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Abstract—n the proposed model, trap generation is assumed to be
triggered by the collision of injected electrons with oxide atoms. The
model suggeststhat thinner oxides areless susceptibleto charging stress
due to both lower probability of electron collision and lower electron
impact energy. The differencein positive and negative gate bias charge-
to-breakdown data is attributed to the formation of the structural
transition layer at the Si/SIO, interface. Themodel is used for analysis
of the effects of process induced charging damage on transistor
parameters. It is found that after heavy stress, leakage current is
determined by the probability of trap assisted tunneling, while the
density of generated traps controls leakage in lightly damaged oxides.

| NTRODUCTION

Scaled devices require thinner gate oxides, anditis
therefore important to estimate how such scaling affects oxide
susceptibility to process induced charging damage. To addressthis
issue, we used test structuresthat contain transistors with attached
charge collecting antennas at different wafer processing levels. The
sensitivity of transistor parametersto gate oxide characteristics
allows for measurement of relatively low damage that may not show
up inyield but can affect device reliability.

Complementary information can be obtained from charge-
to-breakdown, Q,, , measurements that can emulate to some extent
charging stress during plasma process steps. However, interpretation
of Q,, datais not straightforward since the nature of stress induced
trapsisnot always known, and may vary with stress conditions. There-
fore, thereisaneed for amodel that can correl ate, at |east phenomeno-
logically, damage in the oxides with oxide characteristics and el ectri-
cal stress conditions.

MobeL For TrRAP GENERATION PROCESS

We propose amodel for the trap generation processthat can
be applied to ultra thin oxides. The central point of this model is an
assumption that whatever the nature of the oxide damage induced by
electrical stress, this damage is triggered by the collision of injected
electrons with oxide atoms (which seems to be a dominant processin
thin oxides [1] under low bias conditions [2]). If we accept the idea
that no damage is possible without initial interaction between the in-
jected electrons and thel attice, then number of generated traps per unit
areacan bewritten asfollows

D = Qxn, 1
where Q istotal number of electrons per unit area passed through the
oxide, and n isthe probability of trap creation per one electron (analog
of the absorption coefficient): n = 1 - exp[-p>sXt- tg)]. Here sis the
electron collision cross section, pisthe probability of trap creationin
theresult of acollision, t andtg are oxide thicknessand el ectron direct
tunneling thickness, respectively. Due to low probability of trap cre-
ation [3], it isassumed that each electron has only one chanceto create
atrap, and also, the magnitude of n for the direct tunneling processis
negligible. p increases with the el ectron energy E and decreaseswith
the bond strength: p = pg Eg = pg Egy t, Where E, is the electric
field in the oxide, and p is the temperature dependent probability to
break the bond in SiO,. Oxide thicknessis assumed to be comparable
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to the electron mean free path.

Thus, with the constant current stress condition, the depen-
dence of trap density on oxide thickness for ultra thin oxides can be
written as follows:

D @QWO )EOX >(t 'tO) (2)
Based on Eq. (2), one may expect | ess traps to be generated in thinner
oxides.

Oxide breakdown occurs when local trap density exceeds
some characterigtic critical valueD . Takinginto account approximately
linear dependence of critical trap density D_ on oxidethicknessin very
thin oxides [4], D, @Dt (D, isthe critical concentration in the very
thinoxidet @), from Eq. (2) the following dependence of charge-to-
breakdown Q, , on oxide thicknessis obtained:

Qu= (DfSPEQXU,) ©
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Fig.1. Charge-to-breakdown vs. oxide thickness.
In order to verify the above Q, (t) dependence, we compared oxide
thicknesst calculated with Eg. (3) to the nominal thickness that was
measured both optically and electrically. Charge-to-breakdown mea-
surements were donein 20x20 un? capacitors under positive and nega-
tive gate bias constant current stress, Fig. 1.
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Fig. 2. Gate oxide thickness calculated with Eq. (3) vs. nominal thickness.

97 IRW FINAL REPORT



CHARGE TO BREAKDOWN & TRAP GENERATION PROCESS IN THIN OXIDES

Using positive bias Q, , dataand ratios of Q, , in Eq. (3) for
different t, we found that the best fit of the cal cul ated oxide thickness
to the nominal ones, Fig. 2, can be obtained witht, @30 A.

So far, the oxide parameters s and p, have been assumed to
remain constant across the oxide. However, it iswell established that
stress at the oxide/Si interface resultsin astructural transition layer in
SiO, that may extend up to few tens of A fromtheinterface. Thetran-
sition layer is characterized by higher than bulk oxide density (2.4 ¢/
cm?) and high compressive stress[5]. Theselead toincreasein both the
electron callision cross section, s, and the probability of bond break-
ing, p,, inthetransition layer.

The existence of the transition layer breaks the symmetry
between the positive and negative gate biasinjections. Indeed, sincein
the case of substrate electron injection direct tunneling distance
t,@30 A
covers significant portion of the transition layer, sand p, values may be
expected to be very close to the bulk oxide ones, Fig. 3.
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Fig. 3 Substrate and gate electron injections vs. distribution of stress in oxides.

Ontheother hand, for gateinjection, the direct tunneling distance cov-
ers oxide outside the structural transition layer. Therefore, to a great
extent, s and p, valuesin Eg. (3), which represent averages of s(t) and
p,(t) over the oxide thicknesst outside the direct tunneling distance,
are determined by the structural transition layer properties, and thus
aremuch greater than in the substrate i njection case. Subsequently, in
thelatter case, Q, , valuesare greater for all oxidethickness, asfollows
from Eq. (3). In addition, in the gateinjection case, sand p, parameters
may be expected to exhibit strong oxide thickness dependence: the
thinner oxideis, the greater the share of the structural transition layer
in the total oxide thickness, and therefore average s and p, values are
bigger. Based on expected behavior of s and p, parametersin the gate
injection case in the extremely thin and thick oxides, we may propose
the following dependence of the product (sxp,), on oxide thickness:
(s><p0) - (s><p0) t/t-t, , where the product (s><p ). in the substrate
injection caseisindependent of oxide thickness. Substltutl ng the above
(s><p0)g dependenceinthe Eq. (3), we obtain that thefollowing relation
between the charge-to-breakdown for gate, Q, o’ and substrate, Q, .,
injectionsvalid for any oxide thickness;

des deg (sxp(l)g/ (sXpO)SN

We calculated the oxide thicknesst in Eq. (4) using Q,,
vauesin Fig. 1 and direct tunneling distancet, = 30 A. Comparison
of the calcul ated thickness to the nominal ones ispresentedinFig. 4.
When oxide thicknessis reduced bel ow the direct tunneling
thickness, Q, 4q MY be expected to increase and eventually become
equal toQ, .. . Note that other oxide properties, likeinterface
roughness may also contribute to Q, , values.

tit-t, @)
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Fig. 4. Gate oxide thickness calculated with Eq. (4) vs. nominal oxide thickness.

Process INbuceD DAMAGE

The above model was verified using processinduced damage
data. We analyzed charging damage effectsin 0.35 um LDD NMOS
transistorswith 65 A, 50 A, and 40 A gate oxides (similar effectswere
observed intheidentically processed lot with 65 A, 55 A and 45 A gate
oxidesplits). Splitsfor each oxide thickness contain 4 wafers, with 17
dies per wafer tested. Poly, metal-1 or full flow charge collecting an-
tennas are attached to transi stor gates, with antenna-to-gateratios (AR)
upto90K:1. Atypical test tructureisshowninFig. 5. Fowler-Nordheim
(F-N) stress, 1 nA/um? for 2 sec, was used to reveal latent damage.

The charge damage effect (CDE) induced by processing is
measured as a difference in parameter P shift due to F-N stress be-
tween an antennatransistor and areference transistor at the same die

|ocation:
DP= [Pstress(am) - Pnostr&ss(am)] -
[Pstr ess("€f) - Prostress(r €)1 ®

Reference devices are protected from charging damage during process-
ing by fuses between drain, source, gate, and substrate.
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Fig. 5. Schematic presentation of charge collecting metal-1 antenna transistor after
metal-1 etch.

Inthe case of thin oxide, gate leakage current Ig seemstobea
very sensitive damage parameter; it exhibits strong antenna effect in
most types of antenna modules even before F-N stress. In metal-1
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antennatransistors, I increases with antennasize, Fig.6, and decreases

with omdethwkness, Fig.7. The sametrends are observed in CDE of I —v— 65A-90K AR
after the F-N stress, Fig.8. Transconductance G, and threshold voltage 90 { —= - 50 A-90K AR
V, do not show antenna effect before F-N stress > —o— 40A-90K AR
2 70 -
S
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Fig. 6. Pre-and post-stress gate leakage current for reference and metal-1 antenna ) ) _ ) _ _ )
transistors. Error bars correspond to 1 standard deviation. Inthe xaxis, 0~ CDE in G, and V is greater for thicker oxide, especially in devices
and 1 in front of the transistor type correspond to the data before and afterthe ~ With edgeintensive antennas, Fig.9.
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0.10
0.05 -
997 0.00
2 — -0.05 1
% 90 - b
I < -0.10
S 70 | a) —e 8K AR
g0 0151 —— 20K AR
()
2 30 0.20 4 —— 90K AR
t_g —— Edge Ant
2 0.25 : . : : : :
810’ 35 40 45 50 55 60 65 70
Oxide Thickness, A
l i
‘ ‘ ‘ ‘ Fig.9. Charged ffect in threshold voltage of metal-1 antenna
120 119 118 L7 116 115 -114 9 arge camage eriect! vollag

transistors.
log (I G)

The fact that Ig is reduced after the F-N stress, Fig.6, indicates that

Fig. 7. Pre-stress gate leakage current of metal-1 large antenna transistors. hole-type traps were created in the oxide during metal-1 processing.
This conclusion is supported by V, data, Fig. 9, that show negative
shift of V with respect to reference transistors after F-N stress, such
shift being accompanied by increase of G_. Devices with poly area
antennas show positive CDE of V,, Fig.10, and no effect in Ig, suggest-
ing that electron-type traps were primarily generated during poly pro-
ng.
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Fig. 10. Charge damage effect in threshold voltage of poly
antenna transistors.
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For tested transistor parametersin metal-1 and poly antenna
modul es, thicker gate oxides demonstrate greater susceptibility tocharg-
ing stress, Figs. 6-10, (see[6]), in full agreement with the model. On
the other hand, in the full flow modules that include contact antennas
(having up to 39,000 contacts) in addition to area antennas, thinner
oxides show higher gateleakage, Fig.11, (similar resultswerereported

in[7]).
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Fig. 11. Gate leakage current of reference and full flow large
antenna transistors.

Inthismodule, gate oxidesin antennatransistors are very leaky dueto
heavy charging damage during processing, as follows from the depen-
dence of | _on antennasizes. V, and G_ show no antenna effect before
F-N stress (no dataavailable after the stress due to very high damagein
transistors).

Thus, two groups of devices, with lower (metal -1, poly mod-
ules) and higher (full flow module) charging damage, demonstrate
opposite trends: when
total damage is low, thinner oxides show less charge damage effect,
however, they seem to be more susceptibl e to stressin the case of higher
damage.

97 IRW FINAL REPORT

BERSUKER, WERKING, & CHAN

StRESS INDUCED LEAKAGE CURRENT

In order to explain data in the heavily damaged full flow
module that seemingly contradicts our model, we need to discuss a
tional to the number of traps D which can accept electrons and to the
probability of electron tunneling from the substrate to these trapsP (for
simplicity, we assume that in the ultra thin oxides, tunneling via one
trap only isrequired for each electron ):

Jta=ioDP (6)

In the quasi-classical approximation, electron tunneling

probability P can be written asfollows:
P exp {- &JE(t)-E]dt} » exp {- E,*4a +bt)},

where E, and E arethe energy barrier at the Si/SIO, interface and the
initial electron energy, respectively. a and b are coefficients that
depend on the electron and barrier energies and on the trap location
between the oxide interfaces. In particular, if atrap isin the middle of
the SIO, layer, b = 1/2.

Asoxidethicknessincreases, trap assisted tunneling current
J T Quickly reduces dueto exponential decline of tunneling probabil-
ity P. However, 1o may asoincreasewith oxidethickness because of
increase in the trap concentration D, Eq. (2). To determine dependence
of the trap assisted tunneling current on the oxide thickness, we esti-
mated an oxide thicknesst,__ at which trap assisted current is maxi-
mum.

Graphical results of these cal culations are presented in Fig.
12. Asfollowsfromthe equationdja/dt =0, t__ decreaseswith the
increase of thetrap concentration per unit oxidethickness D = Qx4
Eox  Loax H 9D, Where parameter gisafunctionof E, b, and t. The
vaueof t  with respect to the oxide thickness under consideration
tellsuswhether |eakage current should increase or decrease with oxide
thickness. Whenthetrap concentration D issmall, t . may be greater
than the maximum thickness of the oxides under consideration, and
therefore one observes increase of |eakage current as oxide thickness
increases (broken linein Fig. 12), aswe seein metal-1 and poly mod-
ules. Declineof current in thinner oxidesis due toinsufficient number
of traps which assist tunneling current, and we term this case damage
controlled leakage.

[T
'
LaP

Fig. 12. Leakage current vs. oxide thickness in the cases of high, D-high, and low,
D-low, damage.
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When damage D, increases as in the case of full flow module, t_
decreases and may correspond to oxide thickness that is smaller than
the minimum thickness of the oxides in our experiment. In such case
that can betermed tunneling controlled |eakage, one observes decrease
of leakage current when oxidethicknessincreases (solid linein Fig. 12),
due to smaller tunneling probability P in thicker oxides.

CoNcCLUSION

With the same quality of oxides - effective scattering cross sections
(determined by the concentration of charge defects, neutral traps, etc.in
the native oxide) and bond strength p,, (determined by stress, H-bonds,
etc.) - thinner oxides show greater Q, ; due to the geometrical factor.
Therefore, to compare quality of oxides having different thickness,
measured Q, , values should be multiplied by the scaling factor (t-t/t).

Thinner oxides are less susceptible to charging stress since
both the probability of collisions of injected electrons with oxide at-
oms and electron impact energy decrease with oxide thicknessin the
case of ultrathin oxides. However, relatively smaller damage (deter-
mined as a concentration of generated traps) may produce a greater
effect in device performance, in particular, in gate oxideleakage current.

After heavy stress, leakageis mostly controlled by the prob-
ability of trap assisted tunneling (whichishigher in thinner oxides). In
lightly damaged oxides, |eakage current isdetermined by the concentra-
tion of generated traps (whichislessin thinner oxides).

QUESTIONS AND ANSWERS

Question: What is applicability of your model?

Answer: The upper limit of the oxide thickness is determined by the
condition that oxide thickness should be comparable to the electron
mean free path. Practically, it means less than two-three mean free
paths. Different techniques give various estimatesfor it; anumber around
34 A was reported by several groups. In this case, the upper limit is
around 70 A.

Question: To simplify your expression for trap density, you suggested
that the probability of trap creation per one electron is small. Do you
have data to support this assumption?

Answer: There are several publications on thistopic. In particular, S.
K. La and R. Degraeve (Ref. 3 and 4) demonstrated that only a few
percent of injected el ectrons generate traps and interface states.

Question: Critical trap density - can we measure or simulateit ?
Answer: It was simulated and, al so, cal cul ated based on measurements
(seeRef. 4).

Question: Do you have hard numbers for stress gradient in the oxide ?
Answer: | do not have any numbersfor stress magnitude. Oxide density
near the interface was reported to be 2.4 g/cm?® which is significantly
higher than in bulk oxide and indicates high stressin that area.

Question: How doestrap generation in your model depend on electron
energy ?

Answer: Higher energy of injected electrons increases probability to
break the bond and create a trap. Electrons are assumed to movein a
ballisticregime.

Question: For the high damage case - you only show gate |eakage data -
do you see the same trend in the threshol d voltage data?
Answer: Notransistor characteristicswere avail able after the F-N stress
sincethis stresskilled already heavily damaged devices.

Question: Y ou use the model to explain the |eakage current behavior -

CHARGE TO BREAKDOWN & TRAP GENERATION PROCESS IN THIN OXIDES

does the same model explain the threshold voltage behavior?
Answer: In this presentation we discussed data primarily on leakage
current since it seems to be one of the most sensitive parameters. All
measured transistor parameters, like transconductance, saturation cur-
rent, etc., satisfy the suggested model.
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