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Abstract

MOS devices are susceptible to damage by ionizing radiation due to charge
buildup in gate, field and SOI buried oxides. Under positive bias holes created in
the gate oxide will transport to the Si/ SiO, interface creating oxide-trapped

charge. As a result of hole transport and trapping, hydrogen is liberated in the oxide
which can create interface-trapped charge. The trapped charge will affect the
threshold voltage and degrade the channel mobility. Neutralization of oxide-
trapped charge by electron tunneling from the silicon and by thermal emission can
take place over long periods of time. Neutralization of interface-trapped charge is
not observed at room temperature. Analytical models are developed that account
for the principal effects of total dose in MOS devices under different gate bias. The
intent is to obtain closed-form solutions that can be used in circuit simulation.
Expressions are derived for the aging effects of very low dose rate radiation over
long time periods.
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1. Basic Mechanisms

When a gate oxide is exposed to ionizing radiation, electron-hole pairs are formed
uniformly throughout the oxide. Electrons are extremely mobile and are quickly swept
out of the oxide under the gate electric field. The holes that escape initial recombination
drift toward one of the two interfaces, gate/SiO,or Si/SiO,, depending on the sign of the

applied field. Holes will be trapped in the strained region of the oxide near the interface
creating a positive oxide-trapped charge. The trapping centers are neutral oxide defects
(oxygen vacancies) that can trap holes and hold them for long periods. In radiation-
hardened gate oxides the distribution of trapped holes is normally within a few
nanometers of the interface. In field oxides and some commercial oxides trapped holes
can be distributed throughout the bulk of the oxide.

As a result of the hole transport and trapping process, hydrogen (H ™) is released from
hydrogen-containing defects in the oxide. The hydrogen will drift to the Si/SiO,
interface where it can interact to form interface traps (dangling bonds in Si). For n-
channel devices interface traps are negatively charged, and for p-channel devices
interface traps are positively charged. Excellent summaries of total dose effects are given
in references [1][2],

In what follows analytical models are developed that account for the dominant effects of
total integrated dose and low dose aging in MOS devices. Two models are required, the
bulk model and the zero-field model. The objective is to obtain analytical, closed-form
solutions that can be applied to circuit simulation rather than building more
comprehensive numerical models.

2. Threshold Voltage Shift

A positive oxide-trapped charge distribution introduces a negative threshold voltage shift
given by [3]

AV, =2 [ pxdx = -5, (1)
Eox O £

0X

where x is distance from the gate electrode, ¢, =3.45x10 " F/cm is the oxide
permittivity, g is the electron charge, t, is the oxide thickness, p(Xx) is the distribution
of trapped charge in coul /cm®, AN, is the sheet density of trapped charge in cm™, and

X is the centroid of the charge distribution which is assumed concentrated about X
With a positive gate bias, the trapping sites are usually located within a few nanometers

of the Si/SiO, interface. Inthiscase x=t_, and

ox !



where C , =¢,, /t,, is the oxide capacitance per unit area. With a negative gate bias
where the holes are trapped near the gate/SiO, interface, x <<t,,.

The voltage shift due to interface-trapped charge is given by

AV, = qéidtype, )

Oox

where g is the electron charge, AN, is the sheet interface charge density in cm™, and

dtype is +1 for n-channel devices and -1 for p-channel devices. The total threshold
voltage shift is the sum of the two contributions,

AV, = AV, +AV, . @)
The shift for holes trapped in the oxide is always negative, but the shift due to interface-
trapped charge can be either positive or negative depending on the type of device.

3. Effect on Carrier Mobility

The presence of interface-trapped charge reduces inversion-layer carrier mobility. The
mobility degradation can be expressed as [4] [5],

Ho
=t 4
ST )

where u, is the pre-radiation mobility and « ~1x107"" is a constant. The expression in

Equation (4) may not be valid for short times after irradiation because of the presence of
oxide-trapped charge close to the interface which would also affect mobility. At later
times electron tunneling from the Si neutralizes oxide charge close to the interface, and
only interface-trapped charge has an effect on mobility.

4. Electron-Hole Pair Generation, Recombination and Yield

The rate at which electron-hole pairs are injected into the oxide by radiation is given by

dN
o =~ SRV ®)
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where G, is the generation rate, 8.1x10%cm~/rad in SiO,, R is the dose rate in

rads/sec and Y is the yield of e-h pairs. Charge yield varies because only a fraction of the
holes formed will escape initial recombination. This fraction is dependent on the electric
field as shown in Figure 1 [6]. The analysis in reference [6] is based on the observation
that the hole trapping cross section is proportional to E **. An empirical fit to Figure 1
is given by Y = 0.49[L+ tanh(1.2 log,, (E ).
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Figure 1 Fraction of Holes Generated by 10 KeV X-Rays that Survive Initial
Recombination [6].

5. Hole Transport in the Gate Oxide

Although electrons move rapidly out of the oxide under the action of an applied field,
holes have much lower mobility and a higher susceptibility to trapping. The number of
trapped and transporting holes in the oxide of a MOS capacitor can be determined by
measuring the flatband voltage shift. Experiments show that the transport of holes in the
oxide is sensitive to both the electric field and temperature [7] [8]. The recovery of the
flatband voltage shift takes place in milliseconds or less at room temperature with
MV/cm fields. For low temperatures and very low fields, the holes are effectively frozen
in place.

The transport of holes is by polaron hopping which is a phonon-assisted process. As a

hole moves through the lattice it causes a distortion of the local potential field, increasing
the trap depth and the probability of trapping at a local site. This transport process is

11



described by the biased continuous time random walk model, CTRW [9]. However, for
most of the work presented here we assume holes generated in the oxide are quickly
swept into the trapping region near the interface and transport effects are neglected.

(Typical hole drift times are 10~ sec.)

6. Rate Equation for Trapping of Holes

The density of trapped holes, p,, in the strained region of the oxide near the Si/SiO,
boundary is described by the rate equation [10][11],

Py

d
ﬂ:(NT_pt)O'T P ©)

dt

where N, is the density of trapping sites, o; = o,E " is the field-dependent cross
section [6] for capture of a hole into a trap site, f is the flux of holes into the trapping
region and 7 is the characteristic time for trapped holes to recombine by electron
tunneling from the silicon and by thermal emission of electrons from the oxide valence
band. As discussed above we ignore transport effects and assume the holes appear
immediately in the trapping region under the action of the gate bias. With this
assumption the flux can be written, f = G,YRt,, , where t, is the oxide thickness. For

the moment we ignore recombination and write the rate equation as

d
%+GOYRaTtOX p, =G,YRo t, N,

which has the following solution for the total density of oxide-trapped holes,
P, =N; [l_ eXp(_ G,DYo:t,, )]’ (7)

where D is the total dose. The yield Y depends on the value of the oxide field as shown
in Figure 1. The capture cross section may vary between soft and hard oxides, but for
purposes of discussion we assume as representative values the cross sections measured in
reference [12]. This work identified two traps with different capture cross sections:

o, =1.4x10"®cm?and o, =3x10"*cm?, where E is given in units of MV/cm. A
value of o, =6x10""cm? was measured in reference [13].

It is generally found that little trapping of electrons occurs in the bulk of the oxide.
However, there seem to be significant numbers of electrons trapped at large cross-section
sites associated with trapped holes near the Si/SiO, interface. The hole traps, which are

positively charged after hole capture, become efficient electron traps with electron
capture cross sections of o, ~3x107°cm?[13]. The trapped electron forms a dipole
rather than directly recombining with the hole.

12



The density of these trapped electrons is proportional to trapped hole density over a wide
range of irradiation conditions [14]. It is found that for dry-gate oxides the number of
trapped electrons is 0.48+9% of the number of trapped holes, and for wet-gate oxides
the ratio is 0.16 +6% . Based on these measurements we can assume that the density of
uncompensated trapped holes is (1- f,)p, where p, is given by Equation (7) and

f. =const. The sheet density of oxide-trapped charge, adjusted for trapped electron

e

compensation, can then be written,
AN, =N, (1~ f, J1-exp(-G,DYot,,)], 8)

where N is the density of trapping centers in cm™. Equation (8) describes the buildup

of trapped charge that originates in the bulk of the oxide under an applied bias and is an
element of what we refer to as the bulk model.

7. Interface-Trap Formation

Holes created by radiation in the bulk of the oxide are swept to the interface under an
externally-applied gate bias. During transport, holes interact with hydrogen-containing

defects to produce H *. Under a positive bias the H " drifts to the Si/SiO, interface

where it reacts with Si-H trap precursors to produce Si dangling bonds (interface traps) .
This two-stage model of interface trap buildup is called the hole trapping/hydrogen

transport model (HT)? [15]. Experiments have shown that under positive bias nearly all
the H™ produced in the oxide is eventually converted to interface traps [16] [17] [18].

H ™ is released either in the bulk of the oxide or near the silicon interface. In dry gate
oxides the time dependence of interface trap buildup under a positive bias appears to be

essentially independent of oxide thickness indicating most of the H * originates from
holes trapped near the Si/SiO, interface, a result confirmed independently in reference
[14]. On the other hand for wet gate oxides, there appears to be a significant amount of
H ™ produced in the bulk of the oxide [15]. It is apparent that the way hydrogen is

incorporated in the oxide during processing can affect where hole trapping and H*
production will occur, the time for interface trap buildup, and the dependence on oxide
thickness.

Studies with post-irradiation exposure to a hydrogen ambient [16] indicate the reactions

responsible for H ™ production from hydrogen-containing defects during hole transport
and trapping are:

13



h*+DH ->H,+D"
H,+H, > H, 9
H,+D" >DH+H"

where h™ represents a hole, and DH is the hydrogen-containing defect . Density
functional theory suggests that interface traps are created by the direct interaction of
protons at the Si/SiO, interface by the reaction,

H*+H-Si=Si—>H,+eSi" =Si, (10)

where ¢ Si* = Si indicates a positively charged silicon ion with a dangling bond back
bonded to three silicon atoms [18] [19].

As holes drift through the oxide and interact with defects, according to Eqgn. (9) one

hydrogen-containing defect DH is converted to D™ for every H ™ produced. The
equation that describes this process is

oH" of N
o +a—;=(ND—H )o . G, YRt,,, (11)

where N is the density of hydrogen-containing defects DH, o, is the cross section for
H * formation by holes, G,YRt,, is the rate at which holes are generated by radiation, and
f,, isthe flux of H " in the oxide.

If one assumes that H ™ transport effects are small during the time H " builds up in the
oxide, one can neglect the flux gradient term. Eqn. (11) can then be written,

d%JraHGOYRtOXH " =N,o,G,YRt,,, (12)

which has the following solution for the total density of H ™ released in the oxide by
hole transport and trapping,

H* =Ny[l-exp(-G,DYot,,)]. (13)

The time for buildup of interface-trapped charge according to the reaction in Equation
(10) takes place over fairly long times (~10* sec) and is dependent on oxide thickness

and applied field [20]. The transport of H ™ is well represented by the CTRW model and
is the rate-limiting step in interface charge buildup. The CTRW model cannot be
described in terms of a simple formula, but for the moment we assume that proton

14



transport can be represented by an effective mobility z,, . In that case the flux of H " can
be written f,, = H " u, E, where x,, must be derived from CTRW.

As observed earlier, we will assume that all the hydrogen released in the oxide eventually
finds its way into interface traps. Under this assumption, the rate equation is written,

dAN; . .
qt t :NSiHGit(HO _ANit/tox):uHE’ (14)

where o, is the cross section for capture of a proton to form an interface trap, and H is
the total density of protons released in the oxide from Equation (13). In Equation (14)
the flux of protons available for trapping has been reduced by the number of protons
already trapped. Assuming g, Is constant, the solution of Equation (14) is

. E
ANy =Ht,, l:l_eXp(_ N Ot lutH tﬂ (15)

[0)¢

Ast—o, AN, — H,, where the sheet density of protons formed in the oxide is found
from Equation (13):

AN, = H; =N, [1-exp(-G,DYo,t, ). (16)

Equations (8) and (16) together with Figure 1 describe the process whereby charge
created in the bulk of the oxide under an applied gate bias forms oxide- and interface-
trapped charge. We refer to this process as the bulk model in contrast to the zero-field
model which describes the situation where there is no applied bias.

8. Neutralization of Trapped Charge

Measurements of the threshold voltage shifts, AV, and AV, at different dose rates over

long periods (107 seconds) are presented in reference [21]. These measurements show

that interface-trapped charge builds up over a relatively long period of time, ~10*
seconds, in agreement with results of reference [20], but neutralization of interface-
trapped charge is not observed.

In Figure 2 (Figure 1 in reference [21]) the neutralization of oxide-trapped charge is
shown during anneal at room temperature for 60 nm oxides irradiated to 100 Krad at
different dose rates. The devices were NMOS biased at +6V. It is clear from Figure 2
that oxide charge neutralization is linear in log(t) and dose-rate independent.

Annealing of charge trapped in the oxide near the silicon interface is found to be
dependent on both bias and temperature. This dependence can be explained by two
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mechanisms: (1) the tunneling of electrons from the silicon into oxide traps, and (2) the
thermal emission of electrons from the oxide valence band into oxide traps [22].

0.0
100 krad(S10,) 6 137, 0.05 rad(sio, s
=2

-05
’>",‘* Cs-137/
<l 0.165 rad(SiO,)/s

= 10 | A o

> x-ray, 52 rad(SiO,)/s
< x-ray, 5550 rad(SiO,)/s

-15 -

LINAC, 2 pulses, 6x10° rad(SioO,)/s
20 | | | | | | |
107 10° 10" 102 10%® 10* 10° 10% 107

Time (s)

Figure 2 Annealing Curves for 100 Krad Total Dose and Different Dose Rates

From Figure 2 it is seen that the charge trapped in the oxide at time 2x10° seconds is the
same whether it was introduced nearly instantaneously by the LINAC or over the entire
period at 0.05 rad/sec. This behavior is consistent with an electron tunneling front
moving into the trapped charge near the interface. At low dose rate, holes move into the
trapping region near the interface and build up ahead of the front to the same density that
was created instantly with the LINAC. With a low dose rate trapped holes are neutralized
as fast as they form behind the front.

The tunneling process can be understood as quantum mechanical penetration of free
electrons into the potential barrier at the Si/SiO, interface [23]. This barrier, which is
the difference in energy between the conduction bands of the oxide and of Si, is about 3.1
eV for electrons. Once into the barrier there is a certain probability of an electron being
captured at a site with a trapped hole. The cross section for capture as viewed by an
electron at the interface decreases exponentially with distance into the oxide [24]. This
process leads to a tunneling front moving at a rate of 0.2 to 0.4 nm per decade in time.
For a trap to be neutralized by tunneling it must be within about 4 nm from the interface.

16



Similarly, neutralization by thermal emission can be seen as a thermal emission front
penetrating the bandgap of the oxide beginning close to the valence band and progressing
towards the conduction band at a rate proportional to log(t). The thermal emission
process varies exponentially with temperature but is independent of the spatial position of
the trap. Although the thermal emission model predicts a strong temperature dependence
it does not account for the bias dependence of the neutralization of hole traps. Since the
tunneling model does predict the electric field dependence, it is evident that the annealing
process is a combination of both mechanisms.

In reference [22] a combined tunneling and thermal emission model is described where
the distribution of trapped holes p, (X, ¢,,t) as a function of position, energy and time

can be written
P(X, 4, t) = Py(X, g )e (PentPent, (17)

In Equation (17), p,,, IS the probability (rate) of electron tunneling out of the silicon into
atrap, p,, Is the probability (rate) of electrons being emitted out of the valence band into
atrap, and p,(x,d,) is the initial density of trapped holes in energy and position
immediately following the radiation pulse. The rates are given by

Pun =cexp(=px) and p,, = AT exp(-¢,q/kT) , (18)

where «, 3, and A are adjustable parameters, and ¢, is the energy difference between
the trap and the valence band. The parameter £ is related to the barrier potential, and «
is the flux of free electrons at the Si interface times the capture cross section, o, .

In order to reproduce the annealing curve in Figure 2, consider the recombination rate
due to tunneling given in Equation (18). The rate of charge loss in the oxide after the
radiation pulse is over is

ap(xt)
ot = aexp( /)’X)pt,

which has the solution
P (X,t) = po (x)exp(—a exp(- Ax)t) , (19)
where po(x) is the spatial distribution of charge immediately after the radiation pulse.

This expression describes a tunneling front moving into the oxide from the Si/ SiO,

interface. Differentiating Equation (19) with respect to x, setting the derivative to zero
and solving for x gives the position of the tunneling front as a function of time [22],

17



xm(t):%ln(at) . (20)

The expression for the tunneling front can be used along with Equation (1) to reproduce
the annealing curve in Figure 2. First assume the oxide charge is uniformly distributed
with density p, within a small distance x, of the silicon interface. Next rewrite

Equation (1) so that x measures distance into the oxide from the interface and, assuming
the charge density is zero behind the tunneling front, we have

2
AVy == 0 [ (¢, —x)dx = AN || 1-2m |- Zo |y T |
& Xm(t) C XO 2tox Xg

Oox ox

In cases where x,<<2t,, the second term in square brackets can be dropped to give,

AV, = AV, (0)[1—)("*—(0} — AV, (0){1— L

Xo

|Mmﬂ. (21)

0

The initial point on the annealing curve, AV,,(0), is where the tunneling front begins

propagating at time t =1/« . The curve in Figure 2 is described by « =8.44 with
PX, =24.8 and AV, (0)=-1.4 . Figure 4 in reference [21] shows similar annealing

curves for a total dose of 500 Krad on oxides 32 nm thick. Equation (21) reproduces
these measurements with AV, (0)=-1.15, « =1.0, and fx, = 21.3. As discussed in

Section 6, the initial value of oxide charge density for a particular annealing curve, AN, ,
can be found from Equation (8).

A quantum mechanical analysis of the barrier penetration is given in reference [24]. This
analysis gives for the parameters « and £,

a=nvo,, B =2K, :%,/2m*(W—Ee) : (22)

where n, is the concentration of electrons at the semiconductor surface, V is the
velocity of an electron, o, is the cross section for capture of an electron at a trapping
site, W is the barrier height (surface potential), and E, is the energy of an electron at the

barrier. The barrier height is 3.1 eV, but corrected for image-force-induced barrier
lowering [3] by a 1 MV/cm oxide field, the barrier becomes W=2.91 eVV. We take a

value for the effective mass, m™ =0.2m,, and V ~10" cm/sec. The cross section o, is

more uncertain, but we will adopt the value used in reference [24], o, =3x107".
Rewriting the expression for £ gives,
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2 - E E. X
p==amw 1—We=ﬁ0‘/1—qvf;/—”, 23)

where E, =qE,_, X, is the energy gained by the penetrating electron in the oxide field.

In the case of the parameters appropriate to Figure 2, where fx, = 24.8, Equation (23)

gives B =6.5x10", which implies x, = 3.8 nm or 38 angstroms. This is a reasonable

value, comparing closely with the work in reference [25] which found that the hole traps
were within 3 to 4 nm from the interface and in reference [13] where 90% of the trapped
charge was within 50 angstroms of the interface.

Deviations from simple log(t) annealing have been observed [25]. These deviations can
be caused by a nonlinear spatial distribution of trapped holes or by a crossover from
tunneling- to thermal emission-dominated annealing. The room-temperature curve in

Figure 2 departs from the linear expression for times earlier than 10°sec. This is likely
due to thermal emission which is considered next.

If we adopt the recombination rate due to thermal emission given in Equation (18), the
rate of charge loss in the oxide after the radiation pulse is [22]

W — AT ? exp(~ 4,/ KT )p,,

which has the solution

p. (X, 4, t)= Po (X, 4, Jexp(— ATZ exp(-g,q /KT ), (24)

where p,(x, ¢, ) is the distribution in position x and energy ¢, above the valence band of

the oxide for trapped holes immediately after the radiation pulse. To make further
progress analytically, we assume the x and ¢, variables are separable, i.e.

P, = P, (X)P,(4,). This assumption just means the energy distribution of trapped holes
is not position dependent.

Following the work in reference [22] it can be shown that Equation (24) represents a
tunneling front for traps distributed in energy:

S %— In(AT ?t). (25)

Combining the tunneling front in energy with electron tunneling in position gives for the
threshold voltage shift,

19



# Xg
AVy == [ p,(#)dd, [ (o, — )P, (x)d, (26)
Eox ga(t) X ()

where the tunneling fronts in position and energy are given by Equations (20) and (25).

In order to apply Equation (26) to the case of Figure 2, we assume p, is uniform within
X,,and p, and p, are normalized so the integral over p, is unity:

¢ 2
AV =8V, 0) [ p2(¢t)d¢{[1—§—mj— . Ll—x—ﬂ @)

4 (t) 0 2t,, Xy

The distribution in energy will generally be complicated enough that Equation (27) will
have to be handled numerically. A code that does this is given in the appendix. The
distribution in energy shown in Figure 3 reproduces the departure from a straight line in
log(t) in Figure 2 with T=300 °K and A=100. The energy distribution shown in Figure
3 is similar to an extraction given in reference [22], although the component centered at
0.55 eV above the valence band is relatively larger than that the smaller component in
reference [22]. This twin-peak distribution is also seen in thermally-stimulated-current
measurements, reference [14].

Energy Distribution of Trapped Holes
35
3

=
2 55
©
(0]
N
T 2
£ —e— p2(phi
S p2(phi)
S 1.5
Pn)
@ 1
5]
)

0.5 -~

0 / : - : :
0 0.2 0.4 0.6 0.8 1 1.2 1.4
energy (ev)

Figure 3 Energy Distribution of Trapped Holes Implicit in Figure 2.
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9. Direct Measurement of Charge in Gate Oxides

In analyzing most published experimental results, what we will not know is the density
and distribution of oxide trap sites and the density of hydrogen-containing defects in the
oxide. Also, there may be different kinds of traps present with different cross sections.
Values for these quantities will have to be derived from the data. Typical parameter
values are given below in Tables 1 and 2.

In reference [21] n-channel CMOS devices were irradiated at various dose rates to 100
Krads, 230 Krads and 500 Krads. Threshold voltage shifts due to oxide charge and

interface charge were measured. Assuming X = t,, » Equations (1) and (2) have been used
to derive AN, and AN, from measurements. The values are shown in Figure 4.
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Figure 4 Oxide Charge and Interface Charge in MOS Test Samples Compared with
Calculated Values.

The curves are not smooth in Figure 4 because the 100 Krad tests used an oxide thickness
of t,, =60 nm and the other two tests used an oxide thickness of t,, =32 nm. The oxide

charge measurements are matched well with Equation (8) using the higher value of
capture cross section, o, =1.4x10**cm? and a trap density of N, =1.43x10"*cm 2,
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assuming f, << 1. The interface charge density was calculated from Equation (16) using
a cross section for H* formation of &, = 6x107"*cm?and a density of hydrogen-

containing defects of N, =1.59x10%cm™. In all the tests the gate voltage was 6V with
corresponding yield values of Y=0.5 for the 60 nm oxide and Y=0.6 for the 32 nm oxide.

In reference [14] a number of oxides were studied primarily to determine the electron
trapping efficiency f, that appears in Equation (8). In Table 1 below is summarized

some of the results of reference [14] from the point of view of extracting parameters
needed in Equations (8) and (16).

Table 1. Summary of Oxide Charge Measurements and Parameters for Analysis

Test D t AN, (meas) AN, (meas) f N, N,

[0) e

|  2x10* 35x10° 1.21x10"  2.2x10° 019 1.56x10% 1.04x10"
Il 1x10° 4.7x10° 2.56x10° 1.26x10° 0.24 6.09x10° 1.58x10°
Il 7x10° 3.6x10° 2.00x10°  1.00x10° 0.31 7.88x10° 1.73x10°
IV 2x10° 45x10° 2.1x10% 5.2x10° 0.55 3.25x10™ 5.45x10°

The values for N, and N, were found assuming the trapping cross section is
o, =3x107** and the cross section for hydrogen formation is o, =6x107**. Inall
these tests the gate oxide field was 2 MV/cm and Y=0.6.

The important information in Table 1 is the difference in the density of trapping sites and
hydrogen-containing defects between the hard and soft oxides tested. Test | was done on
a wet oxide with standard processing and the other tests were done on wet and dry oxides
with special processing for hardness. In the hard oxides the density of trapping sites at
the silicon interface is much smaller. The soft oxide in Test | has values much closer to
the commercial oxides analyzed in the next section.

10. Measurement of Total Dose Effects in Commercial MOS Devices

A complex series of total dose measurements for n-channel MOSFETSs IRF620 and
IRF130 are available in the literature [26]. This reference describes a method of
hardening whereby a MOSFET is pre-exposed to radiation and then annealed at 100 °C .
This process leaves the device with trapped charge in the oxide which lowers the
threshold voltage to a negative value. Circuits using the processed device are designed
around the lower threshold voltage. The pre-exposure fills most of the oxide trap sites
and also releases most of the H *, which is later removed by annealing. The processed
device is then less sensitive to subsequent radiation exposure.
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Whatever the merits of this approach to hardening, the data reported in reference [26]
provide a wealth of interesting tests for total dose models.

First consider the measured threshold voltage and mobility for the IRF620 irradiated with
a gate bias of +10V. These values are shown in Fig. 5 as a function of dose. In Fig. 6 are
shown oxide-trapped charge and interface-trapped charge derived from the data in Fig. 5

using Eqns. (1) - (4) with x =t__ and a =1x10"**. We do not have construction analysis
on the IRF620, but if we assume t,, =120 nm, N, =8.0x10*cm~ and

o, =6x107"cm?, Equation (8) gives good agreement with the values derived from
experiment as shown in Fig. 6.

Interface-trapped charge given by Equation (16) is shown in Fig. 6, with Y=0.4,
N, =6.9x10"cm™? and o, =3x10"*cm?. The yield Y corresponds to a gate electric
field during irradiation of 0.8 MV/cm.
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Figure 5 Measured Values of Threshold Voltage and Mobility for the IRF620.
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IRF620 Oxide Charge and Interface Charge
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Figure 6 Measured and Calculated Values of Oxide-Trapped Charge and Interface-
Trapped Charge for the IRF620 under Positive Gate Bias.

The bias dependence of radiation effects was an important issue in these studies. With
positive bias the holes generated in the oxide by radiation are swept into the trapping
region near the silicon boundary where a fraction of the holes are trapped. With negative
gate bias, the holes are swept to the gate boundary where trapping also occurs. In the

context of Equation (1), x =t for positive bias, and X << t,, for negative bias. Soitis

expected that the threshold shift for oxide-trapped charge will be much smaller for
radiation under negative bias.

It is also possible to imagine a situation where the only trap sites are at the silicon
interface and, with negative bias, only holes formed in the region of the traps will be
captured. However, assuming the trap sites are near the gate interface gives a better
match to the measurements shown here for the IRF620.

In analyzing the results for -10V bias in reference [26], we will assume the same amount

of H™ is generated by hole transport and trapping as in the case of +10V bias and, as
long as the negative bias is not kept on too long, all the hydrogen released will find its
way to the interface and be trapped there. After the negative gate bias is removed, the

24



hydrogen ions will diffuse over time into the trapping region at the silicon interface
which can be thought of as a potential well for the capture of H ™.

Fig. 7 reproduces Figure 1 of reference [26] which shows the threshold shifts for the
IRF620 at different gate bias. To extract from these curves the shift due to oxide charge,

AV, for the -10V case, we assume the same (positive) shift is present for interface
charge, AV, that was derived for the case of positive gate bias and use Equation (3).
0 ;_%w.'g':_;. —— e —r—r— =0
10} & IRFE20
e | o ¥
o 20f
> [ \ —o---18V
S0 A IOV
40 LH& A —————— _
0 1 2 3 4 5 & 7 8
Dose [Mrad(Si0,)]

Figure 7. Measured Threshold VVoltage Shifts for Different Gate Bias for the IRF620.

In the case of negative bias there are two unknowns, the sheet density of trapped charge,
AN, , and the centroid of the charge distribution, x. It is uncertain whether the type and

density of trapping sites near the gate interface are similar to those near the silicon
interface. The strain and distortion of the oxide lattice at the gate, which presumably
results in trapping sites, may be different. There is no data that show unambiguously
where the charge is trapped near the gate, but provisionally we will assume x=0.2t ,
namely a distribution that is localized but still broader than the distribution of trapping
centers near the silicon interface.

With these assumptions Equation (8) can be used with the same trapping cross section for
the +10V case, o, =6x107**cm?, and a density of trapping sites of N, =1.01x10"cm™
to obtain a good match to the threshold shifts as shown in Figure 8. The trapped charge

densities for the -10V case range from 2.0x10" to 9.9x10", similar to the densities
observed under positive bias. In Fig. 8 the threshold shifts back off at higher dose,
because AV, saturates while AV, (which is positive) does not.
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Threshold Voltage Shifts at -10V Bias for IRF620
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Fig. 8. Threshold Voltage Shifts for IRF620 at -10V Gate Bias

The situation with OV bias has some essential differences from the -10V case even
though the measured threshold shifts are of similar size. First, even with zero bias on the
gate the field in the oxide is not strictly zero because of the work function difference
between the gate material and the silicon, ¢, = ¢,, — ¢, . In the present case

¢« =—0.7volts [27] which has the same effect as a small positive field in the oxide

equal to 0.06 MV/cm with Y ~ 0.03. (See Section 2.3.4.1 in reference [3].) These
numbers, together with Equation (8), are too small to match the observed threshold shifts
shown in Fig. 7.

Accordingly, we assume that with zero gate bias the charge yield in the bulk of the oxide
is nearly zero. All the electron-hole pairs recombine before they can get away from each
other. But at both boundaries of the oxide, the mobile electrons will see a sharp diffusion
gradient and will diffuse out of the oxide leaving uncompensated holes to a depth & . If
we think of the sea of electron-hole pairs as a plasma, ¢ will correspond to the Debye
length. In the interior of the oxide, nearly total recombination will occur as predicted in
Fig. 1. In athin layer at the boundaries, however, uncompensated holes will be captured
in trap sites, and this trapped charge will cause a threshold voltage shift.

To calculate the width ¢, first take as the space charge field in this region,
E =(q/&, )JAN, which is that of a sheet distribution of charge where the density is

AN =G,Do. Electrons of temperature T can escape this region if the field is less than
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es-XT_ 9 ¢ ps?, (28)

4 &«

which gives for the depth of the charge distribution,

KT
5= /s% = (29)
4 5

In order to derive expressions similar to Equations (8) and (16) for oxide-trapped charge
and interface-trapped charge, it is assumed that the flux of holes into the trapping region
is f, =G,Rd, similar to the derivation of Equation (7) except that the width of the

region of uncompensated holes is & instead of t,,. From these considerations, the
equations representing the zero-field model are,

AN, = N; [1-exp(~G, o, D)], (30)
AN, =N [1-exp(-Gyo, D], (31)

where we can assume o, is the same as used above, but o, = o,E > will require

some adjustment. Since we are presumably in a low-field situation in the region &, it is
expected that o; >> o, but the power law dependence of o used above is probably not

valid here. Intuitively, one would expect that most of the holes are instantly trapped after

being formed with little residual motion in the region of the trapping sites. The H ™ will
be formed in association with hole trapping right next to the interface.

Based on these considerations, we find that if o; =400, and N, =1.13x10", with

N, =6.9x10", the measured threshold voltage shifts for zero bias shown in Figure 7
can be reproduced with Equations (30) and (31) as shown in Figure 9. In Equations (30)
and (31), Y =1, because the lifetime for electron-hole recombination is greater than the
time an electron spends in the region 6. The width of the region 6 ranges from 2.19 nm

at 100 Krad to 0.24 nm at 7.8 Krad, and the electron velocities are ~10’ cm/sec.

Threshold voltage shifts are also measured for the IRF130 in reference [26], but since
mobility measurements are not available for this device the interface-trapped charge can
only be guessed at. However, an annealing curve is given for the IRF130 and is
reproduced in Figure 10. The curve shown in Figure 10 is somewhat misleading because
it is not plotted against log(t). Re-drawing the plot against log(t) reveals a perfectly
straight line down to at least 100 hours. This curve is the electron tunneling curve and is
matched by Equation (21) with AV, (0) =-14, px, =11.40 and « =0.1, where time is
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Threshold Voltage Shifts at Zero Bias for IRF620
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Fig. 9 Threshold Voltage Shifts for IRF620 at Zero Gate Bias
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Fig. 10 Annealing Curve for the IRF130 at 100 °C after Irradiation at +15V.
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measured in hours. These values together with Equation (23) yield a value for the size of
the trapping region of x, =1.8 nm, comparable to the size of &. The curve in Figure 10

begins after initial thermal emission has removed the low-lying states in energy and some
of the interface-trapped charge.

That interface-trapped charge is greatly reduced by annealing at 100 °C is evident in
Figures 9 and 10 of reference [26], which show that after annealing the mobility is
reduced by only 10% to 20% at high total dose. This mobility reduction corresponds to a
value of interface-trapped charge of 1 or 2x10" rather than 6 or 7x10" that was present
before annealing.

Measured I-V curves are available for the p-channel power MOSFET MTB30P06V for
five total dose values from 20 Krad to 500 Krad, all obtained with a dose rate of 200
rad/sec [28]. The threshold voltage and mobility can be obtained from the 1-V curves by
parameter extraction. The results are shown in Fig. 11.
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Figure 11 Threshold Voltage and Mobility as a Function of Total Dose for the
MTB30P06V

From the data given in Fig. 11 it is possible to extract values for AN, and AN, using
Equations. (1) - (4). We don’t have construction analysis for the MTB30P06V, but
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parameter extraction indicates a value for the oxide thickness of t,, =104.8 nm. The

value of gate bias during irradiation was -15V, giving an oxide field of E=1.4 MV/cm,
and from Figure 1, Y=0.55. Since the gate bias during radiation was negative, we will

assume x = 0.2t,,, the same value as indicated in the analysis of the IRF620. AN, is
first determined from the mobility values and then AN, is found from the threshold

shifts using Equation (3). The values of oxide-trapped charge and interface-trapped
charge derived from the measured values in Fig. 11 are shown in Fig. 12.

The oxide-trapped charge can be calculated from Equation. (8). With a density of
trapping sites of N, =2.28x10" cm™and a cross section of o, =6x10**cm?, the

calculated values of AN_, from Equation. (8) are in agreement with values extracted
from measurement as shown in Fig. 12 .
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Figure 12 Measured and Calculated Values of Oxide-Trapped Charge and Interface-
Trapped Charge for the MTB30PO06V.

The interface-trapped charge can be calculated from Equation (16). We assume a value
of o, =12x107**cm?, and with Y=0.55, N, =1.7x10"cm?, the calculated values
match the data reasonably well as shown in Figure. 12.
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Total dose measurements are also available for the p-channel power MOSFET
NTB5605P [28]. Values of threshold voltage and mobility obtained by parameter
extraction from I-V curves are shown in Fig. 13 for 108 Krad, 216 Krad and 328 Krad.
Values of oxide-trapped charge and interface-trapped charge derived from the parameters
extracted in Fig. 13 using Equations. (1) - (4) are shown in Fig. 14 along with calculated
values from Equation. (8). The calculations used a value of t, =107 nm. The gate bias
was -10V with an oxide field of E=1.0 MV/cm, a trapping cross section of

o, =1.4x10"®cm?, and a density of trapping sites N, =1.19x10%cm™. These

calculations also assumed a centroid for the oxide-trapped charge of X = 0.2t,,.

Interface-trapped charge is calculated from Equation (16) assuming
N, =5.0x10"cm?and o, =1.2x10"*cm?. Calculated values of AN, are shown in
Fig 14.
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Figure 13 Threshold Voltage and Mobility Extracted from 1-V Curves for NTB5605P
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NTB5605P Oxide Charge and Interface Charge
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Figure 14 Measured and Calculated Values of Oxide-Trapped Charge and Interface-

Trapped Charge for the NTB5605P.
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11. Measured Total Dose Effects in SOI

In references [29] - [32], measurements of total dose effects in SOl MOSFETSs are
described. Threshold voltage shifts in the front and back channels were obtained as a
function of total dose up to 10 Mrads. Enhanced degradation of the top gate threshold
voltage in fully-depleted n-channel devices, such as shown in Fig. 15, was observed in
reference [29]. This increased threshold shift in the top channel is due to the coupling to
the top gate of the large radiation-induced oxide charge in the buried oxide when the
silicon layer is fully depleted.
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BACK GATE i /BDD‘I' TIE
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Figure 15 Structure of the Fully-Depleted N-Channel SOl MOSFET.

Charge trapped in the buried oxide will induce a threshold voltage shift in the bottom or
back channel according to Equation (1). When the silicon is fully depleted, the charge in
the buried oxide will also be coupled to the top gate. If the threshold shift in the bottom

channel is AV,_, the charge coupled to the top gate will be,

CsC
Q=CAV, =—3"2 AV, .

Si + box

The effect of Q on the top gate threshold voltage will be,

AV, = _Q =k,AV,., (32)

tox
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where

CsiCrox 1
. _|: Si b :| ] (33)
CSi +Cbox Ctox

As shown in reference [29] there will also be a coupling of the charge trapped in the top
gate oxide to the bottom channel described by k,. Since in these devices the thickness of
the buried oxide is much greater than the thickness of the top gate oxide, k, <<k, and

k, can be ignored.

The n-channel device studied in reference [29] had a top gate oxide thickness of t, =15
nm, a silicon thickness of t;, =95 nm and a buried oxide thickness of t,,, =330 nm.

These dimensions give a value for the coupling parameter k, =0.0415. The measured
top gate threshold shift as a function of total dose is shown in Fig. 16, and the measured
bottom gate shift is shown in Fig. 17. The effect of the buried oxide charge on the top
gate threshold voltage is given by Equation (32) and shown in Fig. 16 as DeltaVbg. The
trapped charge in the top gate oxide and its associated voltage shift can be calculated
using Equation (8). The bias during irradiation was 5.5 volts which gives E ~ 3.7 and

Y ~0.7. If we assume a capture cross section of o, =6x107** and a density of trapping

centers, N, =1.76x10", Equation (8) together with Equation (1) gives the shift due to

the gate oxide charge shown in Fig. 16 as DeltaVfg. The sum of voltage shifts due to the
top and bottom oxide trapped charge agree closely with measured values.

Matching the measured shift in the bottom gate threshold voltage is a little more
complicated. The measured values cannot be reproduced by Equation (8) with any
reasonable set of parameters. The shape of the curve does not show the expected
saturation at large total dose as is seen in Figure 15 of reference [31] or Figure 9 of
reference [32] for example.

The measured back channel voltage shift shown in Fig. 17 can be explained if we assume
there are two different trapping centers in the buried oxide with different capture cross
sections. The primary trap sites have a cross section similar to that seen in the other work

reported here, o, =3x107**cm?, and the second type of trap has a much smaller cross
section, o, =2x10"°cm?*. Two hole traps with cross sections of this general size were

observed in Reference [13]. The traps with smaller cross section may have been present
in the studies reported above, but since these studies were for much lower total dose
values, the effect of traps with smaller cross section may not have been apparent.

If we assume a density of trapping sites for the larger cross section of N, =4.0x10" and

a density of N, =3.0x10" for the smaller cross section, Equation (8) together with

Equation (1) yields the curves shown in Fig. 17, where DeltaV1 is the shift from the
primary trap sites and DeltaVV2 from the secondary trap sites. The sum of the two effects
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is very close to the measured threshold shift in the back channel. No interface-trapped

charge was observed in these tests.
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Figure 16 Radiation-Induced Top Gate Threshold Voltage Shift.
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Figure 17 Radiation-Induced Back Gate Threshold Voltage Shift
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12. Total Dose Measurements in Bipolar Base Oxides

Although the zero-bias case is especially important for aging calculations (devices in
storage with power off), we have so far only analyzed one set of measurements, that for
the IRF620. However, in reference [34] zero-bias measurements are available for
bipolar-base oxides. Although there are some important differences between these oxides
and gate oxides in MOSFETS, the results in reference [34] provide an additional test of
the zero-bias model developed for the IRF620.

Interface-trapped charge and oxide-trapped charge for a 600 nm MOS capacitor made
with the RF25 process and irradiated at 320 rad/sec. are shown in Fig. 18. This is the low
dose-rate case where high dose-rate effects from trapped electrons that were observed in
this study do not appear.
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Figure 18. Trapped Charge in Bipolar-Base Oxides Irradiated at Zero Bias.

Neither the bulk model represented by Equations (8) and (16) nor the zero-field model of
Equations (30) and (31) match the data in Figure 18 very well. However, in these oxides,
t,, =600 nm, which is 5 times larger than the oxide thickness used in the IRF620

analysis. So the small amount of charge generated in the bulk of the oxide under the
small field of the work function difference, ¢ . =—-0.7 V, may contribute significantly in

this larger volume of oxide. We find that the data in Figure 18 can be matched with a
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combination of the bulk and zero-field models. Some of the trapped charge originates in
the bulk of the oxide and the rest is formed directly in the boundary regions of width &
given by Equation (29).

In the combined model we have for the oxide-trapped charge,

AN gtulk = NT [1—eXp(—G0 DYUTtox )]
= N [1-exp(-3.67x10° D)],

ANZ =N, [1-exp(-G,400,0D)]
= N, [1-exp(-19.4D)],

and for the interface-trapped charge,

ANP™ = N_[1-exp(-G,DYo,t, )]
= Ny [1-exp(-0.29x10° D)],

AN{" =N [L-exp(-G,, o, D)]
= N, [L-exp(-0.4864D)].

In these equations, E =0.01, Y=0.01 with o, =c,E** and o, = 6x10*together
with o, =6x107". The density of trapping sites is N, =2.35x10" and the density of
hydrogen-containing defects is N, =4.2x10%. The total trapped charge densities are
AN, =AN™ +ANZ and AN, = AN + AN which are plotted in Fig. 18 in good
agreement with the measurements.
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13. Summary of Derived Model Parameters

A summary is given in Table 2 of the bulk model parameters derived in Sections 9
through 12. The table shows the range of variation we see in the basic parameters related

to hole trapping, o, and N.,and H* formation, &, and N, . Included in Table 2 are

all the tests discussed above except for the specially-hardened oxides studied in reference
[14] and the zero-field case for the IRF620.

Table 2. Model Parameters and Trapped Charge for Analyzed Test Cases

Device E o, @-f)N; o, N, Dose AN, AN,
IRF620 0.80 6x107* 8.0x10™ 3x107* 6.9x10™ 1x10° 1.1x10™ 4.4x10%
2x10° 2.8x10* 1.3x10%
8x10° 7.5x10% 4.6x10%
MTB30P06 1.4 6x107* 2.3x10% 1.2x1071.7x10* 1x10° 3.3x10%* 7.9x10%
2x10° 6.5x10% 1.1x10"
5x10° 1.3x10% 1.3x10"
NTB5605P 1.0 1x107* 1.2x10% 1.2x107*5.0x10% 1x10° 5.9x10" 2.5x10%
2x10° 8.6x10™ 3.3x10Y
3x10° 1.0x10% 3.5x10%
FWS[21] 1.0 1x10™ 1.4x10% 6x107* 1.6x10" 1x10° 4.3x10" 2.5x10"
2x10° 4.0x10" 2.7x10%
5x10° 7.8x10™ 5.7x10%
Test1[14] 2.0 3x10™ 1.6x10" 6x10™ 1.0x10" 2x10* 1.2x10" 2.2x10%
TopG[29] 3.7 6x10™ 1.7x10% 0 0 1x10° 0.4x10" O
SOl 1x10% 4.0x10% 0
1x10" 1.6x10% 0
BotG[29] 0.2 3x10™ 4.0x10% 0 0 1x10° 1.4x10% 0
SOl 2x107* 3.0x10" 1x10° 4.2x10" 0
1x10" 6.5x10" 0
RF25[34] 0.01 6x10™ 2.3x10™ 6x107™™ 4.2x10™ 2x10* 6.0x10% 5.0x10%

2x10° 2.2x10% 2.9x10%
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The key points revealed in the table are: (1) The hole trapping cross sections are
generally in the range of o, =6x10™* to o, =12x107**, as measured in reference [12],

with one test at the lower end measured in reference [13], 2x10 " cm?. (2) The cross
section for H ™ formation o, is in the same range as o, and (3) the densities of hole
trapping centers and hydrogen-containing defect sites vary considerably depending on
oxide processing but are typically in the range of 10" —10cm ™.

14. Space Charge Effects of Trapped Holes

From Table 2 we see that oxide-trapped charge densities greater than 2x10%cmare
observed in several devices. This immediately suggests that charge of this magnitude
trapped near the Si/SiO, interface can create a reverse field in the oxide greater than that

of the gate bias,

E. =—1 AN, =1 Mv/cm.

rev
SOX

If space charge effects of this magnitude exist, one would never see trapped charge
densities higher than the field reversal point for a given gate bias. This is contrary to
observation in many cases, including the IRF620 and the MTB30P06V in Table 2.

However, as pointed out in reference [34] oxide-trapped charge near the Si interface is
screened by image charge in the Si inversion layer which is equivalent to a dipole sheet
as seen from the bulk of the oxide. This situation is a classical problem in electrostatics
where the field of a charge situated in a dielectric outside a conducting boundary is
represented by the charge plus an image charge an equal distance behind the boundary.

Of course these charge layers are not infinite in extent so the trapped charge and its image
do not cancel exactly, but it is possible to estimate the size of the dipole field in the bulk
of the oxide. The potential of a dipole sheet where D is the dipole moment is

¢=[DdQ.

In the present case the dipole moment is D = gAN_,& where ¢ is a few nanometers,

comparable to the width of the region of oxide-trapped charge near the interface. If for
convenience we assume the interface is a circular area of radius R, the element of solid
angle seen from a position x in the bulk of the oxide is

rdr X

r’ +X2)\/r2 X2

dQ =2r
(
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The size of the charge sheet, R, is on the order of the channel length or width in a
MOSFET, and the integral over solid angle becomes

—og1-—% _Ip.
¢
R2 4+ x2

Note thatas R — w0, ¢ — 22D, and the field is E,,, = —3—¢ =0. Otherwise the
X

magnitude of the field in the oxide at a distance x from an interface of lateral size R is,

2
E. ;32—”(1—iz]=2ﬂiANm§ -2 |,
g, R R R R

(024 ox

where an approximation for x << R has been made.

Since 5 ~1 nm (10°m) and R ~1 micron (10~° m), the reverse field due to trapped
charge near the interface is screened effectively for the usual situation in MOSFETS.

14. Use of the Total Dose Model in Circuit Simulation

By far the best approach to including MOSFETSs with total dose effects in circuit
simulation is to use measured I-V curves to obtain VTO and UO by parameter extraction
as a function of radiation dose for a particular device. The code can then interpolate
between the measured values to obtain parameters at intermediate values of dose.

Another preferred method is to measure directly AN, and AN, in a particular device

exposed to radiation using either charge-pumping, midgap or other measurement
techniques [33] together with Equations (1) - (4) which are implemented in the simulator
models. Equations (1) — (4) are easily incorporated in any SPICE MOSFET model with
the necessary parameters provided as input. In Fig.19 are shown measured and
calculated 1-V curves at 200 Krad for the MTB30P06V. The calculated curves were
obtained with SPICE-based simulation using input values for interface and oxide-trapped
charge shown in Fig. 12.

If direct measurements of device performance are not available, then the analytical
model, Equations. (8) and (16), can be used to calculate AN, and AN, from which
threshold voltage and mobility are obtained from Eqgns. (1) - (4). This approach is, of
course, more uncertain than using directly measured values because the model requires a
number of parameters that have to be inferred from other measurement and analysis. A
useful guide to typical values of the necessary parameters is given in Table 2.
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MTB30PO6V ID vs VDS @ 200KRad

IDS (A)
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Figure 19 Measured and Calculated Drain Curves for the MTB30P06V at 200 Krad.
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15. Long Term Effects — Aging

To look at aging (the effects of very low dose rates over long periods of time), we need to
combine the buildup of oxide-trapped charge given by the time-dependent solution of
Equation (6) and recombination by thermal emission and electron tunneling, Equation
(27). Under the conditions discussed above relating to Figure 2, the combined effects for
positive gate bias are represented by,

s 2
AV, ==~ XN [L-exp(- Gy Yt, RE)] [ p, (4)dg, Kl—i—mj—x—(’(l—i—”;ﬂ, (34)

Eox NG o) 2 0

where x =t,. In Equation (34), the first term in brackets is the buildup of trapped

charge ahead of the electron tunneling front, the integral term is the recombination by
thermal emission and the last term in brackets is recombination by electron tunneling.
For negative gate bias during irradiation, trapping will be near the gate and we can adopt

the value x = 0.2t_,, but since the charge distribution is assumed to be broad, electron
tunneling will probably be negligible.

Since interface-trapped charge does not recombine at room temperature, the buildup is
described by the time-dependent solution equivalent to Equation (16),

AV, = dtypeci N, [L-exp(— G, Yt Rt)], (35)

ox

where dtype=1 for NMOS with positive bias. The steady buildup of interface-trapped
charge under positive gate bias will also reduce the mobility according to Equation (4).

For PMOS with negative bias, the H ™ generated cannot reach the silicon interface until
the bias is removed, and even then the hydrogen ions may have been partly eliminated at

the gate. H ™ ions that reach the gate will pick up an electron to produce H, which is

highly reactive and may dimerize to produce H,. The longer a negative bias is on, the
smaller the eventual formation of interface trapped charge. Switched-gate bias
experiments demonstrating these effects are reported in reference [35]. The worst case
total dose situation for PMOS occurs with zero gate bias.

We turn our attention now to the aging of a MOS device that is powered off, i.e. the
oxide field is approximately zero during a long period of irradiation at low dose rate. In
this situation the net buildup of holes in the oxide will be the result of electron diffusion
out through the boundaries as discussed in the analysis for the IRF620. At low dose rate
Equation (29) will not apply, however, since 6 —t,, and one must resort to a full

calculation of the accumulated charge in the oxide under the competing effects of
generation, recombination and diffusion. The macroscopic processes are described by
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the ambipolar diffusion equation [36], although calculation of the initial electron-hole
recombination lifetime requires more detailed considerations [37].

To develop a solution to the problem of charge generation at low dose rate under zero
field conditions, first consider the calculation of the yield curve in Fig. 1 which was
obtained experimentally [6]. This curve was derived essentially by counting the number
of electrons that leave a 105 nm oxide after irradiation under different values of oxide
field. The uncompensated holes remain in the oxide and can be measured.

It should be possible to reproduce Fig. 1 with a solution of the ambipolar diffusion
equation in the presence of an electric field E [38],

d?en oon

" dx?

D

+ﬂnEE+GOR——

&]_

0,

Tn

(36)

where on is the density of radiation-generated free electrons, D, is the diffusion
constant, , is mobility and z, is the recombination lifetime.

From the solution of Equation (36) with the boundary condition for an ohmic
contact, oh = 0 at x=0, the electron flux per unit area out of the oxide at the gate is,

_p 9
n ndX

J

x=0

=-G,RL, 1+ p?

EL,

h =
where S 2T /q)

cosh(tox 1+ 2 ]—eﬂ‘““"
L, B
_+_
2
sinh(tl_%/uﬂzj 1+/

. (37)

. In Equation (37) L, =./D,z, is the diffusion length or the

distance an electron travels on average before recombining. Since G Rt,, is the
corresponding rate electrons are generated by radiation, the yield measured by this

method will be,

] coshG_‘JX 1+ B2 j—eﬂ‘m““
V=L ” -
°X sinh(tL"XWJ vi+p

(38)
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Note that in Equation (38) as E — 0,

Y —>itanh Lo : (39)
2L

0X n

andas E - o Y —1 as expected. In taking the limit where E — oo, one must first

substitute in the exponentials, \/1+,82 = ,B\/1+1//32 = /3(1+ 2;2 +)

One finds that if t, /L, =24, Y given by Equation (38) falls right on top of the

measured points in Figure 1. The only exception is for E=0.01 where the calculated
value of Y=0.04 is a bit high. However, this is in an area where the assumption

underlying Fig. 1, that o, = o,E "%, may be a little suspect. With zero oxide field one

would expect Y to be small but not strictly zero, because the electrons within a diffusion
length of the boundary will be lost leaving uncompensated holes. The diffusion length
L, in this analysis plays the same role as ¢ did for the high-dose-rate case considered
for the IRF620. These parameters have comparable values, with L = 4.38 nm from the

analysis of Fig. 1, and & = 2.19 nm in the analysis of the IRF620.

One must now ask, is the value derived from the measurements in Fig. 1, t, /L, =24,
reasonable on theoretical grounds. From reference [37] we find the mobility of electrons
in SiO, is typically 20 cm? /V sec, and the recombination lifetime is less than a
picosecond. Using an electron mobility of 20, the value of L, =t /24 implies a
lifetime of 7 = 3.8x10** sec. which is in the expected range. These numbers derived
from Fig. 1 together with an oxide thickness of 70 nm give t_, /L, =16.8. This value

substituted in Equation (38) gives a nearly perfect match to the yield curve shown in Fig.
3.5 of reference [37] (dating from 1976).

With a value of Y=0.04 derived from Equation (39), the low-dose buildup of trapped
charge in the oxide ahead of the tunneling front will be given by Equation (8). Or
alternatively since Y =L, /t,, , Equation (8) reduces to Equation (30) with ¢ replaced
by L, , as one would expect from the physics. All the considerations discussed in the

analysis of the IRF620 with zero oxide field will apply here. The uncompensated holes
are created near the silicon interface in the region of the trapping sites and will instantly
be trapped. Hydrogen is released in this region near the interface trap sites. Assuming
X, <<t the net effect of aging at zero gate bias is then,

&,
AV, — 3N i expl- Gyor L, RU) jp2<¢t>d¢{1—im(m>] (@)
gox I (1) @(0
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where x=t_, oy ~400,,L, =/D,7, and D, = (kT /q)x,. The buildup of interface-

ox 1

trapped charge is given by

AV, = dtypeci N, [L-exp(~G,o, L,Rt)] . (41)

0ox

17. Test of Combined Effects in Aging.

In reference [39] experiments were done to investigate the “rebound” effect in which the
threshold shift in n-channel devices due to radiation exposure rebounds as the (negative)
oxide charge anneals while the (positive) interface charge does not. Figure 20 illustrates
the measurements of voltage shifts from oxide and interface charge during one hour of
radiation at a dose rate of 1 Mrad/hour and subsequent anneal at 300 deg. K and 400 deg.
K. At the higher temperature all of the oxide-trapped charge is neutralized after 1000
hours. The interface-trapped charge shows little if any annealing even at 125 deg. C.

Voltage Shifts from Oxide and Interface Charge
3
2 |
—e—dVot(300)
1 —m=—dVot(400)
—e—dVit(300)
[ i
g 0 — = dVit(400)
o e R dVotCalcL
> -1 &
/ -+ dVotCalcH
2 e dvitCalcL
y / ---a--- dVitCalcH
-3 1
'4 T T
0.01 0.1 1 10 100 1000
Time (hours)

Figure 20. Voltage Shifts from Trapped Charge during Irradiation and Annealing.
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The devices used in these experiments were constructed with Sandia’s 4/3 micron
technology with an oxide thickness of 45 nm. It should be possible to reproduce the
measurements in Fig. 20 with the combined-effects model, Equations (34) and (35). The

devices were irradiated with R =1x10° rad/hour for one hour under a 10 V bias. Thus,
E =2.22 MV/cm, E °® =0.648 and Y=0.65. If we take for the cross sections,
o; =0,E*® with o, =1.9x107 and &,, =6x107** along with a density of oxide trap

sites, N, =2.71x10%, and hydrogen-containing defects, N, =1.64x10", the model
reproduces the radiation curves up to 1 hour as shown by the dashed curves in Fig. 20.

During the annealing phase we must choose « =8.44 and /X, =11.05 for the electron

tunneling parameters, and A =3x10° for the thermal annealing constant, where time is
counted in hours. The thermal annealing shown in Fig.20 requires the energy distribution
of oxide trapped holes given in Fig. 21. This twin-peak distribution is similar to that of
Fig. 2 and other cases reported in reference [22]. The twin-peak energy distribution is
suggestive of two distinct trapping centers which may have different cross sections as
reported in reference [13] and discussed above in Section 11. The value for gx, required

to match Fig. 20 implies the width of the region of trapped charge is x, =1.7 nm, similar
to that derived from Fig. 10 for the IRF130.

Energy Distribution of Trapped Holes
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Figure 21. Energy Distribution of Trapped Holes Implicit in Figure 20
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17. Summary and Conclusions

Relatively simple formulas for the density of oxide-trapped charge and interface-trapped
charge as a function of total dose have been derived. These formulas are able to match a
large number of measurements, the parameters of which are summarized in Table 2. The
matches for oxide charge require values of capture cross sections for holes and the
density of trapping sites. For interface charge one needs the density of hydrogen-

containing defects in the oxide and the cross section for H* formation by holes. The
cross sections have been measured and are verified within reasonable limits by the results
in Table 2. Densities of hydrogen-containing defects and oxide traps vary due to
processing, but the range of observed values is reasonably well defined in Table 2.
Special hardened oxides may have much smaller values as shown in Table 1.

The basic formulas for the effects of trapped charge, Equations (1) — (4), are easily
incorporated into SPICE-like compact models. The calculation of oxide-trapped charge
and interface-trapped charge for MOSFETS irradiated under bias follows from Equations
(8) and (16) which describe charge produced in the bulk of the oxide. For irradiation
under zero bias, charge is produced in regions near the boundaries where electrons can
escape by diffusion. The zero-field model is described by Equations (29), (30), and (31).

Expressions for aging of MOSFETSs by low dose radiation exposure over long time
periods with positive gate bias are given in Equations (34) and (35). With negative gate
bias, the centroid of the charge distribution is smaller but electron tunneling is negligible.
Interface charge buildup may be negligible over long time periods with negative bias,
because the H *will be removed at the gate. The aging by low dose rate radiation with
zero gate bias is given by Equations (40) and (41). In devices with thick gate oxides,
analysis of zero-field irradiation effects may require a combination of the bulk and zero-
field models. In oxides with narrow regions of oxide trapped charge, X, ~1.7 nm, the

electron tunneling front can remove all of the oxide-trapped charge in a few years.

The main objective of this work is to obtain analytical expressions for total dose effects
simple enough to include in SPICE-like simulation codes. As a result, a number of
effects have been glossed over; primarily transport effects such as the time for buildup of
interface-trapped charge and the space charge effects possibly leading to reduced
interface trap formation at high dose rates [34]. Transport effects involve field
calculations, charge distributions and such issues as polaron hopping which are more
appropriate for numerical models.
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Appendix

/*

* File name: anneal.c

* Calculate anealing curves from electron tunneling and thermal emission
* Reproduces Fig. 2 in Total Dose Report

* gcc -02 anneal.c -o testl -Im

*/

#include <stdio.h>
#include <math.h>

#define NRECO 100000
#define NREC1 1100

main(int argc, char *argv([])
{
intn, i, i0, imax, j, jO;
double time, scratch[NRECO], pO[NRECO], p1[NREC1];
double alpha, beta, betax0, deltaVot, T, delta;
double deltNot, XmXa0, e;
double tox, x0, h, len, Eb, Const= 4.638e-7, A=100;
int NREC = NRECO;

tox = 6e-6;

alpha = 8.44;

beta = 6.5e+7,;

deltNot = 5.2e+11;

X0 = 3.85e-7,

h = tox/(double)NREC;

betax0 = beta*x0;

printf(" dNot = %.4e, tox = %.4e, X0 = %.4e, alpha = %.4f, beta = %.4e \n"
deltNot,tox,x0,alpha,beta);

len =0;
imax = 0;
for(i=0; i<NRECO; i++)

scratch[i] = (double)i + 0.5;
if(len <=x0)
{
pO[i] = deltNot/x0;
imax = i;
} else

{
pO[i] = 0;
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¥

len +=h;

¥

printf(" imax = %i\n", imax);

T =300;
/I T =400;
printf(" Temp = %.0f\n", T);

/[ distribution of trapped charge in energy
/I Eb is the energy above the valence band in eV.
// Eb = (double)j/1000;
double sum=0;
for(j=0; j<NREC1; j++)
{

p1[]=0;
}
for(j=0; j<NREC1; j++)
{

e = (double)j/1000;

if(j >= 310 && j < 790)

{

p1[j] = 0.55-(e-0.55)*(e-0.55)/0.1047;

}
if(j >=850 && j < 1250)

pi[j] += 3.1-(e-1.05)*(e-1.05)/0.012905;

sum += p1[j]*0.001;
}
printf(" sum= %f\n", sum);
for(j=0; J<NREC1, j++)

p1[j] /= sum;

time =0.1;
for(n=0; n<9; n++)

/I this section calculates reduction of trapped charge by electron tunneling
deltaVot = 0;

10 = imax*log(alpha*time)/(betax0);

/Il analytical expression of trapped charge integral for pO=const

XmXO0 = log(alpha*time)/betax0;

if(XmX0 > 1) XmX0 =1,

deltaVot = -Const*tox*deltNot*((1-XmX0)-0.5*(x0/tox)*(1-XmX0*XmX0));
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/I this section calculates reduction of trapped charge
delta = 0;

jO = (int)(8.616e-5*T*1000*log(A*T*T*time));
if(j0<0)j0=0;

if(j0 > NREC1) j0 = NREC1,

for(j=j0; j<NREC1; j++)

delta += p1[j]*0.001;
printf(" jO = %i, delta = %f\n", j0,delta);
deltaVot *= delta;
printf(*" log(time) = %.0f, deltaVot = %.4f, i0 = %i\n

time *=10;

by thermal emission

", log10(time),deltaVot,i0);
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