1EEE Transactions on Nuclear Science, Vol. NS-31, No. 6, December 1984 1261

DEPENDENCE OF XI-RAY GENERATION OF INTEEFACE TRAPS ON
GATE METAL INDUCED INTERFACIAL STRESS IN NOS BTRIUCTURES
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ABSTRALT

In a sexies of experiments, we deliberately altered
the interfacial stress ddziribution iz MOS struciurss
by varylng the mechanical properties of the gste Al
filws, Subseguently, we found that the genmerstion of
interface traps resulting from exposure to X-ray was
strongly ecorrelated to this stress distribmtion. For
s giver oxlde process and radiation dose, s universsl
carve could be established, which relster the density
of radiation-induced interfece traps to the
interfsoial stress distribution. As cxpiaration based
pr the straised bond model will be proposed, whick
inoorporsies the effect of the gate—induced streas
distribution on the oxido bond strailn gradient near
the 3102!31 interface,

INTRODICTION

It is a woell recognized fact that gensxation of
interface traps in MOS8 devices counld take pluce wmpon
exposere to ioniting radistion, While the gensration
wechanisms srfe not yeot completely understood, most
wodels that have basn propossd involve hreaking of
bonding sites contxining H [1-3],08 {3-5], or strained
bonds [5-10] in 8102 ar st the SiOZISi interface,

A strained 8i0, region near the Sioz}Si interface
bas been shown to exist [5,6], znd the wuthors
proposed that the radiation indaced lsterface trap
density depends on the bond strain gradient in the
oxide [5]. The possibility that mechanical siress
might affect the MOB radistion sensitivity through its
infiuence on the strafned bonds was first suggested by
Chie and Mx [11], who obsearved strong dspendence of
the radiation-indnced interface txraps on the gate
linewidth, which they attributed to the variations i
the gate-induced interfacisl stress distribution,

In recent publications [13,14], we reported that
both the interfacis]l stress distribution and the
radistion induced interface trap density
systematicaily change with gate Al thickness [131 and
time Iapse between PMA apd irradistion [14] in
A1/838, /81 devices, and sstsbiished sirong corrslation
betwoen the two,

Ia this paper, we describe soveral nsw oxpsriments
in sddition to the previcas ones, and the results
farthor confirm that the interfacial stress
distribution iz an important factor which affects the
generation of interface traps in W05 devices aukjected
to fonizing radistion., A mode]l will be lntroduced
which describes guafitatively how the exteraaily
introducad mochanical stress could affect the oversll
bond strein distribution, and dits resultant effact on
the radiation sensitivity in a MOS structure,

EXPERIMENTAL PROCEDURES

‘the samplos were mads on p-type Bi (100) wafers of
1 O-¢m zeplstivity and 9 mil thickness, The oxides
wore grown in dry,0, wt 1040 € to a thickmess of
spproximately 500A, followed by in-situ anneaxling in

N, at the growth temparature for 3¢ minutes. After ,
tie oxidgtion, Al films of thickness renging from 5004
to 130004 were thermally ovaparsted from a Tx boat on
to the exide surface. Most of the sampler studied hsd
cireular gatos of 5 mils in dimmeter. Some of the
wafors were completely covered with Al to he wnsad in
vurvatere measuremsnts. For the gate thickness
depandence experimant, a muitiple evaporation
procedors was used to deposit fonr different
thicknesses of Al on different sreas of the same
wafer. The back sidey of the wafexs were coated with
a thin {typically 150A) layer of Al to serve ms the
contact, Following this, some of the samples weore
post-metal-senealed {PKA) while the rest ware not, in
order to voupare the difference in their interfacisl
stresses as woll as radistion sensitivities. The
radistion source wes an I~ray boum generatsd from
either a Cr or ¥ tsrget bombardad by 3% keV elocirons,
For the gate thickness dependence experiment, the
irradiation was fxom the hack side of the wafer, so
that varistions in the penstrated X~ray intensity due
to absorption by different gete Al thickneszszes comnld
be avoided, slthough irradistion from the front side
with thick {1-4 mils) Al filters was also performed,
yielding guelitatively similar rasults, The dosages
in this paper correspond to those absorbed in the
oxide extimated by taking inte sccount the abserption
by the thick siidcon wafer. No bians was applied to
the devices, which were left floating during
irradistion,

The dersity and energy distribution of the
interfece treps wore caloulated from the bigh
freguency and gquasi-static C-—V corves meazured before
and zfter irrsmdisation, As s result of the
irradintion, & 'charscteristic peak' [8,9,15]
devsloped at around 9.2 eV above midgap, the magnituds
of which was used to charsoterize the radiation
sensitivity of the devices, ns wes done previcusly

t13-157.

All data presented hore were obtained from at Jeast
two zets of wafers procassed at different fimes, and
for cach point, 6 to 10 devlices wera mpesured to
assure roproducibility aad aniformity.

The stress distribution wss determined by measuring
the curvature of the wafers using 2 laser boam
roflection technigque [12,33). and then converting the
cnrvatnre values to stxesses using a bimetallic bBeam
theory 1161, which was modified to 1nclude moxe thes
two layers [17], A good agresment wis found betwoen
the calenlated snd mensorsd curvatsre values,

As will bo further elaborated in the gigcussion,
smohg the varione stress componmsnts in the NOS
stractare, two wers fomnd to be possible candidstes in
affecting the radiztion sensitivity of the'deviees:
the silicon suxface stress “!5»1 ton the silicon side
of the intorface) snd the oxide atress gradient

Ya {defined as the change in the oxide stress per
anit oide thickness). Once the carvaturs is inown,
these values csn be caloulated from:
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whera Egq and ESiO are the Young's moduli of the sili-

con and the oxide,zk iz the curvature, v is the Piog-
son's ratio, 6ox 15 the oxide thickness and hsi 1z the

distance from the nmeutral exisz, which can be taken as

2 d {silicon éhickness) %ithin the range of studied

= "g1 .

gﬂmplea [1s5]. ~EL and 8107 were taken as
(=vigy U504,

1.805 x 1017 dynes/em? and B.64 x 1011 dynes/em?,

respectively [18,1%].

Theoretically the curvature k is relsted to the
other parsweters approximately by {17]
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vhere &,, is the Al film thickness, AT, ia the
tompesatuce difference hatween PMA and room
temporature, a‘s sre the thermal expansion
coefficients, and AT g 19 the temperature differesce
betweor oxidation Ihg room tompersture.

Exporimentaily, 1¢ hxs boen found that the
curvature after PNA is somewhat lower than the
theorstical value, dus to the stress ralaxzation eoffect
of the Al film.

RESULILS

Gate—A]l Thickrness Depondence: Figuras 1 shows the
gussi-statiec C-¥ curves for three samples with
diffarent Al thickzesses after heing irrsdiated to =
doss of abowut 3 Mcsds (81}, The irradistion was done
20 hours after the zamples wore post-mestsl—unsealed,
The pre—irrsdistion curve is ossentially the ssme for
sll devices, and is ropresented by the dotted curve.
The voltage axes heve been shiftad so that they all
line wp in the acoamuiation region for axsy
comparison, Figeee 2 shows the snergy distridbotion of
the radistion-indnced intorface trap densify AN;, for
the above devices., As waual [§,5,13-151, a
‘characteristic psak"ﬁevalops at abont 0.2 aV sbove
midgap, the magmitude of which strongly depends on tke
gate Al thickness,

Figure 3 shows the magnitude of this redintion—
induced peak as & function of the A1 gate thickness
for devices both with and without PMA, It is apparsst
that the onrve for PMA trested devices shows a
monptonic decresse xx the Al thickaess inoressps, and
tends to graduoally ssiurate heyonéd sbowt 10000A. The
no PHA curva shows some imitial dzop, after which it
ssems to acatter abomt a saturation valus. The
difference between annealed znd not anpenlad device:x
tends to decroase as the pgate A} thickness is reduced,

o parallel with the radistion experiments, we
pesformed curvsture msasuremsnts to detsrmine the
interfacial stress distribzmtion of pur devices a2z a
function of ths varioms process parsweters, The
results are shown iz Fig, 4. where we plotted tke

Fig, 1. Quasi-
statle C-V curves
for three samplea
with different gate
Al thicknesses that
were Irradiated 20
hours aftar PMA.

The curves bave bean
shifted along the
voeltage axils to line
up in accumulation.
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oxide stress gradient snd ths Si anrface stress (which
are relnted by s muitiplicative constant s can be
seen from (1) and (2)) a5 & Fanctlon of the gate Al
thickness. Due to s stress relaxation effect to be
disonssed in the next section, we include three
different curves for the PMA ssmples based on the
different time lxpse after PRA, For s11 conditions
dopicted in Fig., 4, the oxide stress gradient and the
siliocon surface siress change monotonically with Al
thicknats, and the sxtent of the change deponds
strongly on whethor the samples received FMA and the
time lepse after PHA, Compsring Figs., 3 ard 4, there
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OXIDE STRESS GRADIENT {10 dynes cni3)

Bapendence of ths oxide stress gradient and
81 surface stress on gxte Al thickress for
four gifferent eonditions as specified.

Figure 4

is evidently a corcelation betwesan AN, . and the oxide
wtrees gradient (or the S surfsce stress),

Effect of Stress Bolaxstion: As mentioned saxliex,
the intsrfacial streszs diatribation was foumd to

chunge systematically with time lapse wfter PMA,
Figures 5 and § clearly show this stress relsxetion
effact. As cam be seen from Fig. 5, the fime copstant
for the relaxation proosss is on the oxder of a fevw
hoers, snd after 24 hoars, the sttress approaches its
satarstion valne for all four gste Al thicknesses. To
stady possibie correfations of this effect with the
dovice radiatiom sensitivity, wn divided thke samples
into three Iots for each gats Al thickness snd
ircadisted the first lot imsedistely sfter PMA, the
second 1ot 3 hoars after FPRA, and the third 14 hours
after PMA, Tky irradistion time was 15 minutes for
all sampies, Figure & shows the radiaticn—induced
interface trap peak density ss a fanction of the time
Inpse between PMA and drradistion for three diffsrent
Al thicknesses, Two distinct feafures are apparent:
The generated trap dentity depends on the Al
thickness, az way shown in context with another
experigent is the previous sectiom, snd for & given
thicknass, it iz & fumotion of the time lupse botwoen
sunealing and irradiatiom. Jt shoxnld be noted thst no
wuch dependsnce wax ob¥erved for the trap densitisz of
pre~irradistion devicos.

Oue cannot help but notice the striking similarity
betwoen Figs, 4 and 6 in thedr tims dependence. To
examine this pozsible corzelation more closely, in
Fig. 7 we plottod &Ni &t a function of the oxide
stress jradient and tie Bi surface stress, using the
&sts in Figs. 4-6, It is interesting to note that
slthough the data points are faken from several
dovicos with n wide range of Al thicknessas and time
lapses after PHA, the resulting tunrve is pretty smooth
and shows very little scattexiny. The sxistence of
sach a ‘sniversal curve' suggests that the interfsce
atrass distribution msy be » foundsmentsl parameter
that affeots the generation of interface traps, It
should be notod that different oxidetion processes amd
radistion doses will give rise to differeat ‘universal
cerves’,
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Edge Effect: It has beox shown both theoretically
[26] and experimentally [21.221 that & filn edge on a
continpons substrate will affeot its stress
distribution nesr the discontinuity in sunch 2 way that
the stress duoe to the discontinuous f£ilm will be
largest at the edge and will fail down as a function
of distance from this edge. To check the sffect of
this spatially varyisng stress on the radietion
sensitivity, we performed the following expsriment:

Lazrge square capacitors, 93 wmils on one side, weze
defined photolithographically after metallization, and
the devices were irradiated three honrs after PHA, If
the radiation sensitivity really depends on the atress
distribution, ome would expect & spatial distribution
of ANi under the gate s¢ that the density neer the
&dge siould be differsnt from that near the centsr,

To investigate this spatisl variation, we nsad &
socond mask shown, in Fig, 8, After the completion of
irgadiation, thils mask was eligned with tke original
squaze pad and a set of MOS capacitors with wvarious
distegnces from the edgs of the Al pad were defined.
The baking of photoresist in the photolitheography step
was done at no wmore than 50 € to minimire snnealing
effects. Figure % sghows the guasi-static €-V curves
for devices with varions distances from the sdge,
where curve 1 corresponds to the device closest to the
odge and corve & closest to the center, As ome can
seoe, thore is indeed a systsmatic incremse in thke
interface trap denasity as the proded area appresches
the center, Unirradiated devices were also measursd
and showed 5o spatial variation, as expected, This is
showa by curve {0) together with s high frequenecy C-V
curve for reference, Figure 10 shows the dopendence
of the interface trap pemerstion om the linear
distence from the sdge for two differant Al
thicknesses. As papal, the thickmess dependemce can
be seen is addition to a strong spatial variatiom of
ﬁNit‘ Thke trap generation is smalliest right =t the
edge, increxses as one moves awsy from the edge and
bogins to saturate beiween 40 and 50 mils from the
odge,

These resunlts sgain atrongly support a closs
relationship betweon interfaciel stress and trap
gonegation, The faster saturation of the curve for
8000A of Al can be understood onm the bxsis of Fig, 7,

whick impiies a nomlinear relstion beiween trap
genorstion and stress, A similar effect was observed
for the midpap voltage shift xnd will be reported in
more deteil in & sobsegqoent publication.

Growsh ofAN, with Time"after ILrradistion

¥o observed & time dependent incresss in the
interface trap density at room temperature after the
irradistion was completed. Virtvally all the devices
which were measursd showed the same phenomenon,
Figate 11 sthows this timg dependent behavier for
several samples with 500A oxide and veriouvs gxtes Al
thicknesses. The samples were irradisted 3 honrs
after PMA, mnd left st rom tesmperatanre with no
voltage bias, We should note here that a time
dependsnt evolution of interfece fraps has been
reported previomsly [23,24], but in those cases »
voltage bins was spplied to the devices throughout the
ssepling period,

In addition to the long time constant imvolved in
thes process, Fig. 11 indlcates that samples with
thinner Al gate have a Faster rate of increase. The
implications of these results will be discussed in the
next section,
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Fig. 10 Dependence

the radiation—

induced interface
trap peak density
on the distance
from the device
edge for twe Al
thicknesses.

Fig. 1l Change in
the radiation-
induced interface
btrap peak densiry
with time afcer
the completion of
the irradiation
for three Al
thicknesses.



DISCDEEION

The gate thickaess depsndence, stress relaxation
effect, and edge effect saperiments suggost that the
interface trap getneration by ionizing radistion is
atrangly affectesd by ths stress distribotion in tha
M08 structure. In previoms publications [13.14] we
mentioned two possible mechanisms that corld explain
onr resulis. Ome of these involves the changes in the
intarfecianl strained bonds indnced by the gate Al,
¥hile the overall gate Al induced macroscopie
jinterfucial strafn ia the samples ander discuasion
appaars $o be relatively smwli, {in the range ofza.l
- liisit evartheless ooulil ATHE K5 many as 10
- 107 fom* (D.1% - 1% of 107 /em ©) intexfaciz]l atomie
bonds to andergo significant chagges in bond lempik
{on the order of & fractiozx of 1A) or egquivalent bond
axgle, provided that the straim iy preferentially
gistributed ameng sites that age more sasceptible to
distortics under sn externsl force. Snch sites might
corrospond to these that are neer a defoct oxr zn
impurity center, During iomiziag radistdion, sany of
the stomic bondx are breken, resulting in generation
of electron-hole peirs, Accompanying the bond
breaking procesa is bond reformstion, the probability
of which depesnds on the relative positions of the
ionized atoms and their locai enviromments,

In a region where a high demsity of strained boznds
existx, the breakage of bonds by ionizing radisticn
will be followed by relaxstion of the jionized stoms to
aew oguilibrive positions with & Jow probability of
bond raformetion, thus forming localized energy
leveis, ax propoaed by Gwyn [10]. Tt gsn be ssen from
Figa. 4 and § that 1} PMA trestment; (2} Ilmcreoasing
the gate Al thickness; sad 3) decreasing the time
between PRA and iresdistion all resuit in & mors
comprossed zilicon surface at the 5id, lnterfaca. The
data of Flg. 7 therefore suggest thaf, in accordance
with the modsl, the bond reformation procsss is more
favorable with the 5i surfxce under compression,
resulting in less radiation induced tzaps with
increasing compressive stress at the intexface. The
edge effect can also be explained with this modal,
Sinee the compressive stross af the silicon surface
induced by the Al Isyer will be largest at the edge.
it is expected that devices clossr to the adge will
have lexs radiation-indnced interxface traps.

Alterzatively, the rasults can be explained by an
oxide bond straim gradient model proposed by
Grunthazer, ot al, [5] Lz that model, the genvration
of interfsce traps c¢an bes the resvlt of the
propagation of radiation—indoced defects in the
strained region to the SiDZISi interfuce, Tha sxtent
of this propagation depends op the oxide bond strain
gradiont such that soall gradient values lead to leuss
radiation damage.

To discess the affect of the oxide bond strsin
gradient oz the defect propagation procass in 510, ia
Fig. 12 we illustrate guslitatively the strain
distribution near the Sioz{Si intexface, The
intrinsic oxide strain Sistribution I5] is represented
by the thkin solid curve. The gate Al induces an
sdditional strain gradisnt, the diraction of which ix
opposite to the inirinsic strainm gradisnt {ses Eg, 2).
This is zhown by the dotted limes for two different Al
thioknossos, Thke resnltents (1) and (2) (thick solid
curves) sre obtained by sdding the istrinxic strain
curve to the respective Al-gate induwced curve,
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Note that the gradisnt of the resultant (2) earve
near the 8i0,/51 interface is smaller thass that of
resultant (1}, whick should lsad to a smaller density
of radistion—induced interfsce traps for the thick Al
sample, In additloa, both rasmltsnt curves exhibit a

maximun {marked X and X .. respactively), whose
location moves closer to the Si0,/8% interface zs the
gate Al gets thicker,

Avoording to the oxide bond strafn gradient model,
the radlation indevsd defects tend to propagate in the
direction of incrozsing dond strain. Therefore, it is
not uareasossbie to gpacalate that only thoses defocts
gensrated to the right of X would migrets to the
SiOZJSi isnterface and creste intesfuce trups. Since

is closer £¢ this interface than , the sample
with thick Al would thus coilect fewesr snch defects at
the 5i0,/8i interfece due to itx smallsr effective
¢ollevstion depth,

It iz also imperative to mentice that although in
this srawple we n3e curves {1) snd (2} in Fig. 312 to
represent the affect of thin and thick Al gates, they
ovonld egually well be lsbeled as ‘No PNA' and *‘PNAY,
or 'A long time after PHA' and ‘Immediately after
PHA', or "Fux wesy fzrom the sdge' sud *Rigkt ut the
edga’, respectively. In othar words, curves (i) and
£2) ars only zreprescntstive of a prir of ssmples with
differant amoents of Al—-induced oxides stress, which
has beon moastred, and it is of no conssgusnce how
these omrves are prodaced.

Bince both models sre equelly consisteat witk ovr
rasnlts, additional inforzmation is necassary to
dotermine whioh mochanism may be dominating. The
exporimental dztz which shed some light with regard to
this is shown in Fig. 11, whoexe we displsy the growth
of ANy, as a function of tims Iapss alter the
compiation of the irradiation,

Acaording to the Si-szurface stress model, the
denzity of radiation—indeced traps shoald depend on
the struined bonds whiob sre present right st the
interfsee during irradiation so that ones the
irradistion is terminated, the stoms guickly ccoupy
thoir naw eqoilibriom positions, and broken honds are
formed, cansing intexfsce traps, Thersfore, one wonld
expect o seo elther Pittle change in AN,, after
irzadiation on the time scale shown in Fi;. 11, ox
some tlight anpenling at room temparTatnre.

Oa the other hand, in the oxide bhond atrzin
gradient mode}, & defect propsgation mechanism through
the straised region is involwed, and the rete of
propagation depends on the strain gradient,

Lo ¥ I

ey —

Fig. 12 Quali-
tative dlagranm
illustrating
the stratn digw
tribution in
the oxide and
the effect of
the gate elec-
trode on 1t.
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This process could sontinue isdefinitely untd]l ail
the defects in the strsined region axe removed, and
thos a time dependemt growtk of ANy, wouid ba ontiroly
reasonable, Raferring baock to Fig. 12, we seo that
the strain gredient seay the 5iQ, /84 interfsce 1
Isrger for the thin Al sample, whick is thecefors
expacted to exhibit a faster growth of AN,, with tims
than thet of tho tkick Al semple, Thiw is ajain
consistent with fhe data shown in Fig. 1%,

A cracial point in the evelugiiom of the oxide bond
straje gradient £s fhat it need not be considered
indepandently from the hydrogen sodel, In fsct, it
has hnen suggestsd that the prosence of water or
hydrogen related sites can facilitats the defost
propagation procass [5], thezedy incressing the
denzity of radiation induced imterfaoe traps.
Thorefore, in oxrder to siundy interfacial stress
related effecis, it is important to ensugre that the
ssmpies have the same oxide quality, particwlerly in
texms of their hydrogen and water conteats,
Conversely, the gate slectrode perameters shorld be
kept the same if omeo wants to Lsvestigate the offeot
of Eydzrogen. Failure to do xo conld lead to srronsous
resnitys xnd comclusionsk,

In summary, thes interfacisi stress distribotion (a2
& MOS stroctwre can be significantly altered by the
mecharice]l propertisx of the pute metnl fijm, whiok in
turn modulstes the goenerstion of inmterface tyraps
rasulflng from loaizing sadiation. Onr experimsntal

resnits are consistent with a model which imaorporates
the sffect of this gate-induced stress distridation on
the oxide bond strsin gradient near the 8102/81
interface.
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