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I. INTRODUCTION

Recently [1], a description of trapped charge buildup in MOS devices under positive gate bias
was developed based on physical mechanisms that included carrier sweepout [2-7, 13-15, and 17], ra-
diation-induced electron-hole pair generation [2-17], recombination [2-7, 13-15, and 17], field-de-
pendent hole/electron trapping [2-7, 10, 13-17], tunneling at large doses [3, 5, and 6] and the effects
of internal fields. Experimentally accessible factors of import to the description of charge trapping in
oxides are: the total absorbed dose, applied field, oxide thickness, and temperature [1-7]. Because the
threshold voltage shift depends on the first moment of the charge distribution [18], the spatial depen-
dence of this distribution is important.

In the following section, we extend the description for the oxide trapped charge distribution in a
low dose rate environment to include: (1) negative gate biases, (2) tunneling at low doses, (3) low
applied fields, and (4) the effect of electron injection at the interfaces. In the subsequent section,
experimental results for the initial midgap shift per dose and the maximum midgap voltage as a func-
tion of field are compared to the theoretical results.

5



I. THEORY

We begin by considering the continuity equation for trapped holes:

dNp/dt - qdpip(Ntp - Np) - ucnjnNp (1)

where

Np - trapped hole concentration
rdp - the dipole-induced hole capture cross section (neutral hole traps)
a, - coulombic electron capture cross section

- radiation-induced hole flux

in - radiation-induced electron flux
NTp - concentration of neutral oxide hole traps.

The first term on the right-hand side of Eq. (1) describes hole trapping by neutral (induced-di-
pole) traps. The trapping rate is proportional to the induced dipole capture cross section adp; the hole
current jp; and the number of unfilled neutral traps (NTp - Np). The second term describes the rate at
which filled hole traps capture electrons and become neutral. The filled hole trap is a codlombic cen-
ter. The coulombic trapping rate for electrons is proportional to the coulombic capture cross section
a,; the electron current j.; and the concentration of filled hole traps Np.

Similarly, the continuity equation for trapped electrons is:

dNn/dt = Odd.(Nr. - N) - aoGqip (2)

where

N,, - trapped electron concentration

ad,, - the dipole-induced electron capture cross section (neutral electron traps)
otp - coulombic hole capture cross section

NT. - concentration of neutral oxide electron traps.

The first term on the right-hand side of Eq. (2) describes the neutral (induced-dipole) trapping
kinetics for electrons. The second term describes hole trapping by filled electron traps analogous to
electron trapping by filled hole traps described above.

As has been discussed elsewhere [11, the radiation-induced hole and electron flux may be
derived from the conduction band electron and valence band hole continuity equations. The conduc-
tion band electron continuity equation is:

tnltt - dj,dx + n0Dq9 - jntoa0 Np + od.(NT,, - N.)] (3)

where
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n - conduction band electron concentration

% = electron-hole pairs generated per dose

D = dose rate

- electron-hole escape probability.

Similarly, the valence band hole continuity equation is:

dp/dt = -djp/dx + nobD - jp[ocpNn + Odp(NTp - Np)J (4)

where

p - valence band hole concentration.

In a low dose rate, high total dose environment, these equations may be solved in steady state
[1]. Also, it has been shown that under these conditions the radiation-induced carrier generation
terms dominate the capture terms [1]. Under positive gate bias, Eqs. (3) and (4) may be solved to
yield:

Jn+ = ino + noDq'(tox - x) (5a)

and

ip. = ipo + noJvx (5b)

where 1o, is the oxide thickness and ino and jpo are the electron and hole injection currents, respective-
ly. The origin of the coordinates is at the gate electrode.

Under negative gate bias the electron and hole fluxes are given by:

in- m -ino - no)qx (6a)

and

Jp- = -jpo - nobq7(tox - x). (6b)

Substituting for the electron and hole fluxes and effecting the integrations in Eqs. (1) and (2)
yield the following form for the trapped charge distributions:

Ni. = NTLf6.s(x)[1 - exp(-t/ri.,(x))] (7)

where the subscript i denotes either electrons, n, or holes, p, and the subscript s denotes the sign of

the gate bias. The factori, , (x) has the following form:

A., = od.i.s(X) (8)

and
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Ti', = jis(udi - aci°) + aci.Ji,s/q (9)

where

di=s s(Jio + qnoDq'tox) (10)
(the total current density;
note that s is just the sign
of the field in the oxide)

and i* denotes that the capture cross section used is for the other charge species (i.e., if i refers to
holes, i* refers to electrons).

The net charge density in the oxide is proportional to the difference between the trapped hole
distribution and the trapped electron distribution:

Qnet.s = q(Np.s - Nn.s). (11)

Substitution of Eqs. (7) - (10) into Eq. (11) yields a rather cumbersome result for the net charge
density versus dose. The experimental quantities of import are the initial midgap voltage shift per
dose and the maximum midgap voltage shift. These quantities depend on the extremes of Eq. (11).
Therefore, we will proceed to a discussion of these extremes and the associated experimental quanti-
ties.

At early times, expansion of the net charge yields:

Qo.s - qNTp(cdpjp 5s - fTodnin.s)t (12a)

where

fT = NTn/NTp (12b)

and t is the time. In order to calculate the initial midgap voltage shift per dose, the first moment of
the early time charge distribution, Eq. (12a), must be calculated.

First, we assume that the holes may tunnel from the oxide into the semiconductor at the oxide/
semiconductor interface and may also tunnel from the oxide into the metal at the oxide/gate inter-
face. The importance of this mechanism has been shown previously [1]. We also assume that elec-
trons may tunnel from the oxide into the semiconductor and the gate contact.

Under these conditions the low dose, midgap voltage shift is given by:

V, = -s(q/E)NT,,d j,,dx-fi - x I At

I .'t XP.'* Jf 9A x ., 2i x13)



where we have assumed that the dipole-induced (neutral) trap cross sections for holes and electrons
are identical. The tunneling distances in the limits of the integrals above are, in general, different for
holes and electrons at each interface for both positive and negative applied fields in the oxide. We
have calculated the appropriate tunneling distances in the WKB approximation assuming the depth of
the hole traps is 3 eV relative to the valence band and the depth of the neutral electron traps is 4 eV
below the conduction band [1,91. The electron tunneling mass at the silicon interface is assumed to
be .94 free electron masses, and the tunneling mass at the aluminum contact is assumed to be .42 free
electron masses [191. Evaluation of Eq. (13) for both positive and negative applied fields yields the
following for the initial slopes:

V,/D = - (q/3E)NTpdnoqPtox I G,(Ax',fT) (14a)

and

V_/D = - (q/3E)NTpodnoptox G_(Ax',fT) (14b)

where

6 - the oxide thickness

Ax' = the appropriate hole tunneling distances divided by to,.

The factors G+ and G_ are given by:

G+ - [(1 -Ax'p Si)3_ (A.p., gate)3 t (jpo/2noqbDtox)

((I - AX'p+ Si)2 - (Ax'p+ gate )2)]

- [ (fT/ 2 ) (3/2 + jno/2noqDtox)
((1 - &x',,. Si)2 - (Ax,,, 8ate)2)

- (1 - Ax',n Si)' + (Ax',-., gate)3 ] (15a)

G- - [(Ax'P_ gate)3 _ (1 - AX,_ Si)3 + (3/2 +

jpo/noq)Dtox)) ((1 - Ax'p SI)2 - (Ax'p. gate )2)]

- lfT((1 - Ax'n_ Si)3 _ (Ax'n. gate) 3 +

jno/2noqDtox) ((1 - Ax',, Si)2 ,
( A ' ga t ),)]. (1 5b)

The ratio of the negative to the positive applied field hiitial slopes is given by the ratio of G_ to
G+. For thick oxides, such that all the Ax' are much less than one, the initial slope ratio reduces to:

G_G+ -(112-fr)/(1 -fr/2) (16)

In this limit, as long as the concentration of neutral electron traps is less than half that of the
neutral hole traps (fr < 1/2), the initial slopes for both negative and positive applied fields are nega-
tive, with the magnitude of the initial slope for positive fields being larger. If the neutral electron
trap concentration is much smaller than the neutral hole trap concentration, the magnitude of the
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positive field initial slope is twice the magnitude of the negative field initial slope. For neutral elec-
tron trap concentrations near, but smaller than, the neutral hole trap concentrations, the magnitude
of the negative applied field initial slopes will be substantially less than the magnitude of the positive
applied field initial slopes.

In Figure 1 we show the initial slope versus field across the oxide for typical values, cited in the
literature [8], for the parameters listed. The zero field dipole and coulombic capture cross sections
may be calculated [1) to be -8 x 10-15 cm 2 and -2 x 10-13 cm2, respectively. No hole injection is as-
sumed, and electron injection occurs at the gate contact only. Under these conditions the positive
field initial slopes exceed the negative field results, although for the smaller thickness this difference
is considerably smaller. As has been described elsewhere [1], the low field behavior is dominated by
the increase in the yield with field. At high fields the field dependence is dominated by the decrease
in the capture cross sections with field.

At the other extreme, long times, Eq. (11) with the help of Eq. (7) yields:

Qmax.s = qNTpadjp~sTp.s - fTin.sTn.S). (17)

Using the assumptions cited above, the maximum midgap voltage shift is:( o -r, S i .- " )r.SS
Vmax.S -qNTpd ( A. Xjp, sTpdX - fT J Xin Tn. sdx

gate Axn r gate£ ~. (18

Evaluation of Eq. (18) using Eqs. (5), (6), and (9) yields:

Vmax.s = - (qE)Neff.stox 2 (19a)

where

I~ - 6,'p Si I xn+Si
Neff+ = NTpod' ((x' 2/(x' + oc'))dx' - fT J(lV - x')/(l - X, + o'k))dx'

and

{I ; - /  i  ' - ' s i

Neff_ - NTpad' (r'(1 - x')11 - x' + qc')), ' - fr s ((x' I 'c + ac')),x'

- J Ax'._ i'J

(19c)

11



150 -
- - NO ELECTRON TRAPS/NO INJECTION

ELECTRON TRAPS/NO INJECTION
- ELECTRON TRAPSIINJECTION

125 - NEUTRAL HOLE TRAPS: 1 x 1019 cm- 3

CZERO FIELD YIELD: 7.5%

ELECTRON/HOLE TRAP DEPTH: 4/3 eV"- 100 NEUTRAL ELECTRON TRAPS: 5 - 17 cm- 3

C ELECTRON INJECTION FLUX: 1 x1

> 75 750 A OXIDE

50-
5

2 . I I I I 
-5 -4 -3 -2 -1 0 1 2 3 4 5

APPLIED FIELD ACROSS THE OXIDE, MV/cm

Fig 1. Theoretical Results for the Magnitude of the Initial Midgap Voltage Shift per Dose versus
Field Across a 750 and 500 A Oxide Using Parameters Cited in the Literature.
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where it has also been assumed that the hole and electron coulombic capture creos qections are equal
and

O,' = UdI(9d - (20a)

V' = Oc/(rd - 00. (20b)

In the limit that Ax' is zero and there are no neutral electron traps, fT=0, Neff + reduces to a form
previously published in the literature [I]. The ratio of Nff+ to Nff- gives the ratio of the positive to
negative applied field maximum midgap shift. In the limit of small Ax' and no neutral electron traps,
this ratio approaches a value of 6.8 for capture cross section ratios, a,, of 0.01, which is typical at low
applied fields.

Shown in Figure 2 is the fraction (compared to the number of neutral hole traps, NTp) of trapped
holes, electrons, and the net charge distribution for applied fields of + 5 MV/cm and -5 MV/cm at
saturation. Electron injection occurs at the gate contact only. For the positive field case, the trapped
hole and electron distributions are zero within their respective tunneling distances of each interface.
Note that at the gate interface (x = 0) the hole and electron tunneling distances are approximately
equal, while at the opposite interface these are different by about a factor of 2. As expected, the hole
distribution is peaked near the silicon interface for positive field. The electron distribution is peaked
near the gate interface for positive field. The significantly smaller peak value of the electron distnbu-
tion is due to two factors. First, the concentration of electron traps is assumed to be significantly less
than the concentration of hole traps (in this case NTp is 7.5 x 1018 cm -3, whereas NT, is 6 x 1017 cm-3)

and the electron trap capture cross section is smaller (- 10-14 compared to - 10-12 cm2 ). These val-
ues are consistent with those cited in the literature [8,91.

For negative fields the hole distribution is peaked near the gate and the electron distnbution is
peaked near the silicon interface. Because we have assumed that electron injection occurs at the gate
only, this phenomenon only occurs for negative applied field. Because carrier injection, in this case
electrons, provides a larger source of electrons for capture by neutral electron traps and by filled hole
traps, the electron distribution for negative field is larger than for positive field (where no electron
injection was assumed) and the hole distribution is smaller.

In these calculations the field dependence of the capture cross sections, discussed previously

11,71, has been assumed. Also, the fields, both positive and negative, have been corrected to account
for the internal fields caused by the resulting radiation-induced charge densities. It can be shown by

using techniques cited in the literature [20] that the field in the oxide may be calculated in the follow-
ing way:

E(x) = (V1 - V2)/(x 2 -x) + (1t/(x 2 - xO))[f (x'-x 1 ) (x') dx' + fx '-x 2) Q (x') dx'

(21)

where
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.POSITIVE CHARGE
1.0 NET CHARGE

---- NEGATIVE CHARGE

0.8- APPLIED FIELD (5 MV/Cm)
ELECTRON INJECTION FLUX 1 x10'

0.6-
U-

-
C)

0.4-

0.2-.

0.0 0.2 0.4 0.6 0.8 1.0
REDUCED POSITION IN THE OXIDE, XIT0x

Fig 2. Theoretical Results for the Charge Distribution versus Thickness in a Ty~pical Oxide for Rsi-
tive and Negative Applied Fields of Magnitude 5 MV/cmn. Electron injection has been in-
cluded for the negative field results.
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V = the potential at x

V2 = the potential at X2

and Q is the appropriate charge density. We may calculate the average field in the oxide by integrat-
ing tne fieid in the oxide, Eq. (21), over the region in which charges reside in the oxide, obtaining:

tox - AXns Si

Es = [1/(tox - Axs)] E(x)dx

gate (22)

where

Ax, = the thickness over which no charge resides in the oxide due to tunneling. (Because
the electron tunneling thicknesses are smaller than the hole tunneling thicknesses, this is

just equal to ",,S i + A" 5pte). Recall that s is the index which refers to the sign of the
applied field.

After some manipulation the average field may be written as:

SI - X nsSi

Es = Ea + AX'n,$ AVmax.s[tox(1 - 'ns) ] + jx'n.s 1ate-toxl[f(1 -An 3s)] Qmax.sdx'
fA'X tn, # ga te

(23)

In the following we have used Eq. (23) to describe the field in the oxide and evaluated all the
field-dependent quantities using Es rather than the applied field, Ea. Because the maximum thresh-

old voltage shift AV,s.5 and the charge distribution Qma,~, depend on the field E5, Eq. (23) is tran-

scendental and must be solved numerically.

Shown in Figure 3 is the maximum midgap voltage shift versus applied field in various limits. The
parameters used are consistent with those cited in the literature [8,9]. As seen, when both electron

traps and electron injection are neglected, the maximum midgap voltage shift monotonically increases

toward a maximum for both the negative and positive applied fields, and the shifts are greater than
for all other cases. When electron traps are added, the positive field voltage shift peaks and then de-

creases at high field. This is due to a lowering of the net charge caused by electron trapping in neu-
tral electron traps. For all values of the field, positive and negative, this result, as might be expected,
is lower than the results for no electron trapping.

In the third case we examined, electron trapping by neutral traps has been ignored and electron

injection has been included. With no electron trapping by neutral traps, the midgap voltage shift
shows no tendency, at the fields examined, to peak and decrease. In order for the midgap voltage

shift to peak, a separate electron trap distribution must be present. Neutralization of trapped holes by
coulombic capture of electrons by filled hole traps is not sufficient to cause a decrease in the midgap
shift at high fields.
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50 - 750 A OXIDE (electron traps and injection)

........ NO ELECTRON TRAPS/NO INJECTION
45 - ELECTRON TRAPS/NO INJECTION'--. NO ELECTRON TRAPS/INJECTION .°

40 - NEUTRAL HOLE TRAPS: 1 x 1019

ZERO FIELD YIELD: 7.5% °
> 35 ELECTRON/HOLE TRAP DEPTH: 4/3 eV

NEUTRAL ELECTRON TRAPS: 5 x 1017 cm- 3  on-

ELECTRON INJECTION FLUX: 1x 10"1

nC=30 0

25 -

20

-5 -4 -3. -2 -1 0 1 2 3 4 5

APPLIED FIELD ACROSS THE OXIDE, MV/cm

Fig. 3. Theoretical Results for the Maximum Midgap Shift versus Applied Field for a 750 A Oxide in
Various Limits of the Theory.
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For comparison we also calculated the maximum midgap shift with both electron injection and
electron trapping present, solid curve. When both of these phenomena are included, the voltage
shifts are lower than the results in which electron injection iq nea'ected.
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III. EXPERIMENTAL COMPARISON

Test capacitors used in this study consisted of thermal oxides of 150, 250, 500, and 750 A thick-
nesses grown on p-type silicon, with aluminum gates. The test capacitors were irradiated under bias
at room temperature using an ARACOR 10 keV x-ray source. The radiation response of the MOS
capacitors was monitored in situ using high frequency (1 MHz) capacitance-voltage measurements.
The dose rate in all cases was 100 kRad(SiO 2)/min. The threshold voltage shift due to trapped oxide
charge was determined as the midgap shift of the post-irradiation C-V measurements.

The midgap voltage shift versus dose data were fitted to an exponential and the initial slope and
maximum voltage shift determined for each oxide thickness and various applied voltages. A typical
initial slope data set is shown in Figure 4. The data are represented by crosses, and the average un-
certainty is represented by open triangles. Shown for comparison are the minimum and maximum
uncertainties, which appear as additional crosses on the appropriate data points. The magnitude of
the initial slope is plotted versus applied field across the oxide. The applied field was calculated by
determining the voltage across the oxide, accounting for the flatband voltage, and dividing by the ox-
ide thickness.

The dashed line is the result of the theory for the parameters listed in the key. These parame-
ters are consistent with values cited in the literature for these types of oxides [8,9]. The electron flux
of 1 x 1011 cm- 2 is equivalent to -16 nA/cm 2 and is consistent with previously published values [211.
Electron injection has been invoked at the gate electrode only. As discussed earlier in reference to
Figure 1, electron injection has only a limited effect on the initial slope compared to the presence of
neutral electron traps.

The steep increase in the initial slope with field is due to the field dependence of the recombina-
tion escape probability, which is roughly proportional to the field [1]. This steep increase occurs for
both positive and negative fields. At high fields, typical above about 1 MV/cm, the escape probability
saturates at unity. Above these fields the decrease in the initial slope is due to the decrease in the
hole capture cross section with field [1]. The field dependence of the initial slope at high fields is pro-
portional to one over the square root of the applied field.

The magnitudes of the initial slopes versus applied field for the various thicknesses studied are
compiled and shown in Figure 5. The uncertainties are shown for each data set as discussed above.
The uncertainty in each data point is less than 20%. In Thble 1 we show the parameters used for each
oxide thickness to generate the theoretical results, dashed line. Because the initial slope represents
the response of the samples at early times (low dose), the pre-irradiation column gives the appropri-
ate hole trap concentration for the initial slopes.

As shown in Figure 5, the positive field theoretical results closely represent the data, whereas
the negative field results, while qualitatively representing the data, are by no means as good. We can-
not explain this difference, although changing interface conditions with processing could account for
the discrepancy.

19



2.0 + 250 A OXIDE - EXPERIMENT
- - 250 A OXIDE - THEORY

ELECTRON/HOLE TRAP DEPTH: 4/3 eV
ELECTRON TRAPS: 6 x 1017 cm- 3

HOLE TRAPS: 5 x 1018 cm - 3

ZERO FIELD YIELD: 5%
1.5 ELECTRON INJECTION FLUX: 1 x 1011

x

1.0

< UNCERTAINTIES
- MAX 027

_ 0.5 MEAN: 0.17
MIN: 0.06

0.0 IIII
-5 -4 -3 -2 -1 0 1 2 3 4 5

APPLIED FIELD ACROSS THE OXIDE, MV/cm

Fig. 4. Typical Data for the Magnitude of the Initial Slope versus Applied Field. The dashed lines
are the results of the theory for the parameters cited.
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A 150 A OXIDE

0 250 A OXIDE -

o 500 AOXIDE
V 750 A OXIDE

0 - - -

Cd,- - - - -- / - *4c: 10 1I

uj - -4 -3 -2--

7- 9

XI
o Y 0

- -4 -3 -20 12-

APPLIED FIELD ACROSS THE OXIDE, MV/cm

Fig 5. Composite of the Initial Slope versus Applied Field Data for the Oxides Studied. The dashed
lines are the results of the theory using parameters listed in 'Tble 1.
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Table 1. Parameters Used to Generate Theoretical Results

Oxide Hole Traps Hole Traps Electron Traps Electron Injection
A (Pre), cm- 3  (Post), cm- 3  Yield (Pre/Post) nA/cm 2

150 1.9 x 1019 6.0 x 1019 5% 6 x 1017  16

250 5.0 x 1018 1.5 xx 1019 5% 6 x 1017 16

500 2.2 x 1019 9.0 x 1018 5% 6 x 1017 16

750 2.0 x 1018 7.5 x 1018 2% 6 x 1017 16

The thicker oxides have a larger initial slope than thinner oxides for both positive and negative
applied fields. This is expected due to the cubic thickness dependence of the dominant term in Eqs.
(14a) and (14b). As the thickness decreases, the initial slope decreases as the cube of the thickness for
the larger thicknesses, for which tunneling is less important. As the oxides get thinner, the initial
slope dependence on the thickness departs from the simple cubic behavior as tunneling becomes im-
portant. Also, as the oxides get thinner, the difference between the positive and negative initial
slopes is less pronounced. For thin enough oxides the negative field results can exceed the positive
field results. This is because the first moment of the negative field charge distribution can lie closer
to the interface than the positive field charge distribution if the tunneling thickness for hole tunneling
is large compared to the oxide thickness. The extent of the difference in the initial slopes between
the negative and positive field results depends on the details of the distributions.

Figure 6 shows the maximum midgap shift versus field across the oxide for the four oxide thick-
nesses given. The uncertainty in these data is less than 10%. The same trends are present in these
data as for the initial slopes. In each case the positive field maximum midgap shift exceeds the
negative field result, because the first moment of the charge distribution is larger for the positive field
case. The positive high field results all show a tendency to peak and decrease at the higher fields. As
discussed earlier, this is due to the presence of neutral electron traps. The dashed lines are
application of Eq. (19a) for the maximum midgap shift using parameters cited in the literature for the
escape probability, capture cross sections, trap depths, and injection levels. Thble 1 is a compilation of
the parameters used to generate the theoretical results. Because the saturated midgap shift
represents the response of the samples at long times (high total dose), the post-irradiation trap
concentrations apply for these results.

Again, we see that the theory represents the data remarkably well for positive applied fields and
only qualitatively for negative applied fields. An important point to note is that the data show a peak
in the maximum midgap shift with field and that the theory reflects this behavior. This suggests that
there is some worst-case positive field at which to test MOS devices that results in a maximum satu-
rated midgap voltage shift.

As seen in Tble 1, as the oxides get thinner the number of hole traps increases. If hole traps
are associated with defects in the oxide, the increased strain in the thinner oxides could account for
this increase. Also shown in Table 1 is an increase in the number of hole traps with radiation. In all
cases there is a three- to four-fold increase in the number of hole traps necessary to represent the
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post-irradiation data compared to the pre-irradiation data, whereas the electron trap concentration
and gate electron injection flux remain constant. The only other difference noted between the behav-

ior of the thin and thick oxides is that the zero field yield for the 750 A oxide is 2% compared to 5%
for the others. We believe this is due to more pre-irradiation fixed charges in the 750 A oxide than
in the other oxides. This is reflected in the fact that the pre-irradiation flatband voltage for the

750 ,A oxide was about -3.5 volts, whereas all the other samples had flatband voltages of roughly
-1 volt.
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IV. SUMMARY

We have extended the theory for the initial slope of the midgap voltage shift and the maximum
midgap voltage shift as functions of the applied field in a low dose rate environment to apply to both
negative and positive applied fields. The analysis has also been extended to include neutral electron
traps, electron injection, and tunneling at low doses. These results show that trapping of electrons by
neutral dipole-induced traps is necessary to explain the peak in the positive field saturated midgap
shift and that electron injection is necessary to account for the difference in the positive and negative
field results as shown by data taken on oxides of varying thicknesses.
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