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Abstract measurements have been extended to include temperatures
in the range 80 - 300K.  These results are used to expand
upon a trapping model of the noise.  The evidence suggests
that the noise and the oxide-trap charge are both influenced
by the preirradiation density of oxygen vacancies in the
SiO2 [2].

We have found that the 1/f noise and channel
resistance of unirradiated nMOS transistors from a single
lot with various gate-oxide splits closely correlate with the
oxide-trap and interface trap charge, respectively,
following irradiation.  The 1/f noise is explained by a
trapping model, while the variations in channel resistance
are explained by scattering from interface-trap precursor
defects.  It appears that both noise and channel mobility
measurements may be useful in defining nondestructive
hardness assurance test methods for devices fabricated
from a single technology.  It may be difficult to use either
for making cross-technology comparisons.  Finally, during
the course of this study it was found that process
techniques that improve the radiation hardness of MOS
devices at room temperature can greatly reduce the 1/f
noise of MOS devices at cryogenic temperatures.*

  We also demonstrate a striking correlation
between the preirradiation channel resistance of MOS
transistors and their postirradiation interface-trap charge
[3].  We have developed a model that relates the
preirradiation 1/f-noise to the net radiation-induced oxide
charge-trapping efficiency [2], and a model that relates the
preirradiation channel mobility to radiation-induced
interface trap generation efficiency [3].  We conclude that,
even before a device is irradiated, carrier-defect
interactions evidently reveal a great deal of information
about the radiation hardness of MOS devices.  Implications
for hardness assurance testing are discussed.

1. Introduction
2. Experimental DetailsTraditional methods to determine the radiation

hardness of MOS structures require destructive testing.
MOS devices are fielded in radiation environments on the
basis of test results on a small sample of devices that are
expected to show hardness levels typical of the larger
(untested) population.  The inability to directly measure the
hardness of a fielded device can increase the cost of a
radiation-hardened system and decrease one's level of
confidence that the system will perform as intended in the
use environment.  It is therefore useful to consider whether
nondestructive methods can be defined to characterize the
hardness of MOS structures prior to their system use.  In
this abstract, we consider the physical basis for
nondestructive methods to predict MOS oxide- and
interface-trap charge buildup in a radiation environment.

2.1 Samples

DC conductance, excess noise, and radiation
hardness measurements were performed on nMOS
transistors from a variety of wafers.  Except for the growth
and annealing of their gate oxides, seven of the wafers (Lot
G1916A) were processed identically using Sandia's old
baseline process.  Devices from these wafers have
dimensions L = (3.45+_0.10) µm and W = (16.0+_0.5) µm.
The processing of these wafers has been described
elsewhere [1,2].  Measurements have also been performed
on devices from two additional wafers, one from AT&T's
1-µm radiation hardened technology (Lot 11370, Wafer
50) [4] and the other from Sandia's 3-µm  "mod B"
radiation tolerant technology (Lot DE152D, Wafer 22) [5].
Devices from this latter wafer have identical dimensions to
those listed above and an oxide thickness of 45 nm.
AT&T devices had an oxide thickness of 18 nm, with
L = 5 µm and W = 30 µm.

In previous work, a strong correlation was
observed between the preirradiation 1/f-noise of MOS
transistors, measured at room temperature, and their
postirradiation oxide-trap charge [1,2].  Here we expand
the work by reporting the results of measurements on two
additional kinds of nMOS transistors.  In addition, noise 2.2 DC Conductance
                                                       DC conductance measurements were performed

on all devices with sources and substrates grounded at two
* This work was supported by the U.S. Department of Energy and by the
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temperatures, 80 K and 300 K.  Devices were operated in
their linear regimes, i.e., for sufficiently small drain
currents (Id) such that their drain voltages (Vd) and drain
currents satisfied

oxide-trapping efficiencies (fot).  These quantities are
discussed below.

2.4 Radiation Hardness

 Id = gVd. (1) To characterize their radiation response, devices
were exposed to 100 krad(SiO2) in a Co-60 gamma cell at
a dose rate of 1 Mrad/h.  An oxide electric field of 3
MV/cm was maintained during irradiation.  Threshold
shifts due to irradiation (∆VT) were separated into
components ∆Vot and ∆Vit due to oxide- and interface-trap
charge using the method of Winokur and McWhorter [7].
Threshold shifts due to interface-trap charge are
summarized in Table I and those due to oxide-trap charge
are shown in Table II.  The nine wafers include a wide
range of radiation responses, with ∆Vit ranging from 0.01
to 0.56 V (nearly two orders of magnitude) and |∆Vot|
ranging from 0.02 to 3.53 V (more than two orders of
magnitude).  The details of the radiation response
measurements may be found elsewhere [1].

As expected the dc-channel conductance (g) was found to
increase linearly with the gate voltage  (Vg) , that is

g = β(Vg-VT), (2)

where VT is the threshold voltage [6].  We refer to β-1 as
the channel "resistance parameter" as it is essentially equal
to the channel resistance for an "effective" gate voltage
Vg-VT = 1V.  Plots of channel conductance versus gate
voltage were used to extract VT and β-1 for each device at
room temperature.  The carrier mobility µ and β-1 are
related via

β = Cox (
W
L ) µ , (3)

where Cox = εox/tox  is the oxide capacitance per unit area
and εox and tox are the oxide permittivity and thickness
respectively.  The results of conductance measurements are
shown in Table I.  Also shown, for later comparison, are
the radiation-induced threshold shifts due to interface-trap
charge (∆Vit) and the interface-trapping efficiencies (fit).
These quantities are discussed below.  Measurement details
may  be found elsewhere [3].

The radiation-induced threshold shifts depend on
radiation dose (D), oxide thickness, and bias.  These
dependencies are removed by defining dimensionless
quantities, fot and fit, that characterize the inherent
"trappiness" of the oxides.  The oxide charge-trapping
efficiency, fot, is the ratio of the number of trapped holes
to the number of electron-hole (e-h) pairs created;  fot and
∆Vot are related through

−∆Vot = 
e κg fy D tox

 2

 εox
   fot,

(5)2.3 Excess Noise

Noise measurements at 80-300 K were performed
on devices operated in their linear regimes with their
sources and substrates grounded.  Devices were biased
with constant Id and Vg, and fluctuations δVd(t) in the
drain voltage were characterized for frequencies between
5 Hz and 50 kHz.  Details of the measurements are
described elsewhere [1].

where κg is the number of electron-hole (e-h) pairs
produced per unit dose and fy is the probability that an e-h
pair escapes recombination.2  The interface-trapping
efficiency, fit, is defined similarly in terms of ∆Vit [2,3].
Values of fit and fot  for the various devices are
summarized in Tables I and II respectively.

The room-temperature excess drain-voltage noise
spectrum SV (i.e., measured noise minus background
noise) of each device was consistent with

3. Excess Noise and Oxide-Trap Charge
3.1 Experimental

SV (f,Id,Vg) = 
K
fγ 

Vd2
(Vg-VT)2 , (4) It has previously been reported that the room-

temperature 1/f noise levels of unirradiated devices from
the seven G1916A wafers correlate strongly with their net
radiation-induced oxide-trap charge [1,2].  Here we include
data from the two additional wafers.  Since one of these
devices has a different geometry from the rest, we must
first account for the different gate area.  Noise
measurements from devices of different gate area on the

where the device-dependent noise level K and frequency
exponent γ were chosen to fit the data.  γ was found to be
very close to unity for all of the devices, i.e., "1/f noise."1
The room-temperature noise levels, oxide thicknesses, and
channel geometries are summarized in Table II.  Also listed
in Table II, for later comparison, are the radiation-induced
threshold shifts due to oxide-trap charge (∆Vot) and the                                                        

2 For the irradiation conditions and devices employed in this study, κg =

(8.1+_0.9) x 1012 cm-3 rad-1(SiO2), fy = (0.90+_0.05), and D =
100 krad(SiO2).  Equation (4) is valid only for doses low enough that
∆Vot is approximately linear with D (D < 1 Mrad(SiO2) for these
devices).

                                                       
1 For very small devices (e.g., 1 µm x 1 µm) on the AT&T chips, noise

spectra differed significantly from an inverse frequency dependence.
This behavior has been observed before in small devices and is to be
expected.
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same chip show that the noise level K is inversely
proportional to gate area, A = LW [8].  Accordingly,
Figure 1 shows a plot of KA versus −∆Vot for devices

from all nine wafers.  The open symbols are data from the
seven G1916A wafers that have

Wafer tox VT β-1 µ ∆Vit fit
I.D. (nm) (V) (kΩV) (cm2/V-s) (mV)

G1916A - 21 32 0.61 2.77+_11% 800+_12% 120+_10 0.034+_0.005
G1916A - 22 32 0.70 3.06+_10% 768+_11% 150+_10 0.043+_0.005
G1916A - 09 32 0.89 3.50+_ 4% 586+_ 6% 240+_40 0.068+_0.009
G1916A - 10 32 0.94 3.78+_ 2% 570+_ 5% 310+_30 0.088+_0.01 
G1916A - 32 48 1.06 4.37+_ 7% 667+_ 8% 320+_20 0.040+_0.005
G1916A - 33 48 1.38 5.12+_ 1% 578+_ 5% 560+_20 0.071+_0.009
G1916A - 44 60 1.47 5.07+_ 2% 752+_ 5% 560+_30 0.045+_0.005
DE152D-22 45 1.27 3.26+_ 5% 860+_ 8% 70+_10 0.010+_0.002
11370-50 18 1.09 14.0+_ 5% ------- 15+_5 0.014+_0.004

Table I.  Summary of room-temperature resistance data for devices along with radiation-induced interface-trapped charge data.  Shown are oxide thickness
(tox), preirradiation threshold voltage (VT), resistance parameter (β-1), carrier mobility (µ), threshold shift due to interface-trapped charge following irradiation
to 100 krad(SiO2) in a Co-60 cell, and interface-trapping efficiency (fit).  Values of µ cannot be inferred from β-1 for 11370-50 because of the source resistance
associated with its lightly-doped drain.

Wafer tox L x W K −∆Vot fot
I.D. (nm) (µm)2 (µV)2 (V)

G1916A - 21 32 3.5 x 16. 70+_ 20 0.20+_0.01  0.057+_0.008
G1916A - 22 32 3.5 x 16. 70+_ 20 0.19+_0.01  0.054+_0.008
G1916A - 09 32 3.5 x 16. 700+_100 1.69+_0.09 0.48 +_0.06
G1916A - 10 32 3.5 x 16. 530+_110 1.88+_0.10 0.54 +_0.07
G1916A - 32 48 3.5 x 16. 180+_ 30 0.32+_0.02  0.066+_0.009
G1916A - 33 48 3.5 x 16. 1300+_250 3.53+_0.13 0.45 +_0.06
G1916A - 44 60 3.5 x 16. 220+_ 80 0.76+_0.02  0.062+_0.008
DE152D-22 45 3.5 x 16. 300+_ 50 0.17+_0.02  0.025+_0.003
11370-50 18 5.0 x 30. 3+_ 1 0.02+_0.01  0.020+_0.003

Table II.  Summary of room-temperature noise data for unirradiated devices along with radiation-induced oxide-trapped charge data.  Shown are oxide
thickness (tox), gate length (L) and width (W), noise level K, threshold shift due to oxide-trapped charge following irradiation to 100 krad(SiO2) in a Co-60
cell, and net oxide charge-trapping efficiency (fot).

been previously reported [1,2]; the solid symbols represent
new data.  The triangles are for (nominally) 3 µm x 16 µm
devices while the square is for the 5 µm x 30 µm AT&T
device.  Figure 1 demonstrates a clear correlation between
preirradiation 1/f noise and radiation-induced oxide-trap
charge for the G1916A and AT&T devices.  An analogous
graph of KA versus ∆Vit  shows that no such correlation
exists between the 1/f noise of unirradiated devices and
their radiation-induced interface-trap charge.

technology used to fabricate their contacts yields higher
resistance contacts.  These contacts may contribute
significant 1/f noise of their own.

Note that one of the new data points (AT&T)
agrees well with our previous data [1,2] while the second
point (DE152D) does not.  We now discuss why the
response of DE152D may differ from that of the other
wafers.  The measured drain-voltage noise represents a
weighted average of noise properties, both along the
channel and from the  drain and source contacts.  Contacts
can be notorious sources of 1/f noise, and, in these
inherently two-probe measurements, there is no way to
distinguish contact noise from channel noise.  Devices on
the DE152D wafer differ from the other devices in that the
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Figure 1.  Gate-area-scaled noise level (KA) of unirradiated devices versus
the threshold shift (∆Vot) due to net oxide-trapped charge following
irradiation of similar devices to a total dose of 100 krad(SiO2).  The line
represents a least-squares fit to all but one of the points.

Figure 2.  Gate-area-scaled noise level KA of selected unirradiated devices
versus temperature.

We should also mention that the correlation
between K and oxide-trap charge for similar nMOS devices
has been studied through irradiation and annealing [10].
Experiments show that the 1/f noise level (K), ∆Vot, and
∆Vit all increase linearly with radiation dose.  Upon
annealing, however, both ∆Vot and K decrease
(proportionally) while ∆Vit does not.   We conclude that,
both before and after irradiation, 1/f noise is very sensitive
to traps in the MOS oxide.

Also, thermally-stimulated current measurements on
capacitors processed similarly to DE152D suggest that there
may be a significantly higher amount of trapped holes than
indicated by ∆Vot, but that they are compensated by
trapped electrons [9].  Additional experiments are ongoing
to determine whether these or other factors increase the
noise of DE152D above other wafers.  The implication of
this result for hardness assurance testing will be addressed
below in Section 5.

3.2 Trapping Model for the Noise
Figure 2 shows the temperature dependence of the

noise levels of selected devices.  Data not shown behave
similarly.3  Note that, while the noise level of a particular
device does vary with temperature, the relative ordering of
the noise levels of the various devices does not depend on
temperature, i.e., the noisiest devices at 300 K are the
noisiest at 80 K.  As a consequence, the correlation shown
in Figure 1 between K(300K) and ∆Vot would be equally
valid for K measured throughout the entire temperature
range.  We conclude from Figure 2 that methods to harden
MOS oxides at room temperature can significantly reduce
their noise at cryogenic temperatures.  This is a key point
for cryogenic MOS applications.

A variety of models have been proposed to explain
1/f noise in MOSFETs [8,11-18].  After much controversy,
it is now widely accepted that the noise of MOSFETs is
associated with capture and emission of charge carriers
from traps in the oxide, very near to the Si/SiO2 interface
[14].  Fluctuations in oxide-trap charge couple to the
channel, both directly through a compensating change in
the inversion layer charge density, and indirectly through
fluctuations in scattering associated with the fluctuating
trapped charge.  The former mechanism is referred to as
"number" fluctuations while the latter is termed "mobility"
fluctuations.4  Data from narrow-channel MOSFETs
confirm that both effects can be important [19].  In general,
noise studies on n-channel MOSFETs tend to agree with
predictions that neglect the mobility fluctuation mechanism
while studies on p-channel MOSFETs do not [14].  Our
own data confirm this behavior [20].  It has been suggested
that the noise of p-channel devices involve both number
and mobility fluctuations [14,18].

In this section, we expand upon a simple trapping
model of the noise introduced earlier [1].  Here, we draw on
the work of a variety of authors that treat generally the same
model [8,11-18,21,22].                                                       

3 The one exception to this is the noise of the  DE152D devices for which
K(T) increases with decreasing T by an order-of-magnitude between
120K and 80K.  We do not know if the anomalous temperature
dependence of the noise of these devices is related to their anomalously-
high room temperature noise level (Figure 1) .

                                                       
4 Here the phrase "mobility fluctuations" is used to refer to fluctuations

associated with any scattering mechanism.  Some authors use this term
specifically to refer to fluctuations in phonon scattering.
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Figure 3 shows a diagram of the energy bands of
an nMOS transistor near the Si/SiO2 interface when the
device is operated in strong inversion.  Oxide traps are
continually emitting and capturing electrons to/from the
inversion layer.  We assume that this fluctuating trapped
charge couples to the channel by causing a fluctuating
"effective" gate voltage, i.e. number fluctuations.  We
neglect fluctuations in scattering associated with these traps,
and calculate only the impact of carrier number fluctuations
on the noise.5

tunneling.  Thus, in thermal equilibrium there will be
fluctuations δnt(E,x) about the equilibrium concentration.
The mean-square fluctuation (i.e., variance) is given by [23]

<δnt2(E,x)> = 
<not(E,x)>

LW  F(E) [1-F(E)] , (9)

and, of course, the variance in the total number of oxide-
trapped charges <δNt2> is obtained by integrating the
above over E and x,

<δNt2> = 
1

LW ⌡⌠
Ev

 Ec
 ⌡⌠

0

 tox
 not(E,x) F(E){1-F(E)} dx dE.   (10)

 We now assume that a non-equilibrium
concentration nt(E,x) relaxes to equilibrium exponentially
with a time-constant, τ = τ(E,x).  The autocorrelation
function Gnt(∆t) of fluctuations δnt(E,x) is then obtained
via the fluctuation-dissipation theorem,

 Gnt(∆t) = <δnt2> exp(-|∆t|/τ) , (11)

where the dependence on E and x is implied but not
explicitly written.  The corresponding power spectral
density, Snt(f), is obtained using the Wiener-Khintchine
theorem as the Fourier transform of the autocorrelation
function, namely

Figure 3.  Energy band diagram near the Si/SiO2 interface of an n-channel
MOSFET biased in inversion.

Snt (f) = 
4 τ <δnt2>
1 + (2πf τ)2 , (12)

Let not(E,x) dx dE be the number of oxide states
per unit area having an energy between E and E+dE and
located between a distance x and x+dx (in the oxide) from
the Si/SiO2 interface.  The probability that one of these
states is occupied (i.e., contains a trapped electron) is given
by the fermi factor

which is the familiar Debye-Lorentzian spectrum.  The
power spectral density of fluctuations in total number of
trapped charges is obtained by substituting Eq. (9) into
Eq. (12) and integrating over E and x, that is

F(E) = 
1

 exp



E-Ef(T)

kT  + 1
  , (6)

where Ef = Ef(T) is the fermi level.  The mean density
(number per unit volume per unit energy) of trapped
electrons is given by

 <nt(E,x)> = not(E,x) F(E) . (7)

The mean number per unit area, <Nt>, of trapped electrons
is thus obtained by integrating the above expression over
the oxide thickness and bandgap, i.e.

<Nt> = ⌡⌠
Ev

 Ec
 ⌡⌠

0

 tox
 not(E,x) F(E) dx dE , (8)

where Ev and Ec are the valence- and conduction-band
energies of the SiO2.  The localized oxide states are
assumed to communicate with the inversion layer via

                                                       
5 Our justification for neglecting mobility fluctuations is that the simple

trapping model is in excellent agreement with the data.

Page 5 of 11



J. H. Scofield and D. M. Fleetwood, IEEE Transactions on Nuclear Science NS-38, 1567-77 (December 1991).

SNt (f,T) = 
1

LW ⌡⌠
0

 tox
 ⌡⌠
Ev

 Ec
not(E,x)  F(E){1-F(E)}  

4τ(E,x)
1 + {2πf τ(E,x)}2 dE dx (13)

where the E- and x-dependencies have been explicitly
noted.  The trap density not(x,E) is assumed to be a slowly-
varying function of energy E.  In this case, the factor F(1-F)
acts like a "delta function" of width kT near the fermi level,
so that the energy integral is trivially performed leaving

SNt (f,T) ≈ 
kT Dt(Ef)

LW (τ1/τ0)
 
1
f . (19)

where Dt(E) ≡ ⌡⌠not(E,x) dx ≈ x1 not.6  Note that the noise

yields information about the traps at the fermi level at a
distance from the interface that depends on f.   The fermi
level depends on temperature but does not vary with gate-
voltage.  Due to band bending, however, the trap energy
(relative to the fermi level) does depend on Vgs.   Thus the
traps that give rise to the measured noise depend on  f, T,
and Vg.  If not(E,x) is not constant, but varies slowly with
distance from the interface then the resulting spectrum
retains the form of Eq. (19), but with a frequency exponent
that is not exactly unity [22,24].

SNt (f,T) ≈ 
kT
LW ⌡⌠

0

 tox
 not(Ef,x) 

4τ(Ef,x)
1 + {2πf τ(Ef,x)}2 dx,     (14)

where k is the Boltzmann constant.  Thus, the level of the
noise spectrum is determined by the density of traps near
the fermi level and the frequency components are
determined by their distribution in distance from the
Si/SiO2 interface and the exact nature of the relaxation
time.

We also note that these same assumptions about
not(x,E) may be inserted into Eq. (8) and Eq. (10) to obtainTo make further progress we must assume

something about the relaxation times.  As is commonly
done in the literature, we assume that the mean trapping
time is governed by tunneling and is given by <Nt> = ⌡⌠

Ev

 Ec
 Dt(E) F(E) dE , (20)

τ(E,x) = τ0(E) eζx , (15)

and <δNt2> ≈ 
kT
LW Dt(Ef).where ζ is a tunneling parameter [21].  Furthermore, we

assume that nt(Ef,x) is constant for 0 < x < x1 , where
x1 << tox, and zero for x > x1.  With these assumptions,
Eq. (14) reduces to

Equation (19) above describes the power spectral
density of the fluctuations in the number of trapped
electrons as a function of frequency and temperature.  This
fluctuating trapped charge must be related to the measured
quantity, namely, fluctuations in the drain voltage under
constant gate-voltage and drain current bias.  As the oxide
traps communicate with the channel, we assume that there
will be fluctuations in the density of trapped charge,
δQt = −eδNt.  For strong inversion, these fluctuations in
trapped charge result in a fluctuation in the effective gate
voltage,

SNt (f,T) ≈ 
4 kT not(Ef) 

LW  ⌡⌠
0

 x1
 

τ0 eζx

1 + {2πf τ0 eζx}2 dx,        (16)

and, since dτ/ζ = τ dx, we have

SNt (f,T) ≈ 
4 kT not(Ef)

LW ζ   ⌡⌠
τ0

 τ1
 

dτ
1 + (2πf τ)2 , (17)

where τ1 = τ0 exp(ζx1).  This integral is easily performed
giving the spectrum as

δVg = δQt/Cox . (21)

and, with the device operated in the linear regime with fixed
drain current, a fluctuation in drain voltage,

SNt (f,T) ≈ 
4 kT not(Ef) 

2πf ζ LW {tan-1(2πfτ1) - tan-1(2πfτ0)}.  (18) δVd = (∂Vd/∂Vg) δVg . (22)

The derivative may be calculated from Vd = Id/g, where
g = g(Vg) is given by Eq. (2).  Thus, the resulting
fluctuation in drain-voltage is simply related to the
fluctuating trapped charge density δNt via7

The measured noise spectrum is inversely proportional to
frequency for all f.  For the measured spectrum to be
described by Eq. (18) it must be that the low- and high-
frequency cut-offs satisfy: 2πfτ1 >> 1 and 2πfτ0 << 1.  Thus,
for all measurement frequencies, the first term in the
brackets will be π/2 and the second term will be zero.  With
these assumptions Eq. (18) reduces to

                                                       
6 We note that the dimensions of Dt(E) are number per unit energy per unit

area.
7 Since the devices are operated with Vd << (Vg-VT) we neglect any

variation in the carrier density along the channel.

Page 6 of 11



J. H. Scofield and D. M. Fleetwood, IEEE Transactions on Nuclear Science NS-38, 1567-77 (December 1991).

δVd =  



e

Cox
 

Vd
(Vg-VT)  δNt . (23) throughout the oxide bandgap.9  With these assumptions,

Eq. (26) reduces to

Combining this equation with the spectrum SNt(f,T) we
have

fot = σ Eg Dt , (27)

where Dt is as previously defined and Eg is the SiO2
bandgap (9 eV).  Combining Eqs. (5), (25) and (27) we find
that K and ∆Vot are related via

SV (f,T,Vd,Vg) = 



eVd

Cox(Vg-VT)
2

 SNt(f,T). (24)

The above expression shows that the measured power
spectrum is completely determined by the distribution of
traps.  Comparing Eqs.(4) and (24) we see that, for γ = 1,
the phenomenological noise level K is given by

LW K(T) = 
kT

Kg fy D σ Eg εox
 (−∆Vot). (28)

The above equation predicts the linear relation
between KA and ∆Vot of Figure 1.  It should be noted,
however, that both K and ∆Vot scale with tox2 (see Eqs. (5)
and (25)), so that some of the correlation of Figure 1 is
associated trivially with variation in tox among the wafers
(see Table II).  The dependencies of K and ∆Vot on tox may
be removed by considering KA/tox2 and fot respectively.
Changing to these quantities Eq. (28) becomes

K (T) = 
e2 kT tox

 2 Dt(Ef)
LW εox

 2 (τ1/τ0)
 . (25)

In addition to the explicit linear dependence on
temperature, K also depends on T through Dt(Ef(T)).  If the
trap density is independent of E then K will be proportional
to T.  If, on the other hand, Dt varies throughout the
bandgap, then this will be reflected in the temperature-
dependence of the noise magnitude (see Figure 2).
Moreover, the frequency-dependence of the noise spectrum
will reflect any dependence of not on x  [22,24].  Note that
K may be used to solve for the density of traps at the fermi
level, Dt(Ef).

LW
tox
 2   K(T) = 





e2 kT

σ Eg εox
 2 (τ1/τ0)

  fot. (29)

The prediction of the above equation is verified by the
graph in Figure 4.  The nine data points in Figure 4 fall into
four clumps corresponding to four different fot values.  As
mentioned above, some of the correlation between KA and
∆Vot of Figure 1 was indeed related to their mutual
dependencies on tox.   With the tox variation accounted for,
however, Figure 4 shows clear correlation between the
preirradiation noise and the oxide-trapping efficiency
predicted by the model, with the exception of DE152D
noted above.

3.3 Relating Noise to ∆∆Vot
The basic connection between K and ∆Vot has

been outlined elsewhere [2].  Here we expand on the
previous discussion.  In relating the preirradiation 1/f noise
to the radiation-induced threshold shift due to oxide-trap
charge ∆Vot, the underlying assumption is that both
phenomena are related to the same preirradiation defect
density, not(E,x).  The noise has already been related to not;
we now turn to the task of relating  ∆Vot to not.

While the noise is sensitive only to those defects
very close to the interface and near the fermi level, the
radiation-induced oxide-trap charge samples all traps
irrespective of their position and energy.   We assume that
fot is proportional to the integral of not(E,x) over E and x,
namely

fot = σ ⌡⌠
Ev

 Ec
 ⌡⌠

0

 tox
 not(E,x) dx dE, (26)

where σ is the capture cross-section and the energy-integral
is over the bandgap of the SiO2.8  For the noise model we
have already assumed an x-distribution for not, making the
x-integral above trivial.

To make further progress we must assume
something about the energy dependence of not(x,E).  For
simplicity we assume that not(x,E) is constant in energy

                                                       
9 The assumption  is obviously not true (as indicated by the temperature

dependence of K in Figure 2), but in the absence of better information it
will allow us to get an order-of-magnitude estimate of the total number of
traps.

                                                       
8 For simplicity we assume σ is independent of energy.
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Figure 4.  Correlation between preirradiation 1/f noise level and oxide-
trapping efficiency with the effects associated with variation in oxide-
thickness removed..

Figure 5.  Channel resistance parameter (β-1) of unirradiated devices versus
the threshold shift of similar devices due to interface-trapped charge
following irradiation to a total dose of 100 krad(SiO2).

4. Mobility and Interface-Trap Charge Both β-1 and ∆Vit increase with tox so that, as was
the case for Figure 1, variation in tox among our samples
accounts trivially for some of the correlation shown in
Figure 5. Nevertheless, inspection of Table I shows that
there are significant differences in β-1 among devices with
equal tox.  Below we consider a model that explains the
thickness-independent portion of the correlation.

4.1 Correlation Between Preirradiation Resistance
and Interface-Trap Charge

While the 1/f noise of unirradiated devices yields
information about the oxide-trap charge of irradiated
devices, it does not yield information about radiation-
induced interface-trap charge.  We have found, however,
that the channel resistance parameters (β-1) of unirradiated
devices correlate with interface-trap charge in irradiated
devices from lot G1916A.  As these results have been
described elsewhere [3] we will merely summarize the
results here for completeness.  The implications for
hardness assurance testing (not previously discussed) will
also be addressed below.

4.2 Scattering Model

The dependence of  β-1 and ∆Vit on oxide
thickness may be removed by focusing on carrier mobility
instead of channel resistance (see Eq.(3)), and on the
interface-trapping efficiency, fit, instead of ∆Vit.  (The
interface-trapping efficiency is defined by replacing "ot"
with "it" in Eq.(5)).  Before irradiation, various scattering
mechanisms contribute to the carrier mobility, and hence
the channel resistance.  Each scattering mechanism has
associated with it a component of mobility µj.
Matthiessen's rule gives the carrier mobility as

Figure 5 shows a plot of the channel resistance
parameters of unirradiated devices from lot G1916A versus
the radiation-induced threshold shift due to interface-trap
charge.  As we are concerned with small differences in
channel resistance, we have only included data for devices
from G1916A wafers which received different oxide
processing, but all other processing was the same.  The
figure shows a clear correlation between β-1 and ∆Vit for
these devices, suggesting that variations in the scattering in
unirradiated devices are related to variations in their
radiation response due to interface-trap charge.  We note
here that a similar plot of β-1 versus ∆Vot does not show
such a strong correlation.

 µ-1 = ∑
j

 (µj-1). (30)

The room-temperature mobility of relatively defect-free
devices is determined by lattice scattering, ionized-impurity
scattering, and "surface" scattering.  Lattice scattering,
ionized-impurity scattering, and many scattering
mechanisms associated with the Si/SiO2 interface are
similar for all devices.  Scattering mechanisms common to
all devices are represented by µ0.  Variation of the
preirradiation carrier mobilities indicates that at least one
surface-scattering mobility component, µp, differs among
the devices.  We assume that µp is inversely proportional to
the areal density (np) of some "unspecified" interface defect
present prior to irradiation, i.e., 1/µp = γnp, where γ is the
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proportionality constant.  Thus, the preirradiation mobility
may be written as

Conceptually, it is useful to write the preirradiation channel
resistance parameter of a given device as

1
µ = 

1
µo

 + γnp . (31) β-1 ≡ ξ(t) = ξ0 + δξ(t). (33)

Here, ξ0 is the time-average of the channel resistance,
determined primarily by phonon scattering and scattering
from impurities at or near the Si/SiO2 interface.  The
fluctuating portion, δξ(t), arises because changes in the
occupancy of defects at or near the interface change the
number of charge carriers in the channel at a given time,
and also cause the defect-related scattering rates to vary
with time.

Prior to irradiation, we assume there exists a density npit of
defects that are "precursors" to the radiation-induced
interface trap.  (All densities here are per unit gate area.)  It
is tempting to simply suggest that the postirradiation ∆Vit is
proportional to npit.  However, just as we normalized out
the effects of device geometry by expressing the channel
resistance variations in terms of µ, so we must normalize
out the effects of device geometry and radiation dose on
∆Vit.  This is easily accomplished by considering the
interface-trapping efficiency, fit, which does not depend on
tox.  It is assumed that fit is proportional to the precursor
defect density, i.e. fit = σpnpit, where σp is a
proportionality constant.

Much data strongly suggests that the low-
frequency excess (1/f) noise of MOS transistors (e.g., below
1 kHz) primarily reflects carrier-defect interactions with
oxide traps that are more than a few monolayers from the
interface [1,2,10,19].  (Of course, at significantly higher
frequencies there is also information in δξ(t) that bears on
defects at or much nearer the interface.)  Therefore, prior to
irradiation, there appears to be information in ξ0 which may
allow one to predict the postirradiation interface-trap charge
and information in low-frequency components of δξ(t)
which allows one to predict the postirradiation oxide-trap
charge.  Thus, the interaction of the current with defects
present before irradiation may contain a significant amount
of information that could enable one to predict the radiation
response of MOS transistors via channel resistance and 1/f
noise measurements, without the need for destructive
testing of the device.

Finally, we assume that the defects responsible for
the variation in preirradiation mobility are related to those
that give rise to the radiation-induced interface traps.
Specifically, we assume that np = λnpit.10  This leads to
the final expression that relates the preirradiation mobility µ
to the interface-trap buildup efficiency fit,

1
µ = 

1
µo

 (1 + α fit) (32)

where α = λγµo/σp is a combination of the various
proportionality constants.  Figure 6, a plot of 1/µ versus fit,
verifies the linear dependence predicted by Eq. (32).  The
carrier mobility, in the absence of precursor-defect-related
scattering, may be extracted from the vertical intercept of
Figure 6.  Our data give a value of µ = 960 cm2/V-s, quite
reasonable given the doping of these devices,
4 x 1016 cm-3 [25].

  

Galloway et al. [26] and Sexton and Schwank [27]
have reported a formally similar correlation between the
mobility of irradiated  devices and the radiation-induced
interface-trap density, ∆Nit.  Our results suggest that, prior
to irradiation, the carrier mobility may contain information
about precursor defects, which, upon irradiation, lead to
interface trap charge.

5. Discussion
5.1 Motivating Picture

Figure 6.  Preirradiation inverse channel mobility (µ-1) versus interface-
trapping efficiency (fit).  Values of fit are derived from ∆Vit.

Both of the correlations discussed above suggest
that defects present prior to irradiation are related to both
the radiation-induced interface-trap and oxide-trap charge. 5.2 Implications for Hardness Assurance

It is generally quite difficult to draw conclusions
about small (i.e., <20%) differences in channel resistances
of arbitrary MOS transistors.  There are a variety of reasons
for this.  First, the channel resistance depends upon the

                                                       
10 In fact, np and npit may be identical, i.e., λ = 1.  Further work is required

to determine whether np and npit are identical or simply proportional.
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channel dimensions, and these are often not known with
sufficient accuracy.  Second, any differences in channel
resistance must be viewed in the presence of a large
phonon-scattering component common to all devices.
Third, the measured resistance includes contact and series
resistances which are specific to the device technology.
Fourth, scattering from ionized impurities depends on the
substrate doping.    And, finally, various surface-scattering
mechanisms are processing-dependent.  As nearly all of
these factors are the same for the seven G1916A wafers, we
are able to draw conclusions from small differences in their
channel resistance parameters.  This would appear to be the
case for most collections of nominally identical devices.
Thus, it may be possible to use the preirradiation mobility
of devices fabricated from a single technology as a
predictor of radiation-induced interface trap charge.  This
correlation should be especially useful for long devices
without lightly-doped drain extenders, so that variations in
effective channel length and series resistance do not
complicate the story.  It is not likely that such
measurements will be useful in predicting the relative
radiation responses of devices fabricated with different
technologies.

scattering from interface-trap precursor defects.  It appears
that both noise and channel mobility measurements may be
useful in defining nondestructive hardness assurance test
methods for devices fabricated from a single technology.  It
may be difficult to use either for making cross-technology
comparisons.  Finally, during the course of this study it was
found that process techniques that improve the radiation
hardness of MOS devices at room temperature can greatly
reduce the 1/f noise of MOS devices at cryogenic
temperatures.
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