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.o GENMERAL THEORY

with the assumption that the incrementasl response of &
MOS 3y to radiation/annealing, that is, the shift of {the
threshold potential, &V, L& linear with ot impul z
radiation dose, S0, arnd  with respect whi oh
depends  on the ti lapsed between the time o rrr“d;dl1unq t,
and the time of vatiorn, €7, (Fig.li:

We

Loy

«Z

~

=

b

e
'

i
-~
+

+
Com
ly
i+

s
a
.

may bhe rewritten as

SWit, 7y o= Rttt DT at (lal

unction, t 0 is
2 oradiation impul
D=l A dt, v bhei

where RIL-17) i
rvation, Y is
omn

oty
S is the radiati
rate.

arnd on the
WO
1Ly wvalid £
suume that this
: We will et

By

3 1

constant
for the case
the ”aqu : TAGE Since the case of
mevt by ﬂtudwed S0 \ + o
ar exact detinition of what =1 \M]
speot ho rate. For s vy
not hold true and

e

5,

LR RN I VA I (]

furmection, Frit, th, will s

-

t' thrat’ 17

Figure 1. Impul se dose.

T 4ind  an expression  for the total shift of the the
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Substituting Eg. (1) in differential form, we obtain
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1ty bhen Dewee = Db

z, ¢
Fig.2. Total dose.

Thus, Eg. (3 gives us the nesded insight into the meaning of the
responsse functioni namely, that Rt is the shiflt of the threshold
potential  per wunit  dose when tix In other words -
determine Rt for any time, t, all we need is to megasuwre  the
shitt of the threshold potential, dVeowi{t). Then,

=

Rty = $Veoe (1) MDewe (L), {4

provided that trsxt,..

Thus, the linear response of MOS devices is totally described by
{ Of course, we have to know an analytical or, at lesast, a
suprassion for the linear response function RIL). Ty
agical linear response theory of Eq. (1) and (2) doess not
ooy de L with the response functiony however Egs. (2) and 4 gar
serve  as  a  wseful tool to plan appropriate expsriment and  to
@ resoponse function using sxperimental data, Toy i md

function, we only . bo measuwre the response to the
ze and substitute it into

"

A valuable technigue which we s=hall uss below in
abtment of  the case of small time, t. In
function may be expan in & power serls
Substituting this o the gensral
3, wer obtain the respor PP LVE S A A% & [IOw
T Ther, comparing this exdpansion with ssperimental
cletermines pansion cosefficients, i.e., the value
derivatives (first, second, sto.) at t = 0,

ot

This will be discussed later. We rnow need to comment on Lhe
fimition of small time, L. We are dealing here with & kinetic

and 1t can be charascterizsed by a characterist t

tharn one of such paramsters). Thus,
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fs we have already mentioned above, the kinetic process  of
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g which makes the argument of the logarithmic function
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gyt ain the following expression for the shift of  the
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It is not enough simply to determing and catalog these constants
for  wvariouws MOS devices, but rather to study experimentally  the
dependence of these parameters on both temperature and dose rate
and compare  the wvalues obtained with the parameters of the
manutactuw ing process. With this in mind, we comse to the
realization that there is a strong nesd for a fast, simple way to
determine these constants.

propose  a method based on a study of the linear response for
te, when Rt} can be expanded in a power series of ti

ARy = RO + RPNt + 172

EUOYER e 1/IRTVOIET L, (1E)

where R (3 and R"{3)  are, respectively, the first and second
derivatives of R with respect to . At the point b=, 0 (0)) -
Fogt =0

In particular, for the Init) dependence,
Rit) & ~C + Alt/te) —~1/720007E0)=, (17

o, comparing Eg. (173 and Eg. (132,

R0y = 0, R7{D) = A/tg, R"{0) = —A/to.% and R0 = 28/t 47. {14
ble  mext  substitute Eg. (132 irmto Eg. (2) o (Zad, depending on
whethar we are dealing with the case of puwre amnealing  after
irradiation or simaltanepous irradisatiorn and arnmealing. After
integration, this vields an expression for the shift in threshold
potential per wunit dose given in the following form:

VL) Dewe = 8 + art + azt® + axt™ .. (15)
The cosfficients, Hen g Ay Az g et are determined from  the
experimantal  data. From these edperimentally determined values,
we will determine the constants A, C and to.

Experimental Frocedures

We used data obtained from experiments performed at  the GBFC
Radiation Facility and compared these results to ow theory. In
thess experiments, ROA 10% rad-hard CMOS ICs were irradiated
o gamma  ravs with dose rate egual to approximately
rades/ min. A I0 was irradiated for  several howrs, taking
measuwrensnts  of the threshold poterntial {evaluated at & ir
current of Z00 0 M) Ffor one nechannel and one channel transistor
every ten minutes.

W

=5

Simultaneous Irradiation and Annealing

Substituting Eg. (127 into Eg. (3), we obtain



i3

RS ‘ £
OF J"wC;'R Qd QLETV
t t
N I’\ W gl
Uity = DR SdE™ + DH”(Q)J(t """ trydtt o+
) 3

t t

+ /QDH“(H‘Jit“t“)Edt" 4 L/EDRT O] G-t T T o+ L

8] 0

Integrating, we obtain
FVIit) = DeaelROD) + 1/Z2R7 (OD)E -~ /&R GO ESE — /24RO B, {1&)
where Diome = D) = étu

e obtairn  the following expression for the shift  of  threshold
potential by substituting Eg. (14) inte Eg. (1&6):

SV = Dewel-~0 + 1/783A0E/ta) ~ 1/76RE/ L) ™ —~ 11200/ 005,
=) 4

s
~d
—

whers tT<ita.

It is more convenient to deal with the shift per unit dose in  the
form of Eg. (15, where the constants are

o W 0, &1 = A/2te, aa = ~A/6LL=,. (18)
as determined by comparison of Eg. (17} and (15},
For the general case, we have
B = R ALO)

sody = L/ZRT(O), awm w —1/&6RT(0), (19)

One can  eqpech a linear dependence of VL) Dese For small times
when

apt®/at = t/Zteudl, (EO
ar

8V, -
Dy,4 X

10 20 30 40 t (min)

Radiation-induced shift in threshold potential wvs. time.
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tiret three points srndence of VI deew
mir. y in both

ases, but the touwrth point deviated from that
(Fig. ). From this, we could conclude at once that
b mir. Im other words, that te was betwesn one and two
howrs. We used the linear part of the curves (the first 23
paints)  to find ae and a., and we then used the nex

t part of the
curve to find am. The constants a; and az allowed us to calculate
tew and A

showsd the lingsar dep

H

- 1

A o= =208 A1T A, 1210
Foa the p-channel transistor  (Fig.é6d., we  found te to  be
approdimately 110 min. and for the n—-channel, te & 70 min.

For the p-ochannel, the theoretical cwve,

RS A

"Ix}tm'\’: = A E(IL + aﬁ.‘.taw

deviates from the experimental points only after 70 min., which is
D, 64t,, and for the n-channel, the deviation takes place aftter 435

mirn., which is also O.64t,.

§V(t)/ D, B=145 Rad/omin

/
funi? = T 0.7 mV/a ®

. , . . to | t(mm)
40 80 120

Fig.é. SBhift per unit total dose for p~channel transistor.

For the n-channel (Fig.7), we then plotted a more precise
theoretical curve, adding one more term, axt™:

SVIE) Deopr = ae + azt + azt® + axt™.

The value of ax was found from Eg. (19) and (15a):

am = 3/32 ax<®/a; = 0.001946 & Q.002.

B3

We plotted this improved curve to t = 1 hr, which gives t/t, =
O.86. There is no point in continuwing the curve fuwther, sinoe

the condition t/teil  must hold and the xpansion (Eg. (17) is
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mot valid bevond this point. Our purpose here s o
goreglon tite 21,

SV() /Dyt N
~ mV
-4 } Ium+~a7;2

X

to

20 40 60 8o t (mm)

Fig.7. Shift per unit total dose for n-channel transistor.

Fure Annealing (Eddtg)

The case of pure annealing can be treated in the same way.
Instead of Eg.(3), we will use ow general equation.

Substituting Eg. (12) in Eg. (2), we obtain

SV = DeoelR{D) + R () (t - 1/2t,.) +
+ 1/2R"(0) (= - tt,. ~ 1/3t.-=2) +
HL/ZRTTO)Y (L~ IR o+ tEL® - 1/4%,.T) ] {2E)

o

VL) Dewe = RIOY —- 1/2RP Mt ~ 1/6R" (L2 — 1/12RTVIOVLE,.T +
[R*(O) — 1/72R" (Mt + R (0} E,-2]t +
(1/2RR" () — 1/2R"" ()t ) ¢2 +
1/73R7 " (0O) =, (249

Since we are concerned with the case t,./te<< 1, Eg.i(21) can be
simpliftied:

VI Deoe = RQ) + Rt + 1/2R"(ME=2 + 1/ZRT" (D) 1™, (23D

In particular, for the 1n(t) dependence, we substitute Eqg. (12} intoe
Eg. (22 and abtain .

FVAL) Decae = =C + Al(t/ts) —~1/20 (/)2 + 2/38E/ L) ™ (21
Then, as in the case of simultaneous irradiation and annealing, we
can, in principle, determine ao, a,., az from experimental data.

We can then caloulate te and &:

tc:a m -1 2 a,‘/’az
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Temperature and Dose-Rate Dependence of Response Function.

It is worth noting that ow lack of data on the dependence of FiL)
on dose rate and temperatuwre at this point prevents development of
the microscopic {quantum) theory of annealing.

I we find thet, in some cases, R does not possess a  Ind)
dependence {(Eg. (1)), ouw method still allows use to find the value
of ROt and its derivatives at t = O through Eg. (3. Again, by
conducting experiments for different dose rates (or temperatures),
cne can obtain  the dependence of RO, RO and RY"0O) on these
variables. Since R (0 ie proportional to 1/t and R"4D) is
proportional  to 17ta®, we can determine the dependence of te on

temperature or dose rate.

ITI.  LONG-TERM ANNEALING AFTER SEVERAL DISCRETE DOSES.

A oetudy of variable dose rate would gain for us more insight into
the problem of annealing. Of courss, it must be preceded by &
detailed study of temperatuwe and dose rate dependence of &, C and
the characteristic time, teo.

We shall treat the specific case of variable dose rate in a
stepwlse varying dose rate in detail elsewhere. Here we will
treat the case of several impulse doses which have different dose
Fates (Fig.d). By impulse dose, we mean doses whose duration,

iag  much less than the ammealing time, 1o 6., bl A We suga
that the response function has a In(t) dependence, but each
ig described by its own characteristic time, *t,. We shall assums
that & and O are independent of dose rate.

Thus, the integral response ig the summation of the responses for
@ach dose rates

t,.
GVE) = DRt~ 31/ 4D, dt® {29

100

For the long-term annealing in this case, we obtain

SV ity = IR(L/*t5)D,, {2720
" 1
where Iy = D%t is the individual total dose for a dose rate Dy
and *t iz the dwation of the i-th impulse.



D 1 D,
N
d,
T, T, T,

Fig.8. Three discrete doses with different dose rates.
For the Inlt/ts) dependence, we obtain

Yt = LL-C + A Indt/te) 1Dy . {300
i

It is esasy to show that Eqg. (30 takes the form of a single impulse
with the total dose:

D{;c,-(—_ = ED1, 1%1)
and  with some effective characteristic time, to. To prove this
statement and to find this effective characteristic time, it is
sufficisnt to treat the case of two impulse doses. In this case,
we have

Dalrm(t/ta) + Daln(t/ta) = Dewelnit/to). {ED
Then Eqg. (31} takes the form:
(D1 /Dece) (Da/Deoe)
Inf(b/7t,) (t/7t=) 1 = 1In{t/ts),
from which
{D1/Dyere? (Da/Dece)
te = (ta) (ta) . A

Fg. {33 can obviously be generalized for any number of impulses:

(Dy MDiwe)
te = Witt,) . (A4
i

The principal conclusion to bhe drawn from E.(29) is that the
contribution of & single "strong” k-th impulse, i.=., an impulse
whose dose rate is much larger than that of any other  1-th
impulse, dogs not produce much change in to, provided that its
contribution to the total dose is small (D Dece) -



v,  NOM-LINEAR EFFECT.

We have assumed that the response is linear with an impulse doss
arnd  that the response function dﬂpenus only on the time lapse
between irradiation and measwement. &t this point, we will show
Fow existing experimental data showld be examined to verity these
two ass umptlunﬂ.

We shall now examine nonlinear effects. The output, that is, the
shift of the threshold potential, is no longer assumed to be a
Vimear Sfunction of an impulse doss, but  is  proposed to be
proportional to an unknown impulse +unrf1cnq SE (DY

FViE) = R{t-t " )SF D). (A5

The total shift is then given by

a

EVeow = JR{t-t"3F*{D)dD, {34

where F7 (D) = dF (D) /dD. In the limit in which t >>t., we obtain

Yit, Deoe) = R{LIF{Dewe). (57
In contrast to the linear case, we now have not one, but  two
anknown functions, R and F,  but only one guantity which can  be
eperimentally determined: V. These two functions, howewver,
gdepernd on two different variables, t and Deoe. This allows us, by

fixing one variable, to determine the function which depends on
the other variable.

Ve Two-Variable Response Function.

T,

#ty, we shall treat the case of a two-variable resgponse function,
t, £, When tixt., we obtain

Nz
Fi ¢

"'}'t; ot Bt " i) D-L et n (RE

Eg.(12) gives R only as a function of the first variable. e have
devised a method to determine R as a functiom of the second
variable. UOne needs to provide two impulse dose Der? and D=2,
separated by an interval t° (Fig.9?). We then have the following
edpression for the shift of the threshold potential:

=

MR (f )y = R{E, DIDCYY 4 Rt, tTIDE {59
provided x>t

Substituting the first term on the right-hand side of Eqg. {13 bry
Eg. {12), we obtain

Fit, £7) = Veoe 2 1) =~ Viepe %2 (1) /Dege 592, (40
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where Y9  and V2 are the shifts of the threshold potentials
respectively for the first and ge:"nd impul ses.

Since T is arbitrary, provided tr
function Lf the second variable., Eg. (40
covmp et Fermines Roas a function of

=, Ege (40) determiness
together with
LW variables.

r“ =

.

DU

t’ t

“1g. 9. Two discrete impulse doses.

YIi. CONCLUSION

The phenomenological linear P%pmnae theory developesd here is
capable of describing the entire range of the reversible kinetic
P OCe of irradiation/annealing. Both  pure annealing  and
cimultaneous irradiation/annealing have been treated in  various
Lime ranges. These include: emall time intervals (td<ta), short-
term annealing (¢ on the order of t,.) and long-term 4nnw41xnu

try tewds as well as the saturation region &V appre 11 )

& method was als developed to determine the
p;ramwtt": of the response function. A dmportant
thi method is that it is wseful to determine the temp@idtu @ A
dj%@“rdt@ dependence of these parameters.

In dealing with reversible linear kinetic process, oree is
naturally interested in the limits of reversibility. T study
these limits and to examine the transition are between reversible
ar |rr@~@rsib1@ processes, we have presented the case of two
W E respornse functions and have treated a response which is
with respect to an impulse dose.

s Tnintall

Tt was pointed out that in the case of simultaneous irradiation
and anneal ing. specially at the limite of small time, td< anl
large time, t w, the response per unit total do%w Uft (tnLq
ie more convenient to deal with than the shift itsel

everal different impulse doses
e impulse dose with &  Ccommon

Fimally, we treated the case of s
and  showsd that they act as a sing!
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gffective characteristic time. In particular, it was shown that a
vern impulss dose, if it makes a negligible contribution to the

i time.
Such a conclusion is wvalid, provided that the impule

G
total dose, doss not change the effective characteris

: dose  does
ot exceed the limits of irreversibility for the whole process.

We  must  realize  that ow main goal is still to construct &
microscopio bl ARV Only guantum theory can give as an insight
into  the complicated prog related to radiation damage and
armeal ing and predict temperature and dose g dependence.

To build such a theory, however, will be a difficult tas "
the fact that solid-state gquantum reached guite

sophisticated state. The  main is  that here we are
concerned with kinetic processes, WHHFQ1¢ the oresent quaﬁtum
theory studies mostly eguilibrium or gquasi-eguilibrium processes,
I addition, we are concerned mainly with prncmﬁbpﬁ far F 1 cam
goud liberium, and  sven  with the transitior to irreversible

Prolesses,

foundation of thi M croso
theory, e ﬁwedﬂ as & necessauy first S, to have a qwnwr
phsnom@nmlt;iaal theory. Linear r onss theory outlined iﬁ
this rve as an important step toward a guantum  thecory

. Can
adiabtion damage and annealing.

T"

To  make any progress to

ot

In conclusion, we have laid the groundeork +for  analvbtically
rhﬁrmct@r ing the radiation and annealing response of devics o
both  variable dose and dose rale which will greatly aid in  the
gimulation of yace radiation effects.

OPMMERMDET TONS

T We regard as the first priority the study of the tenpe
dependence of the characteristic time, Loy arnd the parameters &
and C.

2. Additional directions for experimental study seres

#. Doss-rate dependence

I The satwration reglon, i which  annealing approache
comnpletion (&Y approaches zera) and

O e

Cow The irradiastion conditions beyond which the kineti
becomne irreversible and the extent of these conditions.

gatians, thes

investi
on damage  and

radiati

a I the = of results
theoretical basis of a guantum

anmealing couwld e sstablished.

1
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