by radiation will be
subject to the same trapping processes as electrons
injected by a high electric field from the silicon sub-
strate. By analogy with the MNOS memory effect, it is
assumed that the centroid of l grapped electrons is near
the oxide-nitride interface.

The smaller flatband shift observed for positive
gate bias compared to negative gate bias is conse-
quently believed to be due to the negatively charged
trapped electrons near the oxide-nitride interface
which compensate the effect of the holes trapped in
the SiO2. Presumably holes generated in the SiO2 move
the same l25R mean free path before being trapped
independent of the polarity of the gate bias. From
the negative bias data, for 1008 Sio2 only about 25%
of the holes generated in the Si02 are trapped. All
MNOS samples irradiated under positive bias show a
negative flatband shift. Consequently, if the centroid
of trapped electrons is near the oxide-nitride inter-
face, only about 25% of the electrons generated in the
oxide are trapped for l002 SiO2 MNOS devices, with
-75% of the electrons either being trapped much deeper
in the nitride or passing through the nitride alto-
gether.

For negative gate bias, where only the trapping
of holes was considered, AV was observed to be
only weakly (if at all) dependent on 900 C high tem-
perature processing after deposition of the oxide/
nitride layers. However, the AVFB data in Figure 7
show that the radiation tolerance of the MNOS capa-
citors may degrade by as much as a factor of 4 when
subjected to 9000C processing. This implies that it
is the trapping of electrons which is affected, and
that the processing reduces the electron trapping,
perhaps by annealing of the electron traps at the
oxide-nitride interface. This effect is similar to
an effect observed in MNOS memory transistors, where
the memory "window" decreases if the MNOS structure
receives any high tempera lre processing after the
oxide/nitride deposition.

It is also believed that the processing dependence
of the electron trapping may account for the lack of
a monotonic dependence of AV on nitride thickness
as shown in Figure 6 for posive gate bias. It
appears that the electron trapping depends on nitride
deposition parameters and perhaps other processing
steps in a way which is not reproducible for different
sample processing runs.

High Field Regions

In the previous discussion of low field AVFB data,
it has been possible to model all experimental
results based only on generation of free carriers in
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the SiO2 and their subsequent transport and trapping.

However, explaining the high field data (including
data such as the fact that for very large negative gate
bias the first moment of the trapped charge is nega-
tive), appears to require a different generation
mechanism. Possible generation mechanisms include
free carrier injection from either the gate or the
silicon substrate into the gate insulators due to a
combination of the radiation and high field, and free
carrier generation in the nitride, where separation of
the carriers rather than recombination might occur for
high applied fields. These models all appear to be in
-conflict with some of the experimental data. For
example, considering high field generation in the
nitride, the total charge generated due to irradiation
should be proportional to the nitride thickness, if
either type of carrier is relatively mobile in the
nitride, as previous data suggests. This is contrary
to the experimental data in Figure 8 where total
trapped charge is independent of nitride thickness for
a factor of 10 variation in tN* Likewise, for carrier
injection over potential energy barriers, it is dif-
ficult to explain the symmetry of the AV B shifts for
positive and negative bias. (However, tge apparent
high field symmetry may itself be incorrect because
the assumption that the high field effect can be con-
sidered a deviation from the low field shift is ques-
tionable. Recent data by Sour and Chiu on pure SiO2
MOS capacitors irradiated at 770K indicates thaf at
applied fields in the SiO2 at greater than 3x10 V/cm,
holes moyt an increasingly longer distance before being
trapped.")

Conclus'ions

For applied effective fields less than 2x106 V/cm,
the flatband shift in MNOS capacitors irradiated at

800K may be explained by considering only generation
of free carriers in the SiO2 and their subsequent
trapping after transport due to the applied field.
Lack of net free carrier generation in the nitride,
which is the thickest part of the gate insulator in

the ideal MNOS radiation hard structure, accounts for
the radiation hardness of the device. By making the
thickness of the SiO2 layer sufficiently thin (yet
thick enough to exclude the KNOS memory effect, or

t > 50X), the MNOS structure shows improvement in

raOiation hardness at 800K by one to two orders of
magnitude depending on applied bias when compared
with pure SiO2 MOS devices. Consequently, the MNOS

gate insulator shows considerable promise for use in
radiation hard MOS devices if it can be shown that the

MNOS structure can be fabricated with insulator
properties, such as fixed charge density and fast
surface state density, compatible with actual device
requirements.
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