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The Strong Degradation of 30 Å Gate Oxide Integrity
Contaminated by Copper
Y. H. Lin, a Y. C. Chen,b K. T. Chan,a F. M. Pan,c I. J. Hsieh,b and Albert Chin a,,z

aDepartment of Electronics Engineering, National Chiao Tung University, Hsinchu, Taiwan
bDepartment of Electric Engineering, Chung Hua University, Hsinchu, Taiwan
cNational Nano-Device Laboratory, Hsinchu, Taiwan

A much higher leakage current, a lower breakdown effective field, a poorer charge-to-breakdown, and worse stress-induced
leakage current are observed in ultrathin 30 Å oxides even at a low Cu contamination of 10 ppb. The strong degradation of the
ultrathin gate oxide integrity can be explained by the tunneling barrier lowering and the increased interface trap tunneling due to
the presence of Cu in the oxide and at the oxide-Si interface.
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Cu contamination1-7 has attracted much attention in advanc
high-speed complementary metal oxide semiconductors~CMOS!
circuits using Cu metallization. The Cu contamination, which m
come from either the front surface Cu interconnects or the back-
surface contaminated by the Cu process, may precipitate at
Si/SiO2 interface5,7,8or form a silicide by a reaction with Si. The C
contamination can degrade metal oxide field effect transist
~MOSFETs!performance by increasing the leakage current at
source-drain junction, shifting the threshold voltage, and increa
the subthreshold swing.8,9 The Cu contamination may also degra
the gate oxide integrity by reducing the breakdown electric field
high contamination levels,2 but has little effect on the gate are
oxide breakdown at low contamination levels.1 However, most of
the reported Cu contamination studies are focused on relati
thick oxides. In this paper, we have examined the gate ox
integrity10-12of Cu-contaminated ultrathin;30 Å oxides used for an
0.18mm generation. In contrast to previous reports on thick oxid
we have found severe degradation of the gate oxide integrity
these ultrathin;30 Å oxides. Compared with the control samp
the contaminated oxides show higher direct and Fowler-Nordh
~F-N! tunneling currents, lower breakdown electric field, poo
charge-to-breakdown distribution (QBD), and worse stress-induce
leakage current~SILC!, even at a low Cu contamination level of 1
ppb. This is probably due to the presence of Cu within both
oxide and the Si-oxide interface, which effectively lowers the tu
neling barrier and increases the SILC.

Experimental

Standard 4 in. p-type Si~100!wafers with a typical resistivity of
;10 V cm were used in this study. The preoxidation cleaning of
wafers was performed by a modified RCA clean, followed by H
dipping, and spin drying. Device isolation was formed by growi
and patterning the 3000 Å thick field oxide. Then the;30 Å gate
oxide was grown at 900°C in dry oxygen diluted with nitrogen. T
oxide thickness was measured by ellipsometry and high freque
C-V measurements under accumulation. The gate electrode
formed by depositing a 3000 Å poly-Si with subsequent phospho
doping by POCl3. The standard aluminum contact was formed
thermal evaporation, and MOS capacitors of 1003 100 mm were
fabricated. The Cu contamination was introduced by dipping
devices for 1 min into a CuSO4 solution with a concentration of 10
ppb or 10 ppm, and the contaminated wafer was then anneale
400°C in a nitrogen gas ambient.

Results and Discussion

Figure 1a and b show the current density-voltage~J-V! charac-
teristics of MOS capacitors with 30 and 50 Å oxides, respective
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 address. Redistribution subject to ECS te140.113.38.11nloaded on 2014-04-27 to IP 
e
e

s
e
g

t

ly
e

,
r

y
as
s

at

.

For the thick 50 Å oxide, the Cu contamination slightly increases
gate oxide leakage current in the pretunneling region, which may
attributed to the trap-assisted tunneling. The reason why the
contamination has little effect on the F-N tunneling may be due t
much larger current conduction than the trap-assisted tunnelin
large bias. In contrast, a large leakage current is also observed i
direct tunneling region in addition to the increased pretunneling c
rent. The two orders of magnitude larger leakage current at di
tunneling regime is unacceptable for low power circuit applicatio
If a thinner oxide has a similar increasing trend for the leaka

Figure 1. J-V characteristics of MOS capacitors with~a, top!30 Å and~b,
bottom!50 Å oxides. The devices were contaminated by 10 ppb or 10 p
Cu. A control sample without Cu contamination is also shown
comparison.
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current, then it will ultimately limit the gate oxide scaling becau
the allowed maximum leakage current is at 1 A/cm2.12

To further analyze the J-V characteristics, we have plotted
leakage current and breakdown electric field in Fig. 2a and b,
spectively. As shown in Fig. 2a, the leakage current is one to
orders higher in the Cu-contaminated sample than in the con
sample, and the leakage current generally increases with the
contamination level. The higher leakage current of Cu-contamin
MOS devices than control samples suggests a higher defect de
inside the oxide. According to the lattice-damage model, defe
with a higher density in the oxide will grow faster and finally ge
erate a current conduction path that will have a very high ene
density and cause oxide breakdown.13 Therefore, the higher leakag
current in Cu-contaminated samples is expected to correlated w
lower breakdown electric field. This is further evidenced from t
lower cumulative breakdown field of Cu-contaminated samp
shown in Fig. 2b, where the breakdown is defined at a current d
sity of 103 A/cm2. It is important to notice that no such effect o
lowering the breakdown field was found in the thick 50 Å oxide
shown in Fig. 1b and in agreement with the literature regarding
Cu contamination.1

Figure 3 shows theQBD distribution of ultrathin;30 Å oxides.
The standard oxide without contamination has a meanQBD of
;0.13 C/cm2 at a constant voltage stress of24.3 V, which is close
to the data published in the literature.14 The Cu-contaminated MOS
capacitor has a largerQBD distribution than the control device, an
this is consistent with the larger distribution of leakage current

Figure 2. ~a, top! The leakage current density and~b, bottom! the break-
down electric field of 30 Å oxides with different Cu contamination leve
The breakdown is defined at a current density of 105 A/cm2 ~0.1 A through
a 1003 100 mm area!.
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the breakdown electric field shown in Fig. 2a and b. The largerQBD
distribution might be due to a wide variation of the Cu concentrat
inside the oxide. In addition to the larger distribution, the C
contaminated MOS capacitor has a lowerQBD value than the control
device. The largerQBD distribution in combination with a lower
QBD for the capacitor contaminated with 10 ppm Cu than the o
contaminated with 10 ppb Cu may be due to the higher Cu conc
tration inside the oxides.

Figure 4. ~a, top!J-V characteristics of 30 Å oxides with different Cu con
tamination levels stressed at23.3 V for 10,000 s and~b, bottom!current
change@J(t)-J(0)#/J(0) plot of ~a! to enhance the stress effect.

Figure 3. TheQBD distribution at24.3 V constant voltage stress of ultrathi
30 Å oxides with different Cu contamination level.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 

http://ecsdl.org/site/terms_use


e 4
on
ge

ss
or
tre

. W

wi
se
lso

lin
le
ou

Cu
s u

stic
ct
th

ec
d in
he
es
Fo
rie

m
by
ted
rin

pro
a

ca

rons
nel

ed
he
ous
er-
lain
f the

-
e is
the

of a
om

es.
d in
es,
the
the
rada-
-
the

e-Si
r of

he
89-
ice

sts

tics
e

e

Journal of The Electrochemical Society, 148 ~4! F73-F76~2001! F75

Dow
We have also studied the SILC effect in these samples. Figur
shows the stress effect on the J-V characteristics. The stress c
tion is 23.3 V for 10,000 s, which is equivalent to a total char
injections of 0.9 C/cm2 and ;45 C/cm2 for the control and Cu-
contaminated devices, respectively. The constant voltage stre
used because it represents a more accurate stress condition f
trathin oxide than the constant current stress. Under the same s
conditions the control oxide shows the smallest current increase
have plotted the current change@J~t!-J~0!#/J~0!to further analyze the
stress effect. As shown in Fig. 4b, the current change increases
increasing Cu contamination level, and the peak values are clo
the flatband voltage measured by C-V. A similar result was a
reported for ultrathin oxides without contamination16 and the
mechanism was attributed to be the interface trap-assisted tunne
The reason why there is no discernible peak in the control samp
ascribed to the very small current close to the noise margin of
measurement system.

To study the cause of the large leakage current in the
contaminated sample, we have analyzed the J-V characteristic
ing theoretical direct and F-N tunneling equations.15 Figure 5a
shows the theoretically calculated and measured J-V characteri
Good matching between the measured and calculated J-V chara
istics at direct and F-N tunneling regions can be obtained in
control MOS capacitor with a barrier height of 3.0 eV and an eff
tive mass of 0.30 me. These values are close to the data publishe
the literature.13 The fitted oxide thickness of 28 Å is also close to t
value measured by ellipsometry, which has an error of 6.7%. Th
results point out the good accuracy of the theoretical calculation.
the Cu-contaminated oxide, the best fitting result gives a bar
height and an effective mass of 2.04 eV and 0.32 me, respectively.
The large error between the measured and calculated currents
be due to a spread of barrier height that cannot be modeled
single fixed barrier height value. From the theoretically calcula
J-V and the measured data, it is suggested that a barrier lowe
exists in the Cu-contaminated oxide. Based on this result, we
pose a tunneling model in the Cu-contaminated ultrathin oxide
shown in Fig. 5b. It is known that the oxide charges or traps

Figure 5. ~a, top!Theoretically calculated and measured J-V characteris
from Fig. 1a and~b, bottom!band diagram illustrating the Cu effect in th
oxide.
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create a local energy variation inside the oxide,17 and we believe
that Cu may have the same effect on the oxide. Therefore, elect
may see an effectively lower tunneling barrier as they tun
through the oxide.

Figure 6 shows a secondary ion mass spectroscopy~SIMS! depth
profile for the MOS structure. A strong Cu accumulation is observ
in the poly-Si and gradually diffuses into the oxide. Although t
diffusion into the oxide seems to be retarded by the amorph
structure of the oxide, Cu can still be found in the oxide. Furth
more, the presence of Cu at the Si-oxide interface can also exp
the large SILC observed in Cu-contaminated samples because o
increased interface-trap density.12 The higher number of interface
trap states can help the current tunneling as the applied voltag
less than the flatband voltage. The higher Cu concentration at
oxide-Si interface is also suggested by the C-V measurement
thick 50 Å oxide, where the interface trap density increased fr
2 3 1010 eV21/cm2 in the control oxide to; 2 3 1011 eV21/cm2

in the Cu-contaminated samples.

Conclusion

We have studied the gate oxide integrity of 30 Å ultrathin oxid
One to two orders of magnitude larger leakage current is observe
the pretunneling and direct tunneling region than in control devic
even at a low Cu contamination level of 10 ppb. In contrast, only
pretunneling current increase is found in thick 50 Å oxides with
same Cu level. Because of the increased leakage current, deg
tion of the breakdown electric field andQBD are expected. The de
graded gate oxide integrity is due to the presence of Cu inside
oxide as measured by SIMS. The presence of Cu at the oxid
interface can also increase SILC because of the higher numbe
Cu-induced interface states.
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