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Gate oxide degradation induced by electron-beam irradiation has been studied. A large increase in
the low-field excess leakage current was observed on irradiated oxides and this was very similar to
electrical stress-induced leakage currents. Unlike conventional electrical stress-induced leakage
currents, however, electron-beam induced leakage currents exhibit a power law relationship with

fluency without any signs of saturation. It has also been found that the electron-beam neither

accelerates nor initiates quasibreakdown of the ultrathin gate oxide. Therefore, the traps generated
by electron-beam irradiation do not contribute to quasibreakdown, only to the leakage current.

© 2000 American Institute of Physids50021-897@0)06923-1

I. INTRODUCTION In this article, the nature of e-beam-induced gate oxide

degradation is discussed. A comparative study of RILC with
Within the perspective of future device downscaling in SILC will be addressed to clarify the behavior of RILC. The

modern complementary metal—oxide—semiconductoeffect of e-beam on QB will then be discussed to better un-

(CMOS9) technologies, electron-beafe-bean lithography  derstand the long-term reliability of e-beam irradiated gate

is considered to be one of the strong candidates as a negkides.

generation lithography todljn order to achieve the required

fine geometry definition. However, e-beam irradiation onto dl- EXPERIMENTAL PROCEDURE

MOS structure can cause radiation-induced damage, espe- For leakage current measurements and annealing experi-
cially to the thin gate oxidé.Thus, the study of gate oxide ments, test devices wene -polysilicon gate MOS capacitors
degradation induced by e-beam irradiation is imperative fokyith a 45 A gate oxide, fabricated qmtype silicon wafers.

the successful implementation of the future lithography toolThe gate oxide was thermally grown in a pyrogenic ambient
Radiation-induced degradation of MOS devices, based oat 750 °C, followed by annealing in a,Nimbient at 900 °C
observation of the flat band voltage shifi{gg) and inter-  for 20 min. The area of the capacitors was 200< 200 um

face trap densitie$D,r), has been reported to become lessfor all measurements. The samples were irradiated by a Hi-
significant as the design rule of MOS field effect transistorsachi S2700 scanning electron microsc¢B&M). In the ex-
(MOSFETS shrinks and the gate oxide thickness becomegeriments, the e-beam scans the entire gate area of every
thinner>* However, low-field oxide leakage currents in thin capacitor separately without photoresist in order to intention-
gate oxides measured after irradiatin, indicated as ally introduce damage into the gate oxides. The e-beam ac-
radiation-induced leakage currefRILC), have recently celerating voltage used in this study was 25 kV. The e-beam
been recognized as one of the hot topics of concern for thiradiation dosage was controlled by varying the exposure
irradiated MOS devic& 1°The RILC is similar to the well- time over a fixed scan area, which was equivalent to the area
known electrical stress-induced leakage cur(@iLc), 1114 of a capacitor, at a fixed scan rate. Beam currents in the

which is an important degradation phenomenon in thin gat&é&nge of nA touA were used to investigate the dependence
1516 Besides the issues of low-field leakage current,Of beam current on oxide degradation. During each irradia-

oxides. X
guasibreakdowr(QB), an anomalous degradation mode of tion of a sgmple, howev_er, the beam C“Trem was ke_pt con-
stant. No bias was applied to the capacitors during irradia-

ultrathin gate oxides has also attracted great attetftiohn >
g 9 gion. Gate current values were read after several repégted

recent years. Quasibreakdown, also known as soft brea . T .
V, sweep measurements in order to eliminate any transient

. ) o ) Vg
down, is usually identified by an abrupt increase of the Ieakcomponent§?'23

age current at low gate field and a large fluctuation in the Comparison with electrical SILC was made using
gate signal during constant current or voltage stress. Receg&mples stressed under a constant current density, ranging
results of the quasibreakdown in ultrathin gate oxides hav?rom —2 to —1000 mA/cni. For the experiments on’ 0B
been presentet;* but the mechanism of QB remains unan- \ng capacitors with a 35 A gate oxide were used. The
swered. occurrence of the QB phenomenon was monitored at the on-
set of gate voltage fluctuations during constant current stress
¥Electronic mail: elebjcho@nus.edu.sg (CCS. Once the gate voltage fluctuations began, the stress
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FIG. 1. Schematic drawing of the test structure and bias conditions for 9
substrate hot electron injection. During hot electron injection, the gate voltf|g. 3. Fractional excess leakage curréhf-! g yes)/l ¢ freshs for RILC and

age (V) was fixed at+3 V and the well voltageV,) was varied 0 g C for a 45 A oxide. Both curves exhibit similar trends, peaking at about
control the energy of electrons injected into the oxide. The amount of subvg= —42V.

strate hot electron injection is controlled by a forward bMg;, keeping a
constant value of 3 V.

Ill. RESULTS AND DISCUSSIONS

was stopped and the gate current—voltage characteristic was Nature of RILC
measured to confirm the occurrence of QB. This is necessary

for the confirmation of the occurrence of GB. Figure 2 shows thel -V, characteristics of fresh,

For the substrate hot electron injectiofSHE) e-beam irradiate@total dose of ZQLC/C.ITIZ), and eleqtrlcally
) 405 . stressedtotal charge of 0.05 C/cf) oxides with a thickness
experiment$*?® n-channeln-MOSFETSs, with a 45 A gate . o . -
. ; . . " of 45 A. Both the irradiation and the electrical stress exhibit
oxide, fabricated using twin well and dual polysilicon gate . . . .
ignificant excess leakage currents in the pretunneling re-

:ﬁgh&%osggé_\l’_vsefsgzﬁg' t:;ihseecxhpaenrinriie\:]vtl(?:/graengoth:n,:jeggth Ozime and the curves for RILC and SILC resemble each other.

respectively. A schematic drawing showing the test structur(-erhe small difference in the low-field regime is due to the

and bias conditions for substrate hot electron injection jSample-to-sample variation of the fresh samples. The frac-

depicted in Fig. L. The gate voltagé, , was fixed at+3 V, Yional excess leakage currents, defined in terms(lgf

while the source and the drain were grounded. The well voltiafrest/l g fresn, Shown in Fig. 3, clearly demonstrate the
: similarity between the two currents. Both curves exhibit the
age,Vuen, Was varied to control the energy of the hot elec-

trons injected into the gate oxide during substrate hot elecl:naximum increment in the leakage current at abbyt
 Injec > 9 9 : =—4.2 V. Despite the fact that RILC and SILC show some
tron injection. The adjacent well was forward biased, and

. similarities and are considered to have the same conduction
was used to control the amount of substrate hot electron in-

jection. The forward-biased voltage was kept constark t mechanism, trap-assisted tunnelfid,some differences are
Y duriﬁg the experiment found in our experiment. Figure 4 shows a set of SILCs

Thermal annealing of the MOS capacitors was per__rneasured after stress with various charge fluency. The SILC

: : . : ; increases with increasing stress charge injected, and gradu-
formed in a N ambient using a conventional horizontal tube . S
ally saturates above a certain amount of charge injected. Af-

furnace. : . .
ter a certain degree of saturation, the current suddenly jumps
to a very high value, which indicates the occurrence of QB.
6 On the other hand, for RILC, the leakage current increases
10
7 Fresh oxide betore E-beam Irradiation
01 . E-beam, 20 uC/cm2
108 10®
- = — Fresh oxide before CCS Fluence -
< 10 f —o—ccs, 0.05 Crem? 107 .
8 Fluence = 11.5 C/cm e
10 el
? 10.9 \/,—”’ Quasi-breakdown
® 49710
1011
1012k
10-13 ; Fluence = 0.5 mC/t:m2
-14 b I 1 1 1
107 1 2 3 4 5

FIG. 2. 14—V, characteristics of fresh, e-beam irradiatéatal dose of 20

uClen?), and electrically stressdtbtal charge of 0.05 C/cf oxides with Vg [-vl

a thickness of 45 A. The current density used during constant current injec-

tion is —5 mA/cn?. The small difference in the low-field regime is due to FIG. 4. SILCs of a 45 A oxide measured after CCS using a constant current
the sample-to-sample variation of the fresh samples. density of —5 mA/cn? with various charge fluencies.
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that the e-beam generates a much larger number of neutral
oxide traps compared to electrical stress. This means the trap
generation probability is much higher under e-beam irradia-
tion than under electrical stress, because of the much higher
energy of incident electrons in e-beam irradiation.

As shown in Fig. 6, each data set for SILC shows two
distinct regions. Initially, a power law relationship exists be-
tweenAly and charge fluency for all stress current densities
used. However, beyond a critical amount of charge injected,
‘ Al deviates from the power law and gradually saturates
0 1 2 3 2 5 until the quasibreakdown or hard breakdown occurs. It is

Vg V] also seen that the magnitude of SILC for a given charge
fluency is dependent on the stress current density. However,
FIG. 5. RILCs of a 45 A oxide measured after e-beam irradiation at anthe starting point of SILC saturation is constant at about
accelerating voltage of 25 kV with various e-beam dosages. ~0.2 C/cn? for a 45 A thick gate oxide, even though the
stress current density varies over two decades. On the other
hand, the magnitude of RILC has no dependence on the elec-
with increasing e-beam dosage, showing neither saturatiofion beam current density during irradiatidiNote that the
nor a sudden jump of,—V, characteristics, but gradually data points of RILC in Fig. 6 are obtained using various
increasing up to the very high level of leakage current comelectron beam current densities ranging from nAgié.)
parable to that of QB, as indicated in Fig. 5. Figure 6 showsThis implies that SILC dependence on current density may
the behavior of RILC and SILC more clearly. The excessnot be due to the difference in current density, but caused by
leakage currentaly [ = (I4—14 rresn] i plotted against stress  the change in field and/or electron energy, as the stress cur-
charge fluency for both SILC and RILC with different stressrent density and electric field vary concurrently in electrical
current densities. The current values were readgatcorre-  stress. For RILC, it is observed that, follows a power law
sponding to the peak fractional excess leakage currents ig|ationship with the e-beam dosage throughout the entire
Fig. 3. It is observed that the gradients/fy versus charge range of dosage used. Neither saturation nor quasibreakdown
ﬂuence fOI’ the RILC and the |n|t|a| Stage Of SILC are Simi' is Observed on any Capacitor irradiated up to a dosageﬁ)f
lar. This implies that the rate of generation of leakage curreng/cn?, the level at which most electrically stressed capaci-
per unit charge injected for RILC and SILC is the same,ors have already experienced quasibreakdown. The nonsat-
suggesting that RILC and SILC may have a similar generayration property of RILC strongly implies that the saturation
tion mechanism. The magnitude of RILC is also observed tqyf siL.C is not due to the limited number of available empty
be approximately two to three orders of magnitude highekyaps that can carry the tunneling current as reported in the
than that of SILC for all stress current densities used in thisjierature!? because the RILC, which has the same trap-
work. Since it has been reported that both SILC and RILCygsisted tunneling conduction mechanism as SILC, never
are manifestations of a trap-assisted tunneling conductiogayrates even though the magnitude is more than two orders
mechanism across the oxide, mediated by neutral traps Crjigher than that of SILC. Since the differences between elec-
ated during the electrical stress and e-beam |rrad|$ﬂ8q, trical stress and e-beam irradiation are the presence of elec-
the much higher value of RILC for the same fluency implieSic field during stress or irradiation and the electron energy
range, the saturation in SILC may be due to the presence of
field or limited by the energy of electrons. During Fowler—

106; Nordheim(FN) stress, the field and energy effects act upon
105:, the oxide concurrently. As shown in Fig. 7, as the electron
—_ ] energy increases with increasing oxide field, the excess leak-
g. 104:F age current is seen to saturate. Thus, it is necessary to sepa-
,‘T‘E 103; rate the effects of electric field and electron energy on SILC
@ saturation for better understanding of the nonsaturation prop-
§ 102g erty of RILC. Substrate hot electron injection experiments,
o 1 L therefore, were performed to investigate the effect of elec-
=10 tron energy on the SILC characteristics, while the oxide field
10°F was kept constant. The energy of electrons injected into the
P i o e it oxide was controlled by varyin¥,, in Fig. 1 in the range
1010'5 104 103 102 107 10° 10" 102 from —8 to —14 V. Figure 8 shows the result dfl; [ =1,

Fluence [C/cm2] —lg.1esn] versus charge fluency after SHE injection for vari-
ous well voltages, with the gate voltage kept constant at 3 V.
F'%-SI-LEXC'ETShS leakage culrrel(llg—lg,f,esr)d;/s charge f“é‘?”cy fOL S'LCSk At this gate voltage, FN tunneling current is negligible, as
an S. e current values were rea tcorresponding to the pea : H H H H
Doint in Fig. 3. For SILC notationd: ~2 .?_5’ A:p—lo,g: > 30, E: can be noticed in Fig. 2. The result in Fig. 8 shows no satu-
—40, +: —50, X: —60,%: —80, — —100,|: —120,01: —140,0: 160,A:  ration above a critical fluency. At large fluency, instead of
—180, andV: —200 mA/cn?. As for the RILC notation,0 : e-beam, 25 kV.  saturation, as observed in FN injection, the increment rate of
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FIG. 9. Stress current density dependence of charge to quasi breakdown for
FIG. 7. Excess leakage curreity— s VS energy of electrons for FN fresh, electrically stressed, and e-beam irradiated oxides. No significant dif-
injections carried out at different constant current densities. ’ y st ) : : signi
ference between irradiated and fresh oxides was found, implying that
e-beam irradiation does not accelerate quasibreakdown.

Al increases with charge fluency. It is also observed that as

the increasg of eIecFron energy leads toa higher g(_eneratiqﬂadiation does not lead to any changeQg,q relative to the
of traps which contribute to the trap-assisted tunneling. Thgresh oxides, despite the increase in leakage current after
result in Fig. 8 clearly shows that the saturationf; does  o_heam irradiation. However, th@qpq Of prestressed CCS
not happen at the low oxide field. As a consequence, sincgam'meS is shifted by as much as 3 Clcras expected.
e-beam irradiation is done without any bias applied acrossherefore, it can be concluded that e-beam irradiation does
the oxide, the nonsaturating behavior of RILC is attributed to,gt gccelerate quasibreakdown of ultrathin gate oxides.
the absence of an oxide field. In Fig. 6, it is seen that e-beam does not initiate QB up
to a dosage of~5 Clcn?, at the level which most electri-
B. Effects on quasibreakdown cally stressed capacitors have already experienced quasi-
The quasibreakdowf % characteristic after e-beam ir- bhrzfle(fj;e\’:;nor:ei\éi? ;gglebr;etgl;dnog;l r,]mtl,_:;ggng I?hsi: ?sgersctebc-j
radiation was also investigated for 35 A gate oxides. CCé . o S P
. : ably due to the absence of an oxide field during irradiation.
tests were performed on fresh oxides, pre-electrically : . o
. : . In the absence of field, high-energy electrons are injected
stressed oxide$3 C/cnf), and e-beam irradiateb0 wuC/ . : . :
uniformly across the oxide, corresponding to a symmetrical

cn?) oxides to evaluate the charge-to-quasibreakdown, . ' -
(Qusd- The amount of pre-electrical stress charge fluencyd'smbunon of neutral defects across the oxid&y compar-

and the radiation dose were selected such that the exce@sg the magnitude of RILC at high e-beam dosagés. 5

leakage currents were nearly the same for both condition%gatth fhleeitﬁj%eiﬁggg&eﬁhog Ei(ﬂ;;]géi))égnme dﬁgg'?}:ﬁ;egom_
Cumulative distributions oy values were first obtained 9

for three different stress current densities. Subsequently, t aerfrl ﬁlsaakl;noeuT:tu(r)rfe;r??esvgsth;eoilgri e;giﬁ'gni'efwg\?ers'qﬁg
50th percentile point of each cumulative failure plot of the 9 parable. '

S . fact that e-beam does not accelerate or initiate QB leads us to
Qqpa distribution was used to obtain tie@,,; dependence on

. NN . _cpnclude that the traps generated by e-beam irradiation do
stress current density. Each data point in Fig. 9 was obtalneggt contribute to OB, only to RILC,

One might argue that oxides irradiated with high e-beam

102 dosages have actually experienced QB because their leakage
Vwell
—a— 8V
T 10'F ——0v f 6
o —a— 12V / 10_7 "< After QB
= 100f Ty 2 10°p After 500°C anneal
5 —o— 14V s
£ 10
—.:T10'1 1 E 10°
= . 10710
1072} 1o '
Vg=3V 1072 | e
-3 - - - - - IR
10 _ _ 10'13 P 2
102 10" 10% 10 1022 10° 104 . , , . 200x200um
Fluence [C/em™] 0 4 5

2 3
Vg [-V]

FIG. 8. Excess leakage curreiity—I 4 o5y Vs fluency after substrate hot

electron injection for various well voltages. The gate voltage was constant &lG. 10. |~V characteristics of fresh oxide and of oxides after quasibreak-

3V. down and with annealing in aNambient for 10 min at 400 and 500 °C.
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108 — electrons during e-beam irradiation relative to that during FN

107 | - -a-- E-boam, 05 crom? ‘ injection. These results also show that the saturation region

108 o Ondeater a0 ameal in SILC is not caused by the limited number of available
T 10° [—o—ondeaftersoo% anneal emp_ty traps that can carry the tunneling current, as reported
j» 1010 previously.

19 In the case of quasibreakdown, the results showed that
10 ; - )

12 e-beam neither accelerates nor initiates QB. This phenom-
10_13 enon has been attributed to the absence of an oxide field
10_14 s . 2°°.X2°°“"‘2 during e-beam irradiation. The very high leakage current
107, 1 2 3 4 5 level without the occurrence of QB after a high dose e-beam

VgVl irradiation strongly implies that the traps generated by

o ) ) e-beam irradiation do not contribute to QB.
FIG. 11. 14,-V, characteristics of fresh oxide and of oxides after e-beam

irradiation and with annealing in a,Nambient for 10 min at 400 and
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