IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 49, NO. 6, DECEMBER 2002 3045

Long-Term Reliability Degradation of Ultrathin
Dielectric Films Due to Heavy-lon Irradiation

B. K. Choi, Member, IEEED. M. Fleetwood Fellow, IEEE R. D. Schrimpf Fellow, IEEE
Lloyd W. Massengill Senior Member, IEEEK. F. Galloway Fellow, IEEE M. R. ShaneyfeltFellow, IEEE
T. L. MeisenheimerMember, IEEEP. E. Dodd Member, IEEEJ. R. SchwankFellow, IEEE Y. M. Lee, R. S. John,
and G. LucovskyMember, IEEE

Abstract—High-energy ion-irradiated 3.3-nm oxynitride film  approach [5] to explain the mechanism of the reliability degra-
and 2.2-nm SiG;-film MOS capacitors show premature break- dation of dielectric films due to high-energy ion irradiation. A

down during subsequent electrical stress. This degradation in yethod of examining ion-induced defect generation by moni-
breakdown increases with increasing ion linear energy transfer

(LET), increasing ion fluence, and decreasing oxide thickness. tprlng the Qate leakage current aI;o '? described. Th? |mp||c_a-
The reliability degradation due to high-energy ion-induced latent tions are discussed for space applications and heavy-ion testing
defects is explained by a simple percolation model of conduction of microelectronics with thin gate dielectrics.
through SiO, layers with irradiation and/or electrical stress-in-
duced defects. Monitoring the gate-leakage current reveals the s Ex
presence of latent defects in the dielectric films. These results may - SAMPLES AND EXPERIMENTS
be significant to future single-event effects and single-event gate  Three types of capacitors, all on p-type silicon substrates,
rupture tests for MOS dewlces ar.1d IC‘s \.Nlth uItratt?ln.gate oxides. were studied: 3.3-nm (physical thickness) plasma enhanced
Index Terms—Heavy-ion irradiation, radiation effect, chemical vapor deposition (PECVD) oxynitride films with
single-event effect, ultra-thin gate dielectric films. polysilicon gate electrodes; 3.3-nm PECVD Sifims with
polysilicon gate electrodes; and 2.2-nm PECVD $ifdms
|. INTRODUCTION with Al gate electrodes [2], [6]. Two different capacitor sizes

. . . _ were used for this study: 10Q 100 xm? and 50x 50 pm?.
S MOS_dewces cont|_nue to s_cale dqwn in dimension aﬁ‘ﬁe device area is isolated by 200-nm field oxide, and the
gate oxides become increasingly thinner, more and mo

2 . . o X _ Etive area was defined by wet-etching of the field-oxide layer.
attention is being paid to reliability concerns associated with ul- Heavy-ion irradiation was performed at the Brookhaven Na-
trathin dielectrics. While single-event gate rupture (SEGR) d nal Laboratory Tandem Van de Graaff facility using 342-
to heavy ion exposure for MOS devices has received cons eV Au (LET = 82.0 MeV/mg/crd), 339-MeV | (LET= 59.8
erable attention in space and avionics applications [1], [2], t eVimglcn?), and '285-MeV Br (LI’ET: 37.2 MeV/mg/cnﬁ;)
post-ion-exposure reliability of devices with thin gate oxides hfi‘éns. The irra&iated capacitors were subjected to a voltage step-

relc;elt;{?t(j fgr Iesz att.t entuf:;g. ORecegftIy3|Sue1‘;iel.rhgpﬁrltg diatent stress test with 0.1-V steps and 10 s duration for each step. The
reliability degradation of 3.0-nm Siglilms after high-linear en- uantity of injected charge was obtained by numerical integra-

ergy transfer (LET) irradiation [3]. In addition, the degradatioﬁOn of the measured gate current
of 3.3-nm oxynitride films due to heavy-ion irradiation has been Fig. 1 illustrates the breakdoWn-measurement sequence

re%orte((]lj [4].th . . al it d During the voltage step-stress test, the gate-leakage current is
ased on the prévious experimental results and new ones We, o, o4 using an HP4155 semiconductor parameter analyzer.

Zhow 'CT this paper on fluerr:ce, 'on LETI ;md émde thmkm?ﬁetween each voltage step, a voltage sweep is performed and
ependence, we propose here a model based on a percolgfiany , rent js measured to monitor the variation of the gate

current versus voltage characteristics. The voltage step-stress
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Fig.1. Ameasurement procedure of injected charge and breakdown. Duringi@ 3. Gate current versus gate voltage after 342 MeV Au ion irradiation at

voltage applied by 0.1-V steps for 10's, a gate currentis monitored and integrajgfous fluences. The area of all the capacitors is £QD00zm? and the gate

until breakdown. An amount larger than 10@he gate current increase during gjectrodes were grounded during irradiation. The capacitors consist of 3.3-nm

a voltage stress step is determined as breakdown. Two samples of unirradigigghitride film and the unit of each fluence is ions&nThe leakage current

and irradiated capacitors are shown in this figure. change near 2.5 Vis clear with increasing fluence and the charge to breakdown
decrease in the FN tunneling dominant regime is also obvious.
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Fig. 2. Charge to breakdownQEp) for 3.3-nm oxynitride film MOS
capacitorsF is device failure probability. This plot shows Weibull distributions.
The area of all the capacitors is 50 50 ym? and the gate electrodes were
floating during irradiation. (a) &) before irradiation Qzp = 15.7,
Wg = —4.039 + 1.4671n(Q), medianVzp = —6.0 V); (b) (o) after 339
MeV 14.0 x 107 ions/cnt fluence @ sp = 0.3, Wr = 0.717+40.618 In(Q),
medianVsp = —3.2 V); and (c) (A) after 342 MeV Au 1.8x 107 ions/cn¥
fluence @sp = 0.1, Wr = 2.814+1.4061n(Q), medianVzp = —4.7V).

Fig. 4. Gate current versus gate voltage after Br 185-MeV ion irradiation at
various fluences. The area of all the capacitors is 0000, m? and the gate
electrodes were grounded during irradiation. The capacitors consist of 3.3-nm
oxynitride film and the unit of each fluence is ions/&m

As shown in Fig. 3, the reliability of ultrathin oxide films
has started to be degraded at a fluence level of the order of
the same kind of degradation on 3.0-nm $ims. For thicker 10°/cm? for 342 MeV Au ions. In the case of intermediate LET
films, Sextonet al. [7] reported little degradation on 7.0-nm285 MeV Brions, neither the gate-leakage current nor the break-
SiO, films and Choiet al. [4] showed the robustness of 5.6-nndown behavior shows a significant change up t8/&0? flu-

Al ;O3 films after 342-MeV Au ion irradiation. These results inence (Fig. 4). This behavior of the gate leakage current due
dicate that premature breakdown due to ion irradiation is a muithheavy-ion irradiation is consistent with the results on 7-nm
more significant concern for ultrathin oxides than for thickethickness oxide films obtained by Sextenal., which showed
oxides and/or alternative dielectrics with greater physical thickery little enhanced current leakage after similar fluences of
nesses than the thinner Si@yers they are intended to replaceBr ion exposure [7]. In addition, Sueh&t al. [3] found that

Fig. 2 is a statistical summary of measured breakdown plgamma-ray irradiation has little effect on 3.0-nm $idms up
nomena for several capacitors. This Weibull plot shows that ttee 300 kGy dose.
charge to breakdown is degraded by two orders of magnitudeFig. 5 shows the enhancement of the reliability degradation
for capacitors irradiated with either 342-MeV Au or 339-Me\ue to increasing incident ion fluence. This result is for 2.2-nm
| ions at a fluence level of T0cm~2. During the irradiation SiO, films with 342-MeV Au ions. Suehlet al. showed the
in Fig. 2, the gate electrodes of the capacitors were floatisgme trends on 3.0-nm Si@Ims with 823-MeV Xe ions (LET
and substrates were grounded. Results with grounded gate ele&9 MeV/mg/cn?) [3]. In Figs. 2 and 5, the voltage to break-
trodes are shown in Fig. 3, which is a plot of gate current versdewn should be taken into account with the measured charge
gate voltage for different Au-ion fluences; the degradation b breakdown to compare the results from the constant voltage
havior is similar to the floating gate case. stress method, e.g., in [3].
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high-LET ions produce defective cells that act as latent cur-
rent paths, the amount of subsequent electrical stress required to
trigger breakdown is less than in the unirradiated case. In con-
S 1 trast, the formation of latent defect paths is apparently less effi-
;@/ i HRE_EE !;‘ui=. cient for lower-LET ion irradiation.
{ A mathematical description of the high-LET damage model
is presented in Table I. The expressions for unirradiated de-
M=2 Leakage Breakdown vices were introduced by Sufié [5]. We assume that the defective
2{’,25? due to cells caused by high-LET ion stress have a different probability
for failure independent of subsequent electrical stress, and the
_ o _ _ _ number of defective cells per defective column is identical in the
Fig. 6. Schematic picture showing the generation of defective cells andh le film. E if hi ind d defecti Il has diff ¢
the breakdown condition due to electrical stress in fresh and high-Lléﬁfl_ ole fm. V?_m eac |o_n—|n _uce efective cell has di eren
ion-irradiated films: NV is the total number of columns; is the number failure probability, the device failure occurs by the weakest links
of gel_ls ir_l a column, ancM is the total number of columns that containjn the whole film. Hence, we think this simplification can help
radiation-induced defective cells. . . . . .
the interpretation of this degradation mechanism.

The fact that at least at fluences of interest to most spac Sufé’s model is an extended and discretized one-dimensional

e i
systems [2], this effect is primarily observed only for Venproblem of N x n cells: N is the total number of columns and

high-LET ion at fluences above 46ons/cr? means that this " is the number of cells in a column. Hence, the thickness of
9 L A . . films can be represented in termssofand N is proportional
may not be a significant reliability concern in space operatlin

for systems with these kinds of devices. However, it is qu 0 the area of the device. The failure probability of each cell is

ite
possible that this effect may complicate the interpretation

Irradiated

jven byA. The cell failure probability is known to be enhanced

heavy-ion test data for high-LET ions, as it makes it more Iike\)a electrical stress. To differentiate the source of degradation,

) . : . . e introduce a subscrigf for electrical stress an® for radi-
that one will see dielectric breakdown during a single-event. . .

ation stress in Table I. Assuminy x m cells out of N x n
upset test, for example.

total number of cells became defective after high-LET ion irra-
diation: M is the total number of columns that contain radiation
induced defective cellsyn is the number of defective cells per
We now describe a model to explain why reliability can decolumn. These defective cells have different failure probability
grade by ion irradiation. A schematic picture of this model ias described earlier. Hence, the cells are divided into two kinds:
shown in Fig. 6, which is based on Sufié’s simple percolatigd x m cells of failure probability\z, which is independent
approach [5]. Electrical stress is envisioned to produce defexd-subsequent electrical stress; aNdx n — M x m cells of
tive cells in the percolation breakdown model [8]. These celfailure probability) , which is enhanced by electrical stress. It
contribute to the stress-induced leakage current (SILC) of MGsSSreasonable that is assumed to be less thanotherwise the
capacitors [9]. As the spacing between defective cells beconoetumn is already a conductive path. The mathematical proce-
smaller, dielectric film breakdown occurs as complete curredtires used to solve the model equations in Table | are described
paths are formed between the gate and substrate electrodeis [5].

IV. A STATISTICAL MODEL
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In the case of thicker films with the same amount of defective 2
cells as in ultrathin films, i.e., a certain and M, the device
cumulative reliability { — F in Table I) is almost the same in T
either irradiated or fresh devices: for> m, andN > M — ol
™
z A1
M
B 1 _ )\TL—’nl)\m i E
_ _ yn\N E R ~ _ \n\N N
mr-apy (CEE) -t o T,
Equation (1) illustrates why 7-nm SiCfilms [7] and 5.6-nm 3t
Al,Os films [4] did not suffer measurable reliability degradation ‘ ;
even after irradiation with high-LET ions up to a fluence of 10 4 = e ' '
cm-2. 0.000 0.001 0.01 0.1
On the other hand, this model shows that the Weibull distribu- Cell Failure Probability

ion of breakdown istics of high-LET ion irradi [trathin
tion of breakdo statistics of hig 0 adiated ultrat Fig. 7. Calculated Weibull distribution change by defects due to high-LET

films (Wgg) has a larger value than that in unirradiated filmg, irradiation. The percent damage represents the defective area ratio. Here we
(Wg): from Table I, subtractingV g from Wr. g yields assume that = 3, m = 1, N = 107, andM = 10°¢ (10%), 10 (1%). For
this extreme case calculation, each defective cell is assumed to have a failure
probability of 1.0, i.e.A\g = 1.0.

M (Ar/Ag)™ —1
Wrip —Wg=In|1+ — % . (2) V. LATENT BREAKDOWN PATHS AND THE
N 1-A%
GATE-LEAKAGE CURRENT

The right side of this equation is greater than 0,Xgr > Ag. To verify that latent breakdown paths are produced by the
This equation indicates postirradiation reliability degradatiogefect clusters induced by high-LET ions, the quantum point
It is reasonable to consider that the reliability changes only feontact (QPC) theory [9] was applied. Cestéral. have suc-
the regime in which the probability of cell failure in unirradi-cessfully applied QPC theory to study radiation-induced soft
ated devices is low. Thus, the assumption that> A\ is valid  breakdown (RSB) and showed the existence of latent break-
for this discussion. Equation (2) also shows that the changedafwn paths due to heavy-ion irradiation [10]. Our work uses the
the Weibull distribution due to high-LET ion irradiation will be|og-slope of the radiation-induced leakage current rather than
larger for thinner films, i.e., smaller. Meanwhile, the number RSB, because the fluence levels in which we are interested are
of columns (/1) that contain radiation-induced defects is profar lower than those required to cause RSB in these devices.
portional to fluence times defect generation yield. Thus, the According to QPC theory for SILC [9], the gate leakage cur-
Weibull distribution of breakdown statistics of high-LET ion-ir-rent can be described in an analytical form as follows:
radiated capacitors is a function of the fluence. 4q _ ag

We now introduce an extreme case example in order to shovls = he N exp(—at) = 2K1,,) sinh (7 (Vg = VO)) - @)
hqw this mode_l_works qualltatlvel_y. Let us assume th_at the cgl| the regime in which we are interested, i%,,> V;, we can
failure probability of defect cells is 1.0, which is equivalent WQimplify this equation as follows:
a complete conducting path, and each defective column has a aq
single defective cell, i.esn = 1. According to the model in Iy = N.Jyexp (7 Vg) .

'I_'able_ . t_his extreme case_is mat_he_matigally identical with a P& uation (3) represents the trap-assisted tunneling currést;
.t'al thmnmg effgct (.)f th_e dielectric film. F'g' ! S.hOWS the; changgy|ated to the transmission coefficient or tunneling probability
in the Weibull distribution ofgdegrf’;\ded_ﬂlm W,'m :_10 and of the point contactsy is the energy level of the traps relative
n=3. Eor the same condmons with .thlcke.r f||_ms,.|.e.,>. 3. to the Fermi energyt,. is dielectric film thicknessk is an
there will be less change in the Weibull distribution with th%mpirical constanth is Planck’s constant is the magnitude
same amount of damaged area. This calculation illustrates tgﬁélectron charge; and is the total number of current paths

the model explains the dependence of postirradiation re"ab“ifyelated to the area of the device). If we take the logarithm of
degradation on film thickness and ion fluence. both sides, (3) can be rewritten in the form

We now consider the effect of ion LET on the degradation
mechanism. An extremely large amount of local energy depo- In(ly) =A+B-V,. (4)
sition is necessary to generate the kinds of defect clusters thagm (3), we see that the constartandB of the earlier equa-
are required to generate the defective regions pictured in FigtiBn imply a semilinear relationship, i.e.,
Hence, itis reasonable that high-LET ions can more easily cause
enhanced leakage current and/or premature oxide breakdown A= ~2¢ B - In(B) +C~ -2y - B +C. ®)
than lower-LET ions. The higher the LET of the ion, by defiHence, the slopeX) of the log of the gate leakage current versus
nition, the greater is the energy deposited per unit path lengthe gate voltage denotes the tunneling probability of a charge
and the more likely it is that one can generate a defect clustetlat is assisted by a trap in the dielectric film. From the rela-
the dielectric layer. We will discuss the defect generation yietibnship with the intercept4) of the semi-log plot, i.eln(,)
using the gate leakage current in the following section. versusV,, we can get information about the energy level of a
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an unirradiated 3.3-nm oxynitride film capacitor. Each data point was extrac

from measuredn I, versusV, curves al’, = —2.5 Vin Fig. 8.

.5 V. The data were collected from current—voltage(') curves between
voltage stress steps. The area of all the capacitors isx 580 pm?. The

capacitors consist of 3.3-nm oxynitride film and the data were screened by
. oodness of fit to a linear curve. (a))(before irradiation@ 5, = 15.7); (b)
trap that contributes to the gate leakage current. The const%ljlgmer 339 MeV | 4.0x 107 ions/cn? fluence (mear= 2.2); and () &)

C consists of parameters related to physical dimensions and éher 342 Au MeV 1.8x 107 ions/cn¥ fluence (mear= 2.6).

number of current paths. A comparison of tfis in the same

structure and size devices can provide a ratio of the numberveds rarely detected in irradiated devices under postirradiation
current paths. voltage step-stress.

Fig. 9 presents the intercept) versus the slopey) extracted Fig. 11 summarizes the log-slope of the measured gate
from measuredn /, versusV, curves (Fig. 8) for an unirradi- leakage current versus applied gate voltage between voltage
ated 3.3-nm oxynitride capacitor. Each data point was measustikss steps for unirradiated and irradiated devices. It is clear
atV, = —2.5V between each stressing voltage step. For unirrtizat the log-slope of unirradiated devices is increased by elec-
diated films, the slopel) increases with electrical stress in therical stress. In contrast, the log-slope of unirradiated devices is
SILC regime, and after a certain threshold of electrical stressgdependent of subsequent electrical stress. In addition, Fig. 11
the device shows soft breakdown (SB) followed by hard breaghows that high-LET ion-irradiated devices have larger slopes
down (HB). The abrupt change of the extractédnd B at the than fresh devices for moderate stress levels. As defined in the
transition region to soft breakdown and to hard breakdown w&@C model, the tunneling probability of the traps in dielectric
described by the QPC model [9]. The QPC model includes thridlens is related to the cell failure probability. The difference in
different regimes: for SILC, it is represented by (3). For ththe log-slope plots for the irradiated and unirradiated devices is
SB and the HB regime, the tunneling concept is not includedye to the existence of latent breakdown paths after high-LET
i.e., theexp(—Kt,,) term in (3) is neglected. And for the HBion stress.
regime, the energy barrier representedybin (3) is different To extract the constants of (5), i.@:,andC, we applied a
than the barrier in the SB regime. In contrast, Fig. 10 shows difrear regression to measurets andBs for each device be-
ferent behavior for an irradiated device. The measured log-sldpeeen voltage stress steps before soft or hard breakdown. As
for an irradiated device shows random behavior regardlessstiown in Figs. 9 and 10, the irradiated and unirradiated capaci-
subsequent electrical stress until breakdown. Soft breakdotens both exhibit approximately linear relationships betwden
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generated by ion stress, this observation allows us to quantify
the difference in defect generation yield for different ions: a
342-MeV Au ion has roughly 44 times larger defect generation
yield than a 339-MeV | ion. The defect generation yield in-
creases rapidly with LET, as the comparison of Au (LEB2)

and | (LET = 60) ion irradiation demonstrates; this hypothesis
also fits well with the result of Br (LET= 37) ion irradiation,
which showed little degradation in Fig. 4.

VI. CONCLUSION

The experimental data and the model we propose here
show that the reliability degradation of a dielectric film due to
heavy-ion irradiation is a function of film thickness, incident

Fig.12. Histograms of extracted constanof (5) for the capacitors measured jon LET, and total fluence. Thinner films are more vulnerable

for Fig. 11. The mean value af for unirradiated capacitors is 0.8 eV; the meai

value ofy for either 339-MeV | or 342-MeV Au irradiated capacitors is 1.2 e\;.to h'gh'LET heaVy ion irradiation than are thicker dielectric

T T T T T
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/

339 MeV 14 X 10/cm?
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Counts

films, owing to the greater likelihood that one can induce a
completed leakage or breakdown path in a thin oxide than a
thick oxide. The defect generation yield is a function of ion
LET. Higher-LET ions create more defects than lower-LET
ions. The extracted information from the gate-leakage current
versus the applied gate voltage supports this assumption. It
is clear that these kinds of tests and modeling are useful for
providing an increased understanding of dielectric reliability in
advanced microelectronic devices with ultrathin gate oxides,
which is an area of increasing concern for future space systems.
This may also be a significant practical concern in single-event
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Fig. 13. Histograms of extracted constéhof (5) for the capacitors measured
for Fig. 11.

[2
andB. Fig. 12 shows histograms and fitted normal distribution
curves of extracte@ from the capacitors in Fig. 11. The ca-
pacitors exposed to Au (LEE 82 MeV/mg/cn?) and | (LET
= 60 MeV/mg/cnt) both have nearly the same mean value of
1 = 1.2 eV,whiley) = 0.8 eV for the unirradiated capacitors. In
contrast, Fig. 13 shows the extracted valu€dirom the same (4]
data set; all three data sets have different mean values. Even
though the fluence for the 342-eV Au (LET82 MeV/mg/cn?)
irradiated capacitors is less than half of the 339-eV | (LEG0
MeV/mg/cn?) irradiated capacitors, Au irradiated devices have [5]
a larger value ofU than | irradiated devices. The constarit
in (5) implies the number of current paths, i.8/,in (3). Re- 6]
calling that the physical dimensions and structure of these three
sets of capacitors are identical, the differenc€iis related to
the number of current paths that contribute to the gate leakagegr

current: i.e.,
Ny
Ci—Co=In|-—).
1 2 n <N2>

(3]

(6)

(8]
Hence, the extracted values 6f in Fig. 13 mean that the g
342-MeV Au, 1.8 x 107 ions/cn?, irradiated capacitor has
almost 20 timesexp(—22 + 25) = 20, more current paths
than the 339-MeV |, 4.0c 107 ions/cn?, irradiated capacitor. [10]
If most of these current paths in the irradiated capacitors are

effects testing.
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