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The Strong Degradation of 30 A Gate Oxide Integrity
Contaminated by Copper
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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 A 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 contaminatioti’ has attracted much attention in advanced For the thick 50 A oxide, the Cu contamination slightly increases the
high-speed complementary metal oxide semiconduct@€lOS) gate oxide leakage current in the pretunneling region, which may be
circuits using Cu metallization. The Cu contamination, which may attributed to the trap-assisted tunneling. The reason why the Cu
come from either the front surface Cu interconnects or the back-sideontamination has little effect on the F-N tunneling may be due to a
surface contaminated by the Cu process, may precipitate at thenuch larger current conduction than the trap-assisted tunneling at
Si/SiO, interfac& "2 or form a silicide by a reaction with Si. The Cu  large bias. In contrast, a large leakage current is also observed in the
contamination can degrade metal oxide field effect transistor’sdirect tunneling region in addition to the increased pretunneling cur-
(MOSFETSs)performance by increasing the leakage current at therent. The two orders of magnitude larger leakage current at direct
source-drain junction, shifting the threshold voltage, and increasingunneling regime is unacceptable for low power circuit application.
the subthreshold swirfy® The Cu contamination may also degrade If a thinner oxide has a similar increasing trend for the leakage
the gate oxide integrity by reducing the breakdown electric field at
high contamination levels,but has little effect on the gate area
oxide breakdown at low contamination levélsiowever, most of
the reported Cu contamination studies are focused on relatively

thick oxiéjlezs. In this paper, we have examined the gate oxide 10" | 30A oxide

integrit of Cu-contaminated ultrathin30 A oxides used foran ~ ~ 4=
0.18 wm generation. In contrast to previous reports on thick oxides, £ .
we have found severe degradation of the gate oxide integrity for:‘; 10
these ultrathir~30 A oxides. Compared with the control sample, g [
the contaminated oxides show higher direct and Fowler-Nordheim = ..
(F-N) tunneling currents, lower breakdown electric field, poorer 3
charge-to-breakdown distributiorQgp), and worse stress-induced 5 1°° —— control sample
leakage currentSILC), even at a low Cu contamination level of 10 E 107 10ppm
ppb. This is probably due to the presence of Cu within both the § 10° PP
oxide and the Si-oxide interface, which effectively lowers the tun- & ——10ppb
neling barrier and increases the SILC. o 11
1 -10 L A L A 1 i
Experimental o -2 -4 -6 -8
Standard 4 in. p-type $IL00)wafers with a typical resistivity of Voltage (V)
~10 cm were used in this study. The preoxidation cleaning of the .
wafers was performed by a modified RCA clean, followed by HF 10
dipping, and spin drying. Device isolation was formed by growing 107F 50A oxide
and patterning the 3000 A thick field oxide. Then th&0 A gate "E 2
oxide was grown at 900°C in dry oxygen diluted with nitrogen. The © 10
oxide thickness was measured by ellipsometry and high frequency < 107
C-V measurements under accumulation. The gate electrode wa = 4}
formed by depositing a 3000 A poly-Si with subsequent phosphorus > .
doping by POCJ. The standard aluminum contact was formed by ‘@ 1o°r  —=—control
thermal evaporation, and MOS capacitors of 20000 pm were g 107 —e—10ppb
fabricated. The Cu contamination was introduced by dipping the - - —&—10ppm
devices for 1 min into a CuSGsolution with a concentration of 10 § -
ppb or 10 ppm, and the contaminated wafer was then annealed ¢ 5 10
o

400°C in a nitrogen gas ambient.

Results and Discussion 0 2 -4 iy -8

Figure 1a and b show the current density-voltade/) charac- Voltage (V)
teristics of MOS capacitors with 30 and 50 A oxides, respectively.

Figure 1. J-V characteristics of MOS capacitors with, top)30 A and (b,
bottom)50 A oxides. The devices were contaminated by 10 ppb or 10 ppm
Cu. A control sample without Cu contamination is also shown for
2 E-mail: achin@cc.nctu.edu.tw comparison.
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Figure 3. TheQgp distribution at—4.3 V constant voltage stress of ultrathin
99.5 T 30 A oxides with different Cu contamination level.
5 95f —®—10ppm v A
< —o—10ppb ' A g -
> _PP - ] A the breakdown electric field shown in Fig. 2a and b. The la@gy
= —A—Si lf distribution might be due to a wide variation of the Cu concentration
§ 70 1 inside the oxide. In addition to the larger distribution, the Cu-
[ 'l contaminated MOS capacitor has a lowy value than the control
% 0 L_lG device. The largeQgp distribution in combination with a lower
2 . ] Qgp for the capacitor contaminated with 10 ppm Cu than the one
g - . A contaminated with 10 ppb Cu may be due to the higher Cu concen-
E°r —— o’ A tration inside the oxides.
o ./ o A
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Figure 2. (a, top) The leakage current density ail, bottom)the break- “E N f;ilﬂ‘;ﬁ':.‘;:ﬁ.',iﬁf'ﬁ,'eﬁ'f;? o ;§;§§§§§5§ !
down electric field of 30 A oxides with different Cu contamination levels. s 10 — +— control after -3.3V for 10K sec. i :ggav;géésfé: .
The breakdown is defined at a current density of Acm? (0.1 A through -~ 40 295559:9‘ .
a 100X 100 wm area). > 9595% ga @
2 10° A7 588
] pa -
o s A "::la
@ 10 ._';0 g/ @ L=
o v 9/ B
L . L . . £ 10" kP ¥ / -
current, then it will ultimately limit the gate oxide scaling because @ ‘/E\g_’, ¥ o f
the allowed maximum leakage current is at 1 Afcth g 10 \\,=g . ¢
To further analyze the J-V characteristics, we have plotted the 10° oo teon
leakage current and breakdown electric field in Fig. 2a and b, re- . . . R . ,
spectively. As shown in Fig. 2a, the leakage current is one to two 000 05 10 45 20 25 3.0 35
orders higher in the Cu-contaminated sample than in the control Voltage (V)
sample, and the leakage current generally increases with the Cu
contamination level. The higher leakage current of Cu-contaminatec 10° T
MOS devices than control samples suggests a higher defect densit E J = 10ppb
inside the oxide. According to the lattice-damage model, defects olg o 10ppm
with a higher density in the oxide will grow faster and finally gen- 10'F g ] . v control sample
erate a current conduction path that will have a very high energy QU
density and cause oxide breakdotirherefore, the higher leakage 5 . g S
current in Cu-contaminated samples is expected to correlated with i 5 ' F . 3. 5000 opol
lower breakdown electric field. This is further evidenced from the = vy Y °8y ngoo
lower cumulative breakdown field of Cu-contaminated samples 3 . [ M
shown in Fig. 2b, where the breakdown is defined at a current den- & M
sity of 16 A/lcm?. It is important to notice that no such effect of vivy
lowering the breakdown field was found in the thick 50 A oxide as 10°F  Vfb =-0.85V M vvvvvvv'vvv
shown in Fig. 1b and in agreement with the literature regarding low vvYvyvv
Cu contaminatior. \
. . . . . . -3 2 i 1 L 1 L i L
Figure 3 shows th€gp distribution of ultrathin~30 A oxides. 100 4,'.5 _1'.0 5 20 25 30 35
The standard oxide without contamination has a mé€xp, of Voltage (V)

~0.13 C/cnd at a constant voltage stress-6#.3 V, which is close
to the data published in the literatu¥6The Cu-contaminated MOS
capacitor has a largégp distribution than the control device, and

this is consistent with the larger distribution of leakage current andchangd J(t)-J(0)]/J(0) plot of(a) to enhance the stress effect.

Figure 4. (a, top)J-V characteristics of 30 A oxides with different Cu con-
tamination levels stressed at3.3 V for 10,000 s andb, bottom)current
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create a local energy variation inside the oxidend we believe

that Cu may have the same effect on the oxide. Therefore, electrons
may see an effectively lower tunneling barrier as they tunnel
through the oxide.

Figure 6 shows a secondary ion mass spectros¢siS) depth
Figure 5. (a, top) Theoretically calculated and measured J-V characteristics profile for the MOS structure. A strong Cu accumulation is observed
from Fig. 1a andb, bottom)band diagram illustrating the Cu effect in the in the poly-Si and gradually diffuses into the oxide. Although the
oxide. diffusion into the oxide seems to be retarded by the amorphous

structure of the oxide, Cu can still be found in the oxide. Further-
more, the presence of Cu at the Si-oxide interface can also explain
4£he large SILC observed in Cu-contaminated samples because of the

dicreased interface-trap denstfyThe hig_her number of.interface- .
tion is —3.3 V for 10,000 s, which is equivalent to a total charge P States can help the current tunneling as the applied voltage is
injections of 0.9 Clcrh and ~45 Clen? for the control and Cu- less than the flatband voltage. The higher Cu concentration at the
: - - oxide-Si interface is also suggested by the C-V measurement of a

contaminated devices, respectively. The constant voltage stress Ll?ick 50 A oxide, where the interface trap density increased from

We have also studied the SILC effect in these samples. Figure
shows the stress effect on the J-V characteristics. The stress con

used because it represents a more accurate stress condition for ul- 0 o\ 1 . . 1 a1
trathin oxide than the constant current stress. Under the same stre S>t<h;Oéu-ec\gnt/;rr:]fnlgtéges;(r)r?t:gls oxide to~ 2 x 10" eV~fent
conditions the control oxide shows the smallest current increase. W&’ pies.

have plotted the current_chqnb]{t)-J(O)]/J(Olo further analyze the Conclusion

stress effect. As shown in Fig. 4b, the current change increases with ) L . A i i
increasing Cu contamination level, and the peak values are close tg e have studied the gate oxide integrity of 30 A ultrathin oxides.
the flatband voltage measured by C-V. A similar result was alsoOne to two orders of magnitude larger leakage current is observed in
reported for ultrathin oxides without contaminattnand the  the pretunneling and direct tunneling region than in control devices,
mechanism was attributed to be the interface trap-assisted tunnelingen at a low Cu contamination level of 10 ppb. In contrast, only the
The reason why there is no discernible peak in the control sample i®rétunneling current increase is found in thick 50 A oxides with the
ascribed to the very small current close to the noise margin of ous@me Cu level. Because of the increased leakage current, degrada-
measurement system. tion of the breakdown electric field ar@gp are expected. The de-

To study the cause of the large leakage current in the Cu-graded gate oxide integrity is due to the presence of Cu inside the
contaminated sample, we have analyzed the J-V characteristics u§xide as measured by SIMS. The presence of Cu at the oxide-Si
ing theoretical direct and F-N tunneling equatidisFigure 5a  interface can also increase SILC because of the higher number of
shows the theoretically calculated and measured J-V characteristic&u-induced interface states.
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