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Electron-beam irradiation-induced gate oxide degradation
Byung Jin Cho,a) Pei Fen Chong, and Eng Fong Chor
Department of Electrical and Computer Engineering, National University of Singapore,
10 Kent Ridge Crescent, Singapore 119260

Moon Sig Joo and In Seok Yeo
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Kyungki-do 467-701, Korea
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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 Physics.@S0021-8979~00!06923-1#
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I. INTRODUCTION

Within the perspective of future device downscaling
modern complementary metal–oxide–semiconduc
~CMOS! technologies, electron-beam~e-beam! lithography
is considered to be one of the strong candidates as a
generation lithography tool,1 in order to achieve the require
fine geometry definition. However, e-beam irradiation ont
MOS structure can cause radiation-induced damage, e
cially to the thin gate oxide.2 Thus, the study of gate oxid
degradation induced by e-beam irradiation is imperative
the successful implementation of the future lithography to
Radiation-induced degradation of MOS devices, based
observation of the flat band voltage shift (DVFB) and inter-
face trap densities~DIT), has been reported to become le
significant as the design rule of MOS field effect transist
~MOSFETs! shrinks and the gate oxide thickness becom
thinner.3,4 However, low-field oxide leakage currents in th
gate oxides measured after irradiation,5–7 indicated as
radiation-induced leakage current~RILC!, have recently
been recognized as one of the hot topics of concern for
irradiated MOS device.5–10 The RILC is similar to the well-
known electrical stress-induced leakage current~SILC!,11–14

which is an important degradation phenomenon in thin g
oxides.15,16 Besides the issues of low-field leakage curre
quasibreakdown~QB!, an anomalous degradation mode
ultrathin gate oxides has also attracted great attention17–19 in
recent years. Quasibreakdown, also known as soft br
down, is usually identified by an abrupt increase of the le
age current at low gate field and a large fluctuation in
gate signal during constant current or voltage stress. Re
results of the quasibreakdown in ultrathin gate oxides h
been presented,20,21but the mechanism of QB remains una
swered.

a!Electronic mail: elebjcho@nus.edu.sg
6730021-8979/2000/88(11)/6731/5/$17.00
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In this article, the nature of e-beam-induced gate ox
degradation is discussed. A comparative study of RILC w
SILC will be addressed to clarify the behavior of RILC. Th
effect of e-beam on QB will then be discussed to better
derstand the long-term reliability of e-beam irradiated g
oxides.

II. EXPERIMENTAL PROCEDURE

For leakage current measurements and annealing ex
ments, test devices weren1-polysilicon gate MOS capacitor
with a 45 Å gate oxide, fabricated onp-type silicon wafers.
The gate oxide was thermally grown in a pyrogenic ambi
at 750 °C, followed by annealing in a N2 ambient at 900 °C
for 20 min. The area of the capacitors was 200mm3200mm
for all measurements. The samples were irradiated by a
tachi S2700 scanning electron microscope~SEM!. In the ex-
periments, the e-beam scans the entire gate area of e
capacitor separately without photoresist in order to intenti
ally introduce damage into the gate oxides. The e-beam
celerating voltage used in this study was 25 kV. The e-be
irradiation dosage was controlled by varying the expos
time over a fixed scan area, which was equivalent to the a
of a capacitor, at a fixed scan rate. Beam currents in
range of nA tomA were used to investigate the dependen
of beam current on oxide degradation. During each irrad
tion of a sample, however, the beam current was kept c
stant. No bias was applied to the capacitors during irrad
tion. Gate current values were read after several repeatedI g–
Vg sweep measurements in order to eliminate any trans
components.22,23

Comparison with electrical SILC was made usin
samples stressed under a constant current density, ran
from 22 to 21000 mA/cm2. For the experiments on QB
MOS capacitors with a 35 Å gate oxide were used. T
occurrence of the QB phenomenon was monitored at the
set of gate voltage fluctuations during constant current st
~CCS!. Once the gate voltage fluctuations began, the st
1 © 2000 American Institute of Physics
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was stopped and the gate current–voltage characteristic
measured to confirm the occurrence of QB. This is neces
for the confirmation of the occurrence of QB.17

For the substrate hot electron injection~SHE!
experiments,24,25 n-channeln-MOSFETs, with a 45 Å gate
oxide, fabricated using twin well and dual polysilicon ga
technology, were used. The channel width and the lengt
the MOSFETs used in this experiment were 10 and 1mm,
respectively. A schematic drawing showing the test struct
and bias conditions for substrate hot electron injection
depicted in Fig. 1. The gate voltage,Vg , was fixed at13 V,
while the source and the drain were grounded. The well v
age,Vwell , was varied to control the energy of the hot ele
trons injected into the gate oxide during substrate hot e
tron injection. The adjacentn well was forward biased, and
was used to control the amount of substrate hot electron
jection. The forward-biased voltage was kept constant at13
V during the experiment.

Thermal annealing of the MOS capacitors was p
formed in a N2 ambient using a conventional horizontal tu
furnace.

FIG. 2. I g–Vg characteristics of fresh, e-beam irradiated~total dose of 20
mC/cm2), and electrically stressed~total charge of 0.05 C/cm2) oxides with
a thickness of 45 Å. The current density used during constant current in
tion is 25 mA/cm2. The small difference in the low-field regime is due
the sample-to-sample variation of the fresh samples.

FIG. 1. Schematic drawing of the test structure and bias conditions
substrate hot electron injection. During hot electron injection, the gate v
age ~Vg) was fixed at13 V and the well voltage~Vwell) was varied to
control the energy of electrons injected into the oxide. The amount of s
strate hot electron injection is controlled by a forward bias,Vinj , keeping a
constant value of 3 V.
ownloaded 10 Jun 2013 to 143.248.103.214. This article is copyrighted as indicated in the abstract
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III. RESULTS AND DISCUSSIONS

A. Nature of RILC

Figure 2 shows theI g–Vg characteristics of fresh
e-beam irradiated~total dose of 20mC/cm2), and electrically
stressed~total charge of 0.05 C/cm2) oxides with a thickness
of 45 Å. Both the irradiation and the electrical stress exhi
significant excess leakage currents in the pretunneling
gime and the curves for RILC and SILC resemble each oth
The small difference in the low-field regime is due to t
sample-to-sample variation of the fresh samples. The fr
tional excess leakage currents, defined in terms of~I g–
I g,fresh)/I g,fresh, shown in Fig. 3, clearly demonstrate th
similarity between the two currents. Both curves exhibit t
maximum increment in the leakage current at aboutVg

524.2 V. Despite the fact that RILC and SILC show som
similarities and are considered to have the same conduc
mechanism, trap-assisted tunneling,6,10 some differences are
found in our experiment. Figure 4 shows a set of SIL
measured after stress with various charge fluency. The S
increases with increasing stress charge injected, and gr
ally saturates above a certain amount of charge injected.
ter a certain degree of saturation, the current suddenly ju
to a very high value, which indicates the occurrence of Q
On the other hand, for RILC, the leakage current increa

c-

FIG. 3. Fractional excess leakage current,~I g–I g,fresh)/I g,fresh, for RILC and
SILC for a 45 Å oxide. Both curves exhibit similar trends, peaking at ab
Vg524.2 V.

r
t-

b-

FIG. 4. SILCs of a 45 Å oxide measured after CCS using a constant cur
density of25 mA/cm2 with various charge fluencies.
. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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with increasing e-beam dosage, showing neither satura
nor a sudden jump ofI g–Vg characteristics, but graduall
increasing up to the very high level of leakage current co
parable to that of QB, as indicated in Fig. 5. Figure 6 sho
the behavior of RILC and SILC more clearly. The exce
leakage currentsDI g @5(I g–I g,fresh)] is plotted against stres
charge fluency for both SILC and RILC with different stre
current densities. The current values were read atVg , corre-
sponding to the peak fractional excess leakage current
Fig. 3. It is observed that the gradients ofDI g versus charge
fluence for the RILC and the initial stage of SILC are sim
lar. This implies that the rate of generation of leakage curr
per unit charge injected for RILC and SILC is the sam
suggesting that RILC and SILC may have a similar gene
tion mechanism. The magnitude of RILC is also observed
be approximately two to three orders of magnitude hig
than that of SILC for all stress current densities used in
work. Since it has been reported that both SILC and RI
are manifestations of a trap-assisted tunneling conduc
mechanism across the oxide, mediated by neutral traps
ated during the electrical stress and e-beam irradiation6,10

the much higher value of RILC for the same fluency impl

FIG. 5. RILCs of a 45 Å oxide measured after e-beam irradiation at
accelerating voltage of 25 kV with various e-beam dosages.

FIG. 6. Excess leakage current,~I g–I g,fresh), vs charge fluency for SILCs
and RILCs. The current values were read atVg corresponding to the peak
point in Fig. 3. For SILC notations,j: 22, d: 25, m: 210, .: 230, l:
240, 1: 250, 3: 260, * : 280, 2: 2100, u: 2120,h: 2140,s: 160,n:
2180, and,: 2200 mA/cm2. As for the RILC notation,L: e-beam, 25 kV.
ownloaded 10 Jun 2013 to 143.248.103.214. This article is copyrighted as indicated in the abstract
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that the e-beam generates a much larger number of ne
oxide traps compared to electrical stress. This means the
generation probability is much higher under e-beam irrad
tion than under electrical stress, because of the much hig
energy of incident electrons in e-beam irradiation.

As shown in Fig. 6, each data set for SILC shows tw
distinct regions. Initially, a power law relationship exists b
tweenDI g and charge fluency for all stress current densit
used. However, beyond a critical amount of charge inject
DI g deviates from the power law and gradually satura
until the quasibreakdown or hard breakdown occurs. It
also seen that the magnitude of SILC for a given cha
fluency is dependent on the stress current density. Howe
the starting point of SILC saturation is constant at ab
;0.2 C/cm2 for a 45 Å thick gate oxide, even though th
stress current density varies over two decades. On the o
hand, the magnitude of RILC has no dependence on the e
tron beam current density during irradiation.~Note that the
data points of RILC in Fig. 6 are obtained using vario
electron beam current densities ranging from nA tomA.!
This implies that SILC dependence on current density m
not be due to the difference in current density, but caused
the change in field and/or electron energy, as the stress
rent density and electric field vary concurrently in electric
stress. For RILC, it is observed thatDI g follows a power law
relationship with the e-beam dosage throughout the en
range of dosage used. Neither saturation nor quasibreakd
is observed on any capacitor irradiated up to a dosage of;5
C/cm2, the level at which most electrically stressed capa
tors have already experienced quasibreakdown. The non
uration property of RILC strongly implies that the saturati
of SILC is not due to the limited number of available emp
traps that can carry the tunneling current as reported in
literature,12 because the RILC, which has the same tra
assisted tunneling conduction mechanism as SILC, ne
saturates even though the magnitude is more than two or
higher than that of SILC. Since the differences between e
trical stress and e-beam irradiation are the presence of e
tric field during stress or irradiation and the electron ene
range, the saturation in SILC may be due to the presenc
field or limited by the energy of electrons. During Fowler
Nordheim~FN! stress, the field and energy effects act up
the oxide concurrently. As shown in Fig. 7, as the electr
energy increases with increasing oxide field, the excess le
age current is seen to saturate. Thus, it is necessary to s
rate the effects of electric field and electron energy on SI
saturation for better understanding of the nonsaturation p
erty of RILC. Substrate hot electron injection experimen
therefore, were performed to investigate the effect of el
tron energy on the SILC characteristics, while the oxide fi
was kept constant. The energy of electrons injected into
oxide was controlled by varyingVwell in Fig. 1 in the range
from 28 to 214 V. Figure 8 shows the result ofDI g @5I g

–I g,fresh)] versus charge fluency after SHE injection for va
ous well voltages, with the gate voltage kept constant at 3
At this gate voltage, FN tunneling current is negligible,
can be noticed in Fig. 2. The result in Fig. 8 shows no sa
ration above a critical fluency. At large fluency, instead
saturation, as observed in FN injection, the increment rat

n

. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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DI g increases with charge fluency. It is also observed tha
the well potential increases,DI g increases. This verifies tha
the increase of electron energy leads to a higher genera
of traps which contribute to the trap-assisted tunneling. T
result in Fig. 8 clearly shows that the saturation ofDI g does
not happen at the low oxide field. As a consequence, s
e-beam irradiation is done without any bias applied acr
the oxide, the nonsaturating behavior of RILC is attributed
the absence of an oxide field.

B. Effects on quasibreakdown

The quasibreakdown17–21 characteristic after e-beam ir
radiation was also investigated for 35 Å gate oxides. C
tests were performed on fresh oxides, pre-electrica
stressed oxides~3 C/cm2), and e-beam irradiated~50 mC/
cm2) oxides to evaluate the charge-to-quasibreakdo
(Qqbd). The amount of pre-electrical stress charge fluen
and the radiation dose were selected such that the ex
leakage currents were nearly the same for both conditio
Cumulative distributions ofQqbd values were first obtained
for three different stress current densities. Subsequently
50th percentile point of each cumulative failure plot of t
Qqbd distribution was used to obtain theQqbd dependence on
stress current density. Each data point in Fig. 9 was obta

FIG. 7. Excess leakage current,~I g–I g,fresh) vs energy of electrons for FN
injections carried out at different constant current densities.

FIG. 8. Excess leakage current,~I g–I g,fresh) vs fluency after substrate ho
electron injection for various well voltages. The gate voltage was consta
3 V.
ownloaded 10 Jun 2013 to 143.248.103.214. This article is copyrighted as indicated in the abstract
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from over 30 samples. The result in Fig. 9 shows that e-be
irradiation does not lead to any change inQqbd relative to the
fresh oxides, despite the increase in leakage current a
e-beam irradiation. However, theQqbd of prestressed CCS
samples is shifted by as much as 3 C/cm2, as expected.
Therefore, it can be concluded that e-beam irradiation d
not accelerate quasibreakdown of ultrathin gate oxides.

In Fig. 6, it is seen that e-beam does not initiate QB
to a dosage of;5 C/cm2, at the level which most electri
cally stressed capacitors have already experienced qu
breakdown or even hard breakdown. Hence, it is sugge
that e-beam neither accelerates nor initiates QB. This is p
ably due to the absence of an oxide field during irradiati
In the absence of field, high-energy electrons are injec
uniformly across the oxide, corresponding to a symmetri
distribution of neutral defects across the oxide.6 By compar-
ing the magnitude of RILC at high e-beam dosages~Fig. 5!
to the leakage current level of QB~Fig. 4!, one would agree
that the oxide irradiated with a high e-beam dose has a c
parable amount of traps to the oxide experienced QB si
their leakage current levels are comparable. However,
fact that e-beam does not accelerate or initiate QB leads u
conclude that the traps generated by e-beam irradiation
not contribute to QB, only to RILC.

One might argue that oxides irradiated with high e-be
dosages have actually experienced QB because their lea

FIG. 10. I g–Vg characteristics of fresh oxide and of oxides after quasibre
down and with annealing in a N2 ambient for 10 min at 400 and 500 °C.

at

FIG. 9. Stress current density dependence of charge to quasi breakdow
fresh, electrically stressed, and e-beam irradiated oxides. No significan
ference between irradiated and fresh oxides was found, implying
e-beam irradiation does not accelerate quasibreakdown.
. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



ha
e
b

en
n
le
ox
d
a
e
o
1.
n
s

w

io
wi
th

m
n-
e
c
t

e
lo

el
C
io
y

FN
ion
le
rted

that
om-
field
ent
am
by

s, G.

EE

ded
and

G.

G.

of
s of

. C.

E

.

on

EEE

0,

the
96,

am

6735J. Appl. Phys., Vol. 88, No. 11, 1 December 2000 Cho et al.

D

current levels are comparable to those of QB. To verify t
they are in two different statuses, a series of annealing
periments were conducted. The oxides experiencing QB
electrical stress were annealed in a N2 ambient at 400 or 500
°C for 10 min. After a 400 °C anneal, the leakage curr
decreases at low field, but increases at high field, as show
Fig. 10. After a 500 °C anneal, the oxide undergoes comp
breakdown. This is a typical annealing characteristic of
ides with QB and details of this will be publishe
elsewhere.26 On the other hand, for oxides irradiated with
dosage of;0.5 C/cm2, thermal annealing always decreas
the RILC and higher temperature annealing is always m
effective in the reduction of RILC, as illustrated in Fig. 1
This is attributed to the annealing of oxide traps which co
tribute to RILC. This different annealing behavior confirm
that the RILC and the leakage current after QB have t
different mechanisms.

IV. CONCLUSIONS

Gate oxide degradation induced by e-beam irradiat
has been studied in this work based on a comparison
electrical stress-induced degradation. Despite having
same conduction mechanism, RILC and SILC exhibit so
differences. RILC is shown to exhibit a power law relatio
ship with fluency without any signs of saturation, which d
viates from that observed in the conventional SILC fluen
dependence. This discrepancy is believed to be due to
absence of an oxide field during e-beam irradiation. This
supported by the substrate hot electron injection experim
tal results, indicating that SILC also never saturates at a
oxide field. With a high energy of electrons of;25 keV, the
RILC current level is observed to be almost approximat
two to three orders of magnitude higher than that of SIL
Since both SILC and RILC have the same conduct
mechanism, this can be accounted for by the high energ

FIG. 11. I g–Vg characteristics of fresh oxide and of oxides after e-be
irradiation and with annealing in a N2 ambient for 10 min at 400 and
500 °C.
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electrons during e-beam irradiation relative to that during
injection. These results also show that the saturation reg
in SILC is not caused by the limited number of availab
empty traps that can carry the tunneling current, as repo
previously.

In the case of quasibreakdown, the results showed
e-beam neither accelerates nor initiates QB. This phen
enon has been attributed to the absence of an oxide
during e-beam irradiation. The very high leakage curr
level without the occurrence of QB after a high dose e-be
irradiation strongly implies that the traps generated
e-beam irradiation do not contribute to QB.
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