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similar to those responsible for radiation-induced
Abstract oxide-trapped or interface-trapped charge in MOS
We have performed a detailed comparison of thétructures [5-14].

preirradiation 1/f noiseand the radiation-induced Becausesimilar defectsare thought to bawvolved
threshold voltage shifts due to oxide-trapped angn poth processes, we have looked for a possible
interface-trapped  chargeAVor and AVj, for  correlationbetweenthe preirradiation current noise of
enhancement-mode, |Bn gate, n-channel MOS MOS transistorsnd their radiation hardness. \fifed
transistors taken frorseven different wafers processed strong correlation between tpeeirradiation noise and

in the same lot. Theseafers wereprepared with gate postirradiation oxide-trapped charge density. In
oxides of widelyvarying radiation hardness. V8Row  contrast, no clear correlation ébserved between the
that thepreirradiation 1/f noise levels of thesgevices preirradiation noiseand thepostirradiation interface-
correlate strongly with th@ostirradiation AV, but  trapped charge density. The scaling of the noise with
not with the postirradiation AVj;. These results frequency, gateand drainvoltage, and oxide-trapped
suggesthat 1/f noise measurements may prove usefucharge density is consistent with a simple mdtiet

in characterizing and predicting the radiatresponse ~ attributes the noise ttunneling events between the

of MOS devices. devicechannel and traps in thexide. Themodel is
considered to be quite preliminargpwever, inthat
Introduction many questionsremain unanswered regarding the

o o _ exact nature of traps thatausethe noiseand their
In an ionizing radiation environment, MOS relationship to the postirradiation hole traps.

performance degrades primarilyecause of oxide- |mplications for total-dosdnardness assurance testing
trapped andnterface-trapped charge [1,2]. Without gre discussed.

performing an irradiation or an equivaleggstructive
test, one cannot determine thatrinsic radiation Experimental Details
hardness of MOS devices. The fact that a
nondestructive test of MOS radiation hardnésss not

. . : Samples
exist has contributed to the great practical and P _ o
economical difficultiesthat areoften associated with Noiseand radiation hardnesseasurementa/ere
total-dose hardness assurance tests [3, 4]. performed on chips from seven wafers. Thesgers

ina th 5 ithasb d q were processed ithe same lot (G1916A), bueceived
During the past 2gears, it as efn_ emon_str?te different oxidation treatmentsand post-oxidation
that thelow-frequencycurrent noise (“flicker noise” or ,1aais tovary their radiation hardness [20,21Noise

"1/f noise”) of semiconductors [5-14hd metals [15-  oaqyrements were performed on several (2-4) chips

19] can be very sensitive to defects. For example, in 8\ aach wafer. Several other chips from eaaffer
MOS transistor, the random captuaad emission of | .o | seq ir; performing  radiation hardness

charge carriers by traps at or near 8#SiG, interface measurements. Table 1 summarizke gate-oxide

can lead to fluctuations in the number of Chargegrowth conditions, post-oxidation annealing

carg_(la_rs In éhehdewce channel, and 'T] the. channr(]al conditions,and oxide thickness for each dfie seven
mobility, and thus to currentoise. There Is much a5 Also shown forlater reference are the

ewdencethgt the dc_)mlnant.currermmse of MOS preirradiation threshold/oltage \f, threshold shifts
transistors is associated wittiefectsthat arevery o 1o oxide-trappecand interface-trapped charge

* Work supported by US DOE and Sandia National Laboratories.
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AV o andAVj; following irradiation to 100 krad(Si§)
at a doseate of 1 Mrad/hr, and the preirradiatiaff-
noise level K (to be discussedpll measurements of

Mg8-36 1946-1953 (December 1989).

noise and radiation hardnesgeported here are for
3pum x 16um n-channel transistors. The chipsere
mounted in 24-pin ceramic DIP packages.

Wafer oxidation annealing tox VT AVt | AVit K
No. conditions conditions (nm) | (V) V) V) (1011V2)
9 15 m, 1006C, dry 30 m, 1100°C, N(g) 32| 080 | -1.69 0.24 70+ 10
10 15 m, 1006C, dry 30 m, 1100°C, N(g) 32| 090 | -1.88 0.31 53+ 11
21 25 m, 850C, wet none 32 | 0.60 | -0.20 0.12 7+ 2
22 25 m, 850C, wet none 32| 065 | -0.19 0.15 7+ 2
32 30 m, 1000C, dry none 48 | 1.00 | -0.52 0.32 18+ 3
33 30 m, 1000C, dry 30 m, 1000°C, M(g) 48 | 1.20 | -3.53 0.56 | 130+25
44 50 m, 850C, wet none 60 | 1.35 -0.76 0.56 22+ 8

Table 1. Wafer number, oxidation and annealing conditions, oxide thicknggs fteirradiation threshold voltage 1Y,

threshold shifts due to oxide-trapped and interface-trapped

ch¥ligeandAVj; following irradiation to 100 krad(Si§)at a

dose rate of 1 Mrad/hr, and noise level (K) for each of the seven wafers.

Noise Measurements

Noise measurements were performaghder
constant-current bias conditions. Devices were
operated irtheir linear regimes withoth the substrate
andsource aground. The noise-measuring circuit is
shown in Figure 1. Thdrain current, 4, was derived
from a constant voltage sourcepVin series with a
large ballast resistorgr(typically 100 K2). A second,
constant-voltage sourcegvwas connected directly to
the gate, (g = Vg). Thetwo voltages W and Vg
were supplied by a Hewle®tackardHP) model 4140B
constant voltage source/picoammeter.

Y

nFET

—L

PAR-113
Preamplifier

d
T "1 HP5420A !
sub | Spectrum 1
r Analyzer
| |

HP4140B
Voltage
Source

FIG. 1. Schematic diagram ofhe noise measurement
circuit.

Fluctuations in therain voltage were observed by
first amplifying them with a Princeton Applied

Research (PAR) model 113 low-noise preamplifier

with a voltagegain rangingfrom 103 to 1% The
preamplifier inputwas AC coupled tdhe drain of the
sample in order to block the averatrainvoltage (i.e.,
the dc-offset V), and thepreamplifier's low-andhigh-

function of time, or to the input of aAP-5420A FFT
spectrum analyzer for calculatirige power spectrum
of the voltage fluctuations. Boththe HP-5420A
spectrum analyzesind HP-4140B voltage source were
controlled with a personal computer using the IEEE-
488 general purposastrumentbus (GPIB). The rms-
noise voltage athe output of the preamplifigypically
ranged from 20-500 mV in the measurement
bandwidth. Most spectrawere measured for
frequencies 1-255 Hz;faw measurements extended to
1.6 kHz. Power spectra forsuccessivetime records
were averaged, yielding good precisiafter 5-10
minutes of data logging. No heroic shieldiafforts
were required. The noise data presented Heaee
been corrected for amplifiggain so thathey refer to
fluctuations §V ) in the drain voltage.

Radiation Hardness Measurements

The radiation hardness of thesevices was
determined from measurements on checessed
identically to those used for noise measurements.
Chips were irradiated in a Co-60 gamma cell (dose rate
= 1 Mrad/hr) to adose 0f100 kradBiOp) at an oxide
electric field of 3 MV/cm. |-V measurementgere
performed at room temperature to determine threshold
voltage shifts due to oxide-trapped chadyé,; and
interface-trapped charg&Vj; with the method of
Winokur and McWhorter [22]. Thechoices of dose,
doserate, ancelectric field did not significantlaffect
the correlations shown below.

pass filters were set to pass frequencies from 0.3 Hz to

30 kHz. The preamplifier outputas connected to an
oscilloscope for observinghe voltage noise as a
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Results

Radiation Hardness

Radiation hardness results are summarized
Table 1. Values dhV 5 andAVj; are uncertain by the
larger of+30 mV andt5%. Asexpected, devicesith
thinner oxides showed relativelpmaller AV, and
AV than deviceswith thicker oxides (e.g., compare
wafers 22, 32, and44) [23,24],and devices without
high-temperature annealshowed lessAVy than
devices with high-temperature anneals [21,23,25].
Note that thedifferences inAVj; with theseprocess
changes are smalleand less systematidhan the
differences iM\V ¢ [21].

Noise

Log-log plots of typical measured drain-voltage
noise spectraS,y versus frequencyare shown in
Figure 2. The lower trace was measungth zero bias
current (i.e.,_\g:O) while the upper trace was

spectra herehad slopes between0.85 and -1.00.
Similar, small deviationsfrom a slope of-1 are
commonly observefil5,19] and are not important for
this study.

in
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FIG. 2. Log-log plot of the observed drainvoltage noise
spectrumS,/q4 as a function of frequency. The upper curve is

measured for an average drain voltage of 100 mV. Theeasured with i =100 mV and the lowecurve with Vg
zero-bias noise, or background noise spectrum, iS 0. The spikes in the spectra are caused by 60 Hz pickup,

mainly due to threeffects: 1)random thermainotion

of the charge carriers in the channel (Johnson or

Nyquist noise), 2) noise dhe preamplifier,and 3)
pick-up from the 60 Hzpowerlines. Thefrequency-
independent  thermal noise  (§/g = 4kgTRcp)
dominates ahigh frequencies whiléhe preamplifier's
1/f-noise dominates alow frequencies. The line-
frequency pick-up results isharpspikes at 60 Hz and
its (mainly odd) harmonicsThis backgrounahoise is
always present, and must besubtracted from
measurements for non-zero biasrrent to determine
thelevel ofthe current noise. Thepikes due to 60 Hz
pickup aresimply ignored inthe resulting analysis.
The smalleffect of the finite ballast resistor on the
measured noise was accounted for [26].

With a non-zero bias curren§,y exceeds the
background noise by an amouhatincreases with the
drain current, and isearly inversely proportional to
frequency (se¢he uppercurve of Figure2). This 1/f-
noise, as it is callechasbeen observed in a variety of
conductorsand electronic devices[8,15,19]. The
current noise, orexcess noise spectrurBf), is

and are ignored in the analysis.

The excess noise spectruny;Ss a function of a
number of variablesfrequency f; gate-voltage, @/
bias current, or the equivalent, averatyain voltage,
\7d; and temperature, T. Here we report on
measurements of theexcess noise ofn-channel
MOSFETs. All measurements reported hevere
performed at room temperature with thadevices
operated in their linear regimes.

The dependence dthe noise on drain-voltage is
shown in Figure 3 where excess noise speSjrare
plotted versus frequency at fixed gate-voltage for
several values of y Each noise spectrumay be
represented by\p= A/fY, wherey=1. The magnitude,
A, of the excess noise spectrum varieth Vq as

Al \_/d2 . This simpledependence is expected for the

excess noise due to fluctuations uhe channel
resistance R since, for constant current,

&V, = 1,3R,, =(V,/ RS R,and S, 0=(3V,)".

This Vg4-dependence was observed for all devices.

defined to bethe noise spectrum measured with non-

zero bias current minus the backgroumbise
spectrum,S,(f, 1)) =§ (f, )- §,( £0). This
frequency dependence was observed dbir of the
devices investigated. The upper trace of Figunaa
slope of -0.87, not thel of "true" 1/f-noise. This falls
well within the category of what is called "generic" 1/f-
noise, i.e., § O fY with y=1. All of the noise
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FIG. 3. Log-log plot of the excessdrain-voltage noise

spectrum § versus frequency for fixed
several average values ofyV The spikes in"the spectra are

= 4V and

caused by 60 Hz pickup, and are ignored in the analysis.

Next we investigate thdependence dhe excess
noise on gate voltage for fixedyV As the gatevoltage
was varied,the dependencies ofy\/Son f and \j
remained aglescribed above deng as we restricted
our measurements to the linear regime. fbise was
found to be largestlose tothreshold, andlecreased
steadily forincreasing gate voltage. Figure 4 itog-

log plot of S versus Y - VT, for fixed Vd =100 mV

and f=10Hz.

The gatevoltage dependence of
Figure 4 may be expressed &, D(\é— \4)

-2
)

where Vr is the turn-on, or thresholdbltage. This
dependence was observed fait of the n-channel
devices and is similar to that reported by others [9].
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FIG. 4. Log-log plot of the excessdrain-voltage noise

spectrum § versus
drain voltage (100 mV).

-V at fixed frequency(10 Hz) and

Thelata areroughly consistent

with S, O (Vg-VT)'z, represented by the solid linehich
has a slope of2.

The dependencies of the current noise of the n-
channeldevices on frequencyrain-voltage andgate-
voltage presented above may be simply summarized by

s(/(f,vd,vg):ﬁL
(Vg_VT)

fv D

where K is the "noistevel” of a device. Foy =1, K
has units of ¥ and corresponds to theroom
temperature value of f5 at any frequency for
Vg=1Vand Y VT=1V.

For the comparisons shownbelow, noise
measurements were performed 2% 3um n-channel
devices from seven different wafers.Data were
collected under computer controfor a variety of
frequenciesdrain biasesandgate voltages.The data
were used t@xtract the noiséevel K for eachdevice.
Noise levels of devices from the same wafer were found
to differ by lesshan+20%. Average noiskevels and
their uncertainties are summarizedTiable 1 for each
of the seven wafers. Also listed in Tableate the
threshold voltages, determined from plots gf/4
versus \é in saturation (i.e., [y =6 V) ).

Correlation Between Radiation Hardness and
1/f Noise

The data inTable 1 show n@pparent correlation
between the preirradiation noiselevels K and
postirradiationAVj;. For example, wafers 3@nd 44
have the sam@V;; while their noise levels differ
significantly. There ishowever, astriking correlation
between K and AV illustrated graphically in
Figure 5. The solidymbolsare alog-log plot of K
versusAV ; for n-channel devices.

The noisiestdevices clearlyexhibit the greatest
shift AV 51, and the quietest devices exhibit the smallest
shifts. Moreover, Kand AV y; appear to be linearly
related. The solid line in Figure 5 is of theem K O
AVt and was obtained fromthe data using the
(unweighted) method of least squares. Therefore, for
these deviceshe preirradiation 1/f noise level may be
used to predicthe postirradiation values of AV ;.
Similar results havebeen observed fomp-channel
devices [27].
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FIG. 5. Log-log plot of the noise level K versu&\ . The
solid line is a fit to the data of the form (K|AV ).

Theory

Simple Trapping Model for 1/f Noise

Relating Noise to AVt

In an attempt to understand thebserved
correlationbetweenAVy; and thenoise level K, we
will assumethat both the radiation-induced threshold
shift AV and thel/f noiseare related to a single
oxide-trap density {E) = Oy(E). Oxide-fixed charge
is assumed not tplay a role inthe noiseprocess. The
model is quite preliminaryand aswill be discussed
below, seriougjuestiongemain unanswered regarding
its precise interpretation. Nevertheless,bebeve it is
useful to considethe model in its present form, as it
illustrates the kinds of mechanistist canead to the
observed linear scaling of K withV ;.

The threshold shifAVy; and the number per unit
area of radiation-induced, oxide-trapped charyss;
are simply related by

v, | = BN
G

ANgt is presumably proportional the total number of

3

X

A variety of models have been proposed to explairpxide trapsNoy, i.€.,

the 1/f noise ofMOS transistors [6,8,9,11,28-30].

Here, we consider only a simplgapping model
developed byChristensson, Lundstronand Svensson

(CLS) [6,9] in whichtraps areassumed to exist in the

oxide, uniformly distributed in energgnd in space.

Charge carriers tunnel in aodit of these traps with a
probability that decreases exponentially with distance
into the oxide. The spatial distribution of traps resultsa

in a distribution of trap timesand acorresponding
frequency spectrum for the excess noise [9],

9 V,” ke TLwD(E)
(LW, ) £(V, = Ve )" IN(tae/ o)

SRV V)= (2)

where Gy is the oxide capacitanceper unit area,
Di(Ep) is theoxide trap density per unit energy per
unit areaat the trap quasi-Ferrfével B, L and w are
the transistor channel length awitlth respectively, q
is the magnitude of the electronic chargg, i& the
Boltzmann constant, andmj, and fhax are the
minimum and maximum tunnelingmes respectively.

AN, =AN, = ["D(BdE )

whereE,, andE; are thevalence bandndconduction
band energies of the oxide. The proportionality
constantd < A < 1 increases with the radiation total
dose. If, as fothe CLS model,the oxide traps are
ssumed to be uniformly distributed in energy,tiaen
have

AN, =AE, D, (5)

where F = E¢ - Ey is the bandgap of thexide and
Dot is the (constant) oxide trap density.

Substituting Egs. (3)and (5) into Eqg. (2) and
writing Coy = £gx/tox, Wheretyy is the thickness and
£ox IS the dielectric constant of the gate oxide, we find

2

_ Ok TH[AV Vi
NGB LWIn( b/ 1) £(v, ;)" ©

The above spectrum is understood to be valid for
frequencies, (Lfax < f < 1/tpjn). Comparing Egs. (1) Comparing Egs. (6|and (1) we see that the above
and (2) we seethat themodel correctly describes the assumptions lead to the conclusibat thenoise level
observed dependencies thfe excess noise ofi Vg, K and oxide-trap threshold shiftv 4 are related by
and Vg for our n-channeldevices. It isimportant to

notethat at agiven temperaturegnly a small fraction =~ QtoKe T | 7)
of the total number ofoxide traps, thosewhose AeE, LWIn(tmaX/ tmm)

energies are within KT of the quasi-Fermilevel,
contribute to the measured 1/f noise.

AV,|.

For fixed oxide thickness Eq. (7) predidise trend
shown in Figure 5. For different oxide thicknesses
(appropriate for oudata), Eq. (7) predicttat (K/tgy
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O |AVqi). Figure 6 is a log-log plot of Kf versus natural that thenoise ofn-channeldevices scalewith
IAVq. The graptsuggests strong correlatibetween the number ofoxide traps, though morevork is
thesetwo variables,and isclearly consistent with the required to understand the detailed nature of the
model prediction, illustrated byhe solid line in interaction.

Figure 6.  Reasonable estimates #fe various Another shortcoming of thabovemodel isthat it
quantities in Equation (7)however, give noise levels goesnot consider theeffects of charge trapping on
an order of magnitude higher than those observed.  -hannel mobility, which may in fact, be more
important than the effects of trapping on the number of
majority carriers [29]. Several authors have attempted
. I to incorporate both numbemd mobility fluctuations

- 1 % 1 into a trappingmodel for 1/f noise [9,29]. Accounting
>~
(@]

=

for theseeffects isnot likely to dramaticallyalter the
10774 ] noise magnitude, but inay alter thedependence on

1 ] gate voltage [29]and may also give holdrapping a
4 ] mechanism forgenerating noise in am-channel
I device.

K/t
Ce

Comparison with Previous Work

1 szo ] T ‘0‘5‘ ‘ ‘W‘ ‘O T ‘5 0 We are not the first to report a correlatioetween

’ ' ' ’ 1/f noiseandoxide trapsin MOS transistors [9,11,12].

‘Avot‘ (\/) Correlations between 1/f noise levels am@érface trap

densities have also been reported [5,7,13,14,34].
Tunneling models, similar to the model presented
above,are now widely believed t@xplain the noise of
MOSFETs. Such models implicitly attributiee noise
For instance, if we assunteat tay/tmin = 1012 and to oxide traps(e.g.,oxygen vacancies)ear,but not at,
take T = 300 K, L = um, w = 16um, Ey = 9 ev, theSi/SiGinterface. It is difficult to understand how
interface states(e.g., dangling siliconbonds) with
their fast relaxation,can cause the observed low
frequency noise belowsay 10 Hz[30]. Correlations
between noisand interface traps might be explained

FIG. 6. Log-log plot of the noise level Ki, versus 4V 4.
The solid line is a fit to the data of the form /{1 JAV .

€ox/Eo = 3-9(gq being the permittivity ofree space)\
= 0.1 (appropriatéor a totaldose of100 krad(Si®)),
and combine these withthe oxide thickness and

measuredAV; for Wafer No. 33 (see TablB, the . . . )
. ot ( b in terms of atwo steptrapping model, involvingoth

; ; ; 112
aboveequation gives a noise level K150 x 01 V2 the fast interface statemnd theslower oxide states
compared to the measuredlue of 130 x 161 v2, [11]

Therefore, while thenodel correctly predicts hnear

relationshipbetween Kand AV, in its present form, It is, of course,possible that some unspecified

it does not give the observed noise magnitude. defects caus¢he noise,and correlations between 1/f
) _ noise and interface traps and/ooxide traps merely

Discussion reflect a tendency for a variety of defects topbesent

in proportional numbers, at or near tH&i/SiG
interface. Whether or not it is explicitly stated, such
an argument mustalways be used toexplain
correlations between 1/f noisend interface trap or
oxide trap densities measured using C-V or

.Tﬁlsrifggoﬁzsér?:'agorr:’ot igix nggézcigonznégte conductance measurements. Such measuretyiefus
' paay b 9 trap densitiesnear midgap,while the 1/f noise is

noise inn-channeldevices wher¢he majority carriers determined by traps near the quasi-Feteviel, i.c..

are electrons. Prior to irradiation, though, a precursor .
defect to the radiation-induced holdrap may be hear the appropriate baedge [10]. Therefordraps

resent [1], the number of which is proportional butmeasured with C-V or conductance measurements are
P ! prop ! never the samenesthat causethe noise. Instead, one
not equal, to the measuredN,;. These precursor

) ) must assume that analogous traps are present in similar
defectsmight, in fact, trap both holesand electrons.

> numbers at other energies.
Hole traps andelectron traps are known to exist in
SiOy [31,32]. Oxygen vacanciesan, insome cases, The absence of correlatiobetween Kand AVt
trap both holesandelectrons [33]. So imay bevery = may indicate that thel/f noise is more sensitive to
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estimation of the magnitude of the 1/f noise, dheve
modelhasseveral otheflaws as well. For on¢hing,
the defectsthat give rise toAVy; are known totrap
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oxide- than tointerface-traps. In future studies, it
would beinteresting teseewhetherpostirradiation 1/f
noise still scales withAV;, or whetherAV;; also
begins to contribute significantly to the 1/f noise. We
intend to extend our measurements to includeder
range of f, \§, and T. Temperature-dependent
measurements will be crucial fadetermining the
energy dependence dfaps thatcause the noise
[10,15].

Implications for Hardness Assurance Testing

The strong correlatiobetweenthe preirradiation
1/f noiseand the postirradiationxide-trapped charge
demonstrated in Figures @nd 6 suggeststhat,
whatever its preciserigin, measurements of lfibise

may be very useful in radiation testing. For example, i{2]

similar correlationsbetween the preirradiation 1/f
noise magnitudesand radiation-inducedlefects are
found in otherdevices, it may be possible to define
100%, nondestructive screens foardness assurance
testing of discrete MOSransistors, andor simple
circuits in which individual transistors can be isolated.
While the results shown herare very promising,
additional work is needed to demonstratieat such
screens can bauccessfully developeahdapplied in a
practical hardness assurance programmdy also be

very difficult to apply 1/f noise measurements as a
nondestructive screen of the radiation hardness of more

complex integrated circuits. Whatewbe outcome of
any future efforts to apply 1/f noise in teardness
assurance program, the results of Figurem8 6, as
well as much otherwork in the literature [5,7,9-14],
clearly show that 1/f noise measuremesdaprovide a
sensitive probe of defects at arear the Si/SiG
interface. Thusl/f noise measurements shouylve
very useful incharacterizing the radiation response of
MOS devices.

Conclusions

We have found a strong correlatibetween the
preirradiation 1/f noise levels ofransistors and the
density ofradiation induced oxide-trapped charge.
contrast, thereirradiation 1/f noise doesot correlate
with the postirradiation density of interfacetraps.
Measurements at other temperatueesl frequencies
will yield more information aboutthe oxide trap

In

distribution relevant to the radiation hardness of the

device,and should provide additionahsight into the
origin of 1/f noise inMOS devicesand its link to
radiation hardness. The strong correlati@tween the
preirradiation 1/f noiseand radiation-induceaxide-
trapped charge demonstrateshat 1/f noise
measurements can kbery useful incharacterizing the
radiation response of MOS devices, and sugdbatsit

Mg8-36 1946-1953 (December 1989).

may be possible to define nondestructive tests of MOS
transistor radiation hardness using 1#oise
measurements.
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