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Abstract—We present experimental results on single-event-in- are several developments fueling this concern. In 1994, $ift
duced breakdown in sub-5-nm plasma-enhanced Si9 nitrided  al. observed anomalous stuck bits in 4-Mbit dynamic random-
SiOz, Alz0s, HfO2, and Zro.sSheOs dielectrics typical of o.cags memories (DRAMS) exposed to low-fluence heavy-ion

current and future-generation commercial gate oxides. These . o o
advanced oxides are found to be quite resistant to ion-induced irradiation [4]; this group speculated that the effect could be

breakdown. Radiation-induced soft breakdown was observed due to gate rupture, which until that time had been observed
in some films with 342 MeV Au (LET = 80 MeV/mg/cm?) but only in high-power devices. As it was not known how this effect

not 340 MeV | (LET = 60 MeV/mg/cm?). The critical voltage might scale with technology, the use of advanced technologies
to hard breakdown was found to scale with the square root of ', gnace missions was at issue. Concurrently, dielectric break-

the physical oxide thickness, not with the energy stored on the d b di bmi ter diaital technolodi h
gate capacitance. Alternative dielectrics with equivalent oxide ownwas observedin submicrometer digital technologies when

thickness substantially below their physical thickness were found €Xposed to electrical stressing (hot-electron or hot-hole injec-
to exhibit significantly higher voltage to hard breakdown than tion) experiments [5]. Thus, commercial reliability concerns de-

SiO. counterparts. All of the samples reached ion-induced hard veloped. Scaling trends to oxides under 5 nm, the acceptance
breakdown at applied voltages well above typical operating f gate dielectric fields above 5 MV/cm, and the use of alter-
gg\\//v;r:-cselijpgl));n\r/s(leti?:lsihttélgéﬁegnglzgﬁsk?gi%gglL}f/c;;etrlgli. use of native dielectrics with unknown breqkdown propgrties have all
exacerbated concerns related to oxide degradation and prema-
ture failure under stressed conditions.
It has been shown that electrically induced and radiation-in-
duced stressing of ultrathin oxides are very similar in many
I. INTRODUCTION respects. Since advanced commercial (nonradiation-hardened)

INGLE-EVENT-INDUCED dielectric breakdown is an in- f€chnologies are finding increased use in space systems, con-
ulating failure in a gate dielectric due to exposure to hea rn exists over the potential for catastrophic gate insulator fail-
ions [1]. The conditions for such failures are acute in pow es at normal operating voltages when parts are exposed to the

MOSFET devices where large device capacitances and h sh, heavy-ion environment of space [6].

: s : 1997, Sextowet al.performed a study of heavy-ion-induced
voltages can contribute sufficient energy to destroy a gate in- " SRR .
g 9y yag te rupture in Si@films of thicknesses of 18, 12, and 6.5 nm

sulator given the trigger of a single-event-induced conductie%E Th id hibited an i in critical field t
path across the dielectric [2]. Gate rupture failures have beem ese oxides exhibited an increase in critical field 1o rup-
with decreasing oxide thickness, leaving intriguing ques-

observed in ground-based experiments and are suspectin spt%gg— bout the fut lationshio bet dielectri i
based operation [3]. ions about the future relationship between dielectric scaling

Concern that similar catastrophic failures would be seen "de radiation-induced oxide breakdown as commercial tech-

low-power integrated circuits operating in the harsh enviroijologies advance and new dielectric materials are introduced.

; Followup work in 1998 by Sextoet al. [8] and Johnstoret
t of has b the past f . Thigpdowup y
ment of space has been growing overthe past iew years gl. [9] shed considerable light on breakdown mechanisms in

gate dielectrics, particularly soft breakdown versus gate rupture.
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report the similarities (and, more importantly, the differences) m'z
of electrical-stressing reliability to dielectric breakdown under 3l
heavy-ion radiation, the suitability of ultrathin and advanced, 104
high-k dielectrics for space applications, and the relationship 10°f '
of radiation-induced dielectric breakdown trends to commer- _ 10} HBD SBD
cial scaling trends predicted by the SIA National Technology $ P
Roadmap for future generation technologies. € 10 ,
210
Il. PHENOMENOLOGICAL VIEW OF GATE DIELECTRIC (‘:)3 10-8 5
BREAKDOWN 10_9 |
Stress-induced breakdown of thin oxides is a topic of con- -10
siderable import and study within the semiconductor reliability 10T
community [10]-[13]. While the mechanisms leading to stress- 10’“
related oxide damage and the physics of the resultant curren 0
conduction across damaged oxides are subjects of debate amor Voltage [V]
reliability groups, there are phenomenological aspects of the
process that are fair|y well accepted. Fig. 1. Qualitative view of electrical-stress-induced SBD versus HBD. Also

Electrical-stress-induced breakdown in very thin oxides hagown is a typical Fowler—-Nordheim tunneling current curve. After [14].

been attributed to a multistage degradation process. During
high-field stressing, defects are created in the oxide. Sufficiedtd 2.2 nm. AJOs3, Zro.4Si1 604, and HfG, dielectrics were
defects can lead to the appearance of one or more low-RPECVD deposited on HF-lagt00) p-type silicon over a thin
sistance paths across the insulator. A “percolation path” 8fO: layer (0.6-nm interfacial Si¢) to form a dielectric stack.
defects is a widely accepted breakdown structure, althou§he physical thickness of the #D; was 5.4 nm (4.8-nm A
the microscopic structure and conduction mechanism are still0-6-nm interfacial Si@) with an equivalent oxide thickness
of considerable debate. Current through these conducti®HOT) of 2.6 nm (verified byC'V' and nuclear reaction pro-
paths can enhance the damage and lead to the onset of nfiiiRg). Similarly, the Zi, 4Si; ¢O4 had a physical thickness of
severe breakdown mechanisms—soft (SBD) or hard (HBB)® nm with an EOT of 2.3 nm, and the Hftad a physical
breakdown. The distinction between soft and hard breakdodifickness of 70 nm and an EOT of 9 nm. In the nitrided oxide
is often attributed to a stable conduction path (soft) versuscase, the anode plate was formed by polysilicon with alu-
catastrophically expanding path (hard) [12]. minum as the contact. In the other cases, the anode was alu-
In terms of observable electrical device response, s&finum.
breakdown is most often associated with an anomalous increasBreirradiation electrical testing of the capacitors included ca-
in gate leakage current [above the expected stress-indugégitance—voltage measurements, charge to breakd@wp)(
leakage current level], while hard breakdown is associated witeasurements using the linear voltage stressing technique [16],
insulating failure and ohmic conduction across the dielectri®ltage to breakdown using the fast voltage sweep method of
[10]. Stress-related soft breakdown is dominant in very thid7], and capacitance-based EOT extraction.
oxides and low-power devices. Stress-related hard breakdowrPingle-event testing was performed at the Brookhaven
dominates dielectric failures in thicker oxides and powd¥ational Laboratory Tandem Van de Graaff facility using
devices. Fig. 1 (after [14]) shows a generally accepted view 3#2-MeV gold, 340-MeV iodine, and 285-MeV bromine ions
the phenomenological current—voltage attributes of soft versdisnormal incidence. The total fluence per shot was typically
hard breakdown in thin oxides. 10° ions/cn?, so that each capacitor under test would receive
Our study focuses on the hard breakdown phenomenon uniss than 100 ions per exposure—low enough to ensure minimal
heavy-ion exposure, which was clearly observed in our test @iecursor damage but high enough to ensure heavy ion strikes
electrics. We also observed soft breakdown due to both heat§-the capacitor. Breakdown measurements were performed

ion and electrical stressing in some, but not all, of the oxidésing the method described by Sexteh al. [7]: irradiate
tested. under a constant dc applied bias, perform a postirradiation

current—voltage sweep, increment dc bias, repeat. To isolate
single-event-induced breakdown from electrical stress related
breakdown, all voltage sweep limits were chosen to limit

SiO;, Al203, HfO,, and Zp.4Siy ¢O4 capacitor structures preirradiation Fowler—Nordheim (FN) tunneling well below the
fabricated at North Carolina State University [15] were used feasured limit for electrical breakdown.

this single-event breakdown study. Planar MOS capacitors of
two sizes (50< 50:m and 100x 100;:m) were fabricated using
remote plasma-enhanced chemical vapor deposition (RPECVD) _ o
of a base oxide followed by MHe plasma nitridation. Base ox-A Electrical Characterization

idation plus four N carrier gas concentrations (5%, 10%, 15%, Extensive electrical characterization of the capacitors, in-
20%) was used to establish nitrided oxides{00) p-type sil- cluding voltage to breakdowrVgp) and charge to breakdown
icon (forming a common cathode plate) with thicknesses of 3(@gp) tests, were performed prior to heavy-ion irradiation

IIl. TESTSTRUCTURES ANDEXPERIMENTAL TECHNIQUES

IV. RESULTS
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Fig. 2. Extracted voltage to breakdown under the step-stress electrical stress
ing conditions described in the text.
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Qgp (Clem?) quality of the ZrSiO material available in this study. The HfO

Fig. 3. Cumulative Weibull distribution of charge to breakdown unde,QBD_ !evels are.IOW?r th?‘n tho_se observed for §|®ut this
electrical stress condition as in Fig. 2. The size of capacitors is 50 xm?. IS Mitigated by its high dielectric constant, reducing the phys-
ical electrical field required to achieve equivalent operation to

) SiO;. The value ofQgp for SiO, is quite reasonable for re-
testing. Vgp measurements used the same voltage ranBarch oxides.

stressing sequence as that of the heavy-ion experiments. The
method to determine breakdown was consecutive comparis
of average measured current during a low voltage sweep. Thi
method of extracting/sp produced values that were within 1) 3.3-nm Si@ Capacitors: Fig. 4 shows typical single
a standard deviation of those measured using the comnfent-induced breakdown results (typical of nine data sets for
1-MV/cm/s linear voltage ramping method. Results of theg@ch capacitor size) for the 3.3-nm Si@xide capacitors. Each
preirradiation breakdown measurements are shown in Fig. 2curve represents ah-V' sweep following biased exposure to
To explore the electric field to breakdown, flat band voltage3*2-MeV Au ions (LET= 82 MeV/mg/cnt), with increasing
of each film were calculated via high-frequency capacitan€l§ bias applied during the irradiation for each curve. The
data. In all cases except ZrSiO (discussed later), the equivalBugnce per irradiation step was “ns/cnt.
(to SiQy) critical electric field was over 10 MV/cm. The curves of Fig. 4 show the two-step breakdown depen-
Qsp Measurements were performed by numerical integratig@nce on bias voltage during irradiation, as shown qualitatively
of measured current during voltage stresses up to abrupt curirftig. 1: stage 1 atirradiation voltages betwee®2 and-3.9
increase. Fig. 3 shows the cumulative Weibull distribution of, stage 2 at the irradiation voltage 4.0 V. This observa-
Qgp for the films used in this experiment. The large value ition was consistent across all of our 342-MeV Au data for these
the ZrSiO case was due to a high level of leakage current3B-nm SiQ capacitors and is quite similar to radiation results
intermediate gate voltages. observed by Sextoet al.[7] for thicker SiO, dielectrics. Sexton
Note that the ZrSiO film showed high leakage current anded al. attributed the characteristic two-stageV’ response to
low voltage to breakdown, indicating a less than device-qualispft breakdown before single-event gate rupture (hard break-
starting film; subsequent results reflect the lower intrinsic fildown). Similar observations have been made in the reliability

.SSSingIe-Event Test Results
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Fig. 6. Oxide current versus applied voltage for 3.3-nm 15% N,SiQ0 x
100um capacitors. Labeled values are irradiation bias. The irradiation ion was
342-MeV Au.
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Fig.5. Oxide currentversus applied voltage for 3.3-nm.S&) 100x 100xm
and (b) 50x 50umirradiated capacitors. Labeled values are irradiation bias. The
irradiation ion was 340-MeV iodine. Note that significant RSB is not observed.

Gate Voltage (V)

itv for thi id d lectrical st . Fig. 7. Oxide current versus applied voltage for 2.2-nm-S100 x 100um
community Tor thin oxides under electrical stressing measurcecfpacitors. Labeled values are irradiation bias. The irradiation ion was 342-

ments; these have also been attributed to soft (or quasi) bremky Au.
down versus hard (or catastrophic) breakdown [10], [11]. The

distinction is important, since the po:ssiblefailurethresholdsirﬂsmg a 15% N source gas were collected on nine capacitor
plicated are quite different; hard failures are often predicted é?ructures. Representative results are shown in Fig. 6. Again, a
be rare in oxides thinner than 5 nm, whereas soft breakdo%-step distribution of—V curves was seen. We saw no sta-

has been cited as a potential reliability concern in space S¥|§'tically significant difference in the threshold voltage to hard

tems [18]. _ o _ breakdown characteristics for the nitrided oxides compared to
Across our data, we observed no discernible difference in pure oxide.

hard breakdown voltage during heavy-ion exposure between th%) 2.2-nm Si@ Capacitors: Representative data collected
small and large capacitor structures. This observation has igk six 100 x 100 um 2.2-nm SiQ capacitors exposed to
portant implications when interpreting the failure mechanismgo_Mev Au ions are shown in Fig. 7. These curves continue
as discussed in Section V. to exhibit a two-stage breakdown (soft, then hard) for the larger
Data collected on these capacitor structures when exposeg@d@acitors and a one-stage hard breakdown for the smaller
340-MeV iodine ions (LE¥ 60 MeV/mg/cnt) are shown in  capacitors. Although the threshold voltages to breakdown were
Fig. 5. These capacitors showed similar hard breakdown chgjiver, the 2.2-nm capacitors behaved qualitatively like the
acteristics to the capacitors exposed to Au, with onset of breakicker 3.3-nm oxide structures.
down at slightly higher irradiation bias levels. While the purpose 4) 2.6-nm (EOT) AlO; Capacitors: Fig. 8 shows represen-
of this work was to study scaling trends and not the dependenggive data from five 2.6-nm (EOT) AD; alternative—dielec-
of breakdown on LET, the LET dependence in our data is comic capacitors (5.4-nm physical stack thickness) exposed to
sistent with that reported by other groups [7], [8], [19]. For thi842-MeV Au ions. This distinctive pattern of minimal leakage,
study, note particularly the lack of soft breakdown with theseo soft breakdown, and catastrophic failure was consistent
lighter ions. across all of our test samples in this group.
2) 3.3-nm 15% N Si@Capacitors: Breakdown data under 5) 9.0-nm (EOT) Hf@ Capacitors: Thicker alternative di-
exposure to 342-MeV Au ions for the 3.3-nm oxides depositediectric hafnium oxide structures were irradiated with 342-MeV
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Fig. 8. Oxide current versus applied voltage for 2.6-nm (EOE)RI 100 x  Fig. 10. Oxide current versus applied voltage for 2.3-nm (EOT B, .6 O4
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342-MeV Au. ion was 342-MeV Au.
2
10 ' ' (Fig. 3), it is not surprising that both the intrinsic electrical
10* N 8.0 ] and extrinsic radiation breakdown of this insulator are degraded
_ 0 ] by the extreme variability in prestress oxide quality. However,
}(_j 10° 3 note that soft breakdown was not observed, even in this re-
5 3 search-quality dielectric. In the case where prestress damage
g 10° 1 is so severe as to affect the intrinsic electrical breakdown of a
o o 3 dielectric, radiation-induced breakdown would be of minimal
% 10 L P | practical concern.
o 107 5 W e ¥ e
) V. ANALYSIS
14
10 P ) 3 A Oxide Breakdown Due to Electrical Stressing

Hard breakdown is prominent in thick oxides under high
fields (as would be seen in power semiconductor devices),
Fig. 9. Oxide current versus applied voltage for 9.0-nm (EOT) H8D x  With onset often described by the energy dissipated within the
50 um capacitors. Labeled values are irradiation bias. The irradiation ion wee@nducting conduit: 1/2 CX¥ Stress-related hard breakdown
342-MeV Au. is rarely seen in sub-5-nm oxides [12], [13]; on the other

hand, soft breakdown is often observed and is considered the
Au ions. Representative results of three 50 xm 9.0-nm dominant stress-related breakdown mode in emerging oxides.
EOT capacitors are shown in Fig. 9. Like the;@% films, the Soft breakdown exhibits a power-laixV relationship and has
hafnium oxides exhibited no soft breakdown before the onsetliden attributed to a conducting pipe that is stable, but does not
hard failure. generate sufficient thermal energy to expand. Aktnal. [20]

6) 2.3-nm (EOT) Zy4Si 4O, Capacitors: Fig. 10 shows have explained soft breakdown as a conduction path across
data for 2.3-nm (EOT) Zf4Si; 6O+ 100 x 100 zm capacitor the dielectric, which dissipates power{/Rpa:) below the
structures (4.5-nm physical thickness) irradiated with 342-Mettireshold for irreversible thermal damage, with a crossover to
Au ions. Two capacitors were tested and both exhibited thard failure given by a specific power (hot energy) level. As
same unusual two-step hard breakdown, as can be seen inwkeshow later in this section, we see a similar power-related
figure. This unique behavior may be related to the intrinsttireshold for single-ion-induced hard breakdown in our tests.
preirradiation leakage observed in these oxides. As discussetlVe induced soft breakdown in the Si@xides of our test
in Section IV-A, the ZrSiO dielectrics exhibited substantialia both electrical stressing and heavy-ion exposure. IFié
intrinsic oxide damage, preirradiation leakage, and a losignatures were analogous in both cases. We did not observe
intrinsic electrical breakdown voltage. These dielectrics wesaft breakdown in any of the alternative dielectrics tested under
laboratory samples and not yet of production quality. Even doeavy-ion exposure, but did induce soft breakdown with elec-
the voltage to radiation hard breakdown was still above tlecal stressing.
intrinsic electrical breakdown voltage level and would be well It should be noted that the question of whether electrically
above the requirements for VLSI applications. induced soft breakdown constitutes a “failure” is hotly debated

It has been postulated [9] that precursor damage (due to irvéithin the reliability community. Clearly, enhanced oxide
diation or electrical stressing) can influence the onset of radi@akage associated with soft breakdown is of concern for
tion-induced hard breakdown. Since the ZrSiO insulators exhimerging technologies. However, modern circuits based on
ited a wideQsp Weibull distribution prior to irradiation testing scaled devices are designed to tolerate gate leakage: sub-5-nm

Gate Voltage (V)
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2

oxides exhibit considerable intrinsic tunneling currents [21] 10°F
Thus, the full implications of stress-induced soft breakdowi 3
have yet to be established. On the other hand, there is litt B '
dispute that hard breakdown constitutes a catastrophic failu~ 10 F
mechanism. ]

Au 342 MeV (unit: ions/cm’)

B. Soft Versus Hard Breakdown Under Heavy-lon Exposure

Current (A)

The I-V signatures of breakdown from electrical and radia- @
tion stress are similar and have analogous naming conventior3 44"
Adopting the terminology of others [7], [9], [22], we use RSB 3 @)
for “radiation-induced soft breakdown,” the cumulative increas 1
in leakage current shown in Fig. 1. We use RHB for “radia- 10" *——"~*——"————1— L
tion-induced hard breakdown” (also called SEGR) to denote tt
catastrophic breakdown signature. Gate Voltage (V)

Ceschiat al.have suggested that RSB arises from conductiv
paths created by damage along each ion track and distribut
across the device in rough similarity to the ion fluence [19]. This
group also observed no threshold oxide field for the onset ¢ 10°
enhanced radiation-induced leakage current or RSB. Our ch
are consistent with those observations. Referring to Fig. 4, tr 5
increase in leakage current for each subsequent ion shot a5 10
at each irradiation voltage step clearly indicates a cumulativ©

Br 185 MeV (unit: ions/cm?)

PRTr PP SRTT FRTY PR RWTY

damage effect. This increase in current cannot be explained k- » B 3
cumulative conductive tracks alone (there is aniicrease in = © 10 (b) 25X 10° 2.5&( 10° 3
fluence between the 3.2-V curve and the 3.9-V curve; the curre 3
increases by approximately &(. Clearly, irradiation bias con- wE ) , . ) ]
tributes to RSB. This is further supported by the data of Fig. 11 10 -10 -8 -6 -4 2 0 2 4

This figure shows the same oxides exposed to 342-MeV Au ior Gate Voltage (V)
under a 0-V irradiation bias. The oxide leakage currents ob-

served are a factor of 1.5 lower than those observed in FigFig: 11. Damage effects due to unbiased heavy-ion exposure. In (a), 342-MeV
Au ions (LET= 80 MeV/mg/cnt) at the fluence levels shown contribute to
under irradiation bias for the same fluence.

. o enhanced leakage and a reduced intrinsic electrical breakdown. In (b), 185-MeV
Note from Fig. 5 that iodine (LET= 60 MeV/mg/cn?) ex- Brions (LET= 40 MeV/mg/cn?) do not.

posure did not cause RSB—a consistent observation across all
of our measurements. However, zero biased parts exposed to a
significant 342-MeV Au fluence prior to breakdown tests exhib-
ited enhanced preirradiation leakage. Enhanced leakage or RS
was often observed at first bias. Fig. 11 shows 3.3-nm, 88 z
pacitors exposed to 342-MeV Au and 185-MeV Br ions with a <
0-V bias applied during irradiation. Clearly, the Au ions damage 5 =
the oxide and contribute to RSB with no bias applied. Bromine, £
however, exhibited no effect on SBD.

Our data support a synergistic effect of conditions for RSB: *5
conduction tracks created by ions of high LET (LET 60 0]
MeV/mg/cnt? or higher in our tests) and current flow due to
an applied irradiation bias leading to localized damage regions
This observation is consistent with the work of Cesattial.

[19] and Sextoret al.[7]. The key to these observations is that
RSB is clearly a cumulative effect tightly coupled to test fluence
and bias and is only observed for the most energetic ions. Thig 12. 3.3-nm SiQ oxide exposed to 4.4 107 ions/cnt fluence prior to
is important in our later discussions of failure modes. radiation testing. Note HBD at 3.8 V, similar to the virgin oxides of Fig. 4.

Hard breakdown, on the other hand, does not appear closely
coupled to fluence. Sextost al. suggested a lack of influencebreakdown to preexposure to ion fluence. Also, as can be seenin
of precursor damage to the onset of SEGR insSi®ides [8], Fig. 4, RHB is not a cumulative effect, as is RSB. In all cases, at
and our data on thinner oxides support that conclusion. Fig. it onset of RHB, we observed a distinctive step in oxide current
shows/-V curves for 3.3-nm Si@ capacitors that were ex- and the signature HBD-V curve shown in Fig. 1 (in particular,
posed (unbiased) to 4>4 107 ions/cn? fluence prior to break- oxide conduction at nearly zero applied bias), with little further
down testing and exhibit a HBD o6£3.6 V to —3.8 V. Upon degradation for continued ion exposure or increased oxide bias
comparison with Fig. 4, there is no strong correlation of hafdoltage steps-4.1 V through—4.4 V in Fig. 4). We observed

e Curr

Gate Voltage (V)
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RHB at fluence levels as low as approximately 25 strikes pe
capacitor, supporting the conclusion that RHB is essentially ¢
single-ion phenomenon.

20
. Voltage stress only =]

N 3.3nm Heavy ion + voltage stress *
. Oxynitride (15%N})

C. Soft Breakdown Due to Single-Event Radiation

ARK
Stressing—Is It a Practical Concern? ;Sioz\ . 54mm
Electrical stress and single-event soft breakdown mechg % ] A0

kdown Egp (MV/icm)
S >
E

nisms are very similar, with the single-event ion track replacing% 8 3

high-field tunneling in the creation of oxide damage and g i

subsequent trap-assisted conducting paths. In either case, t% 4 g.%:m h — so

ultimate effect is enhanced leakage influenced by stress leviic 4.50m Data From Sexton at al. 1997

(either electrical charge injection or radiation fluence). A .2 ] Zrsio

secondary damage effect, demonstrated by \&eal. [11], is g Y

an increase in ¥/ noise. Because electrical soft breakdown isi 0 5 10 15 20
considered a significant reliability issue for commercial parts, Film Thickness (nm)

it ha$ been_ suggested that radiation soft breakdown is alseigals. Critical electric field to breakdown under voltage stress and exposure
possible failure mode of concern for space systems. Basg@42-MeV Auions for the capacitor samples tested. HiDes not appear on

on our data, we conclude that RSBrist an enhanced failure this scale.
mode of significance for digital VLSI using advanced oxides

and alternative dielectrics. S 00mm

It has been suggested that even a single ion-induced RS 7 f,;:%'}"; 33m J(EOT) "
damage region could affect circuit reliability in space [18]. Our > 8] D R
data are not consistent with that assertion, at least for digitt § 1 257 33nm 54 0:\
VLSI operation. Consider Fig. 4. At the irradiation bias of § 6] 70 s ) y=1.9x7+0.1
—3.2 V, this part received a fluence of 14 10° ions/cn?f.  § ]
The leakage current at3 V on theI-V sweep is 4.2x 10~° o | g}g‘m ¢ m SO
A. This corresponds to approximately 40 pA of leakage pel 4] |®____, DataFrom Sexton atal. 1997
ion-damaged conduction conduit. At an irradiation bias of% :',.-r_“zfs;‘o"‘
—3.9V, the leakage current at a test bias-& V corresponds 5 27 .7 3% 97
to approximately 175 pA per ion track. It is difficult to envision i 1 (_)20" e Vop from National Technology Roadmaps
a circuit application where such current levels (due to a singIt(cD*ﬁ 0] '09 . K ‘
ion) would promulgate a digital circuit failure. 0 5 10 15 2

Also, recall that we observed RSB only for Au ions (LET
= 80 MeV/mg/cn?) and not! ions (LET = 60 MeV/mv/cn?).
This is consistent with work by Ceschiet al. [23], who Fig. 14. Trends foVzus, the voltage to radiation-induced hard breakdown,

observed RSB onIy with very high LET particles. The fluxvith physical dielectric film thickness for exposure to 342-MeV Au ions. Also
shown are data from [7] for comparison. The solid curve represents an empirical

of ions at or above an LET of 60 MeV/mglemn a qUiet model based on a constant oxide power dissipation to breakdown, as described
(long-term average) geosynchronous space environmentinige text.

approximately 0.0023 ions/dty [24]. Submicrometer gate
dimensions associated with the oxide thicknesses of study hRigB is a single-ion failure mode, this creates the potential for
would be 0.18um or less. A typical gate region of 0.18n a reliability concern over the life of a space mission (we later
x 0.36 »m would thus expect to see strikes of ions capable show that typical operating voltages alleviate this concern).
producing damage associated with RSB once everykalo*! Fig. 13 shows the electric field that led to hard breakdown
y. Clearly, the prospects of multiple such hits to a single gaigder exposure to 342-MeV Au ions for our samples. Note
(sufficient to produce the cumulative RSB damage observedthe increasingzrep trend with scaling to thinner dielectrics.
our beam experiments) are negligible. Also shown in the figure are intrinsic, prestress oxide break-
) » . down fields &sp). Note the considerable differences in slope.
D. Single-Event-Induced Hard Breakdown—Critical Applied cjearly, £ 51, does not scale with the same basis set as intrinsic
Voltages breakdown, as has been observed by Tétualin power MOS-
While the cumulative effects of damage associated with RSEETs [25].
are extremely unlikely in a space environment, the possibility Radiation-induced hard breakdown critical voltagégis
of a single-ion hit capable of inducing SEGR is quite likelywere extracted from our data as the lowest irradiation bias
assuming that suitable electric field conditions exist. Using tliausing the characteristic HBD signaturd” curve (e.g.—4.0
typical values of device sizes and the quiet space environm&tin Fig. 4). Fig. 14 summarizes our measurementggfy for
given in the previous section, the frequency of strike by 242-MeV Au exposure as a function of film thickness for the
particle of LET higher than 40 MeV/mg/ch{demonstrated to dielectrics of this work. The error bars in the figure represent
cause RHB and equivalent to 290-MeV Br) to a next-generatioariations across our sample set, and the data points represent
4-Ghit DRAM would be approximately every four years. Sincéhe mean value. For comparison, data from [7] are also plotted.

Film Thickness (nm)
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There has been speculation that RHB is linked to an energy Scaling Trends
dissipation model (1/2 C%}, as often applied to gate rupture in

- ' ! - ] = In addition to our voltage breakdown data, Fig. 14 also
thick-oxide high-voltage devices. Since our data show 'ns'g”ghowsVDD values as a function of equivalent oxide thickness

icant differences betweeVkyp in the large and small capac-to; futyre 7¢' generations as suggested by the SIA National

itor structures, a simple energy storage failure mode (Prop&fgchnology Roadmap [27]. Note that in all cases, our data are
tional to capacitance) is unlikely. Suegal.[26] have suggested gjgnificantly above the power-supply voltages that would be
that electrical HBD and SBD have the same origin (localizedep, in commercial technologies fabricated with these gate
damage regions), with the difference due to the size of the POgfa|ecirics. Because of the disparity between our measured
damage conduit. In the heavy-ion case, this damage spot §ize,down voltages and expected voltages under normal circuit
would be related to the ion LET and the localized power disSineration for these ultrathin dielectrics, we do not expect
pated via the conduit current. A power threshold model, suchggig g pe a significant problem for space systems employing

that of Alamet al. [20], when applied to the radiation-induced, ey generation commercial integrated circuits operating at
breakdown case, fits ourgyp data quite well. If a threshold standard power-supply voltages.

power dissipation® = V2/R,,,.1) controls the transition from
RSB to RHB, therVziis should scale withk./, . For a fixed
ion LET, we would expect the equivalent conduction resistance

along the path to scale with path length through the oxide. Thus e have studied heavy-ion-induced soft and hard breakdown
Vris would also scale witht/2, wheret is the physical oxide in Sub-5-nm oxides and advanced dielectrics (SiISING;,

thickness. The solid curve in Fig. 14 represents the equation®l 203, Zr0.4Si1.604, HfO,). Our data support a synergistic
set of conditions leading to the localized damage conduits

Verp = K /tphysical + ¢ of radiation soft breakdown—applied irradiation bias and
wheret is the physical oxide thickness in niff; is a calibration high-fluence high-LET ion exposure. However, we found the
parameter most probab|y related to the hea\/y ion LET:( 1.9 current levels associated with individual RSB conduits to be
in this Case)’ ang (01 V in this Case) is 1/2 of our irradiation below a level that constitutes circuit failyre._ RSB \{V&S not
voltage step size (to account for the intrinsic quantization errgpserved under exposure to 340-MeV lodine ions or in any of
of our measurement ramp). It appears that@(F model ade- our alternative dielectrics. We do not believe RSB is a failure
quately describes the relationship between physical oxide thi¢Rode of significant concern for space deployment of emerging

VI. SUMMARY AND CONCLUSIONS

ness and the voltage threshold for RHB. digital VLSI technologies.
RHB was observed in all of our samples when exposed to
E. Breakdown Properties of Alternative Dielectrics 342-MeV Au and 340-MeV lodine ions; however, the critical

The breakdown voltage properties of the three alternative §g!d to breakdown was found to increase significantly with
electrics we studied are also shown in Fig. 14. Note that tRgaling for these films. The voltage threshold to breakdown
breakdown voltage follows the/2 model applied to physical (Vksp) was not strongly influenced by pretest fluence or by
dielectric thickness. However, since high-k dielectrics exhibit &RPacitor size. RHB appears to be related to a power dissipation
equivalent oxide thickness thinner than their physical thickne@odel for the ion damage track, ahésp was shown to track
(due to increased capacitance), the practical voltage to bre#ith the square root of the dielectric physical (not equivalent)
down is actually considerably better than equivalentSigun- thickness. Our AlO; and HfO, alternative dielectrics, with
terparts. Note in Fig. 14 th&xsn values for ZrSiQ, Al,Os equivalent oxide thickness below the physical film thickness,
and HfO, EOTSs. In particular, a comparison of the 2.2-nm §ioexhibited enhanced resistance to breakdown relative to compa-
with the 2.6-nm EOT AJO; data shows a considerable improvef@ble SiG films. -
ment in the voltage to hard breakdown. All of the films tested exhibited breakdown voltages well

Fig. 14 also shows a tight correlation 6k with the phys- above the operating voltages predicted by the SIA National
ical oxide thickness, not the equivalent thickness, of the altgiechnology Roadmap, even under exposure to 342-MeV Au
native dielectrics as predicted by the&/R power dissipation 10NS. Our results bode very well for the use of advanced com-
model of Section V-D. The oxide capacitance, and thus tiaercial circuits employing ultrathin and alternative dielectrics
energy stored, are not good predictors of hard breakdown,i3$Pace applications.
would be expected from the (1/2)G\breakdown model often
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