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Novel Methods to Incorporate Deuterium
In the MOS Structures
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Abstract—The deuterium concentration as high as 2x 10?° ~10% 10° §
cm~3 can be incorporated in rapid thermal oxide layers by a ""E ! )
process of deuterium prebake and deuterium post oxidation L£10% - Ji0° S
anneal. The deuterium distributed not only at Si/oxide interface 5. Si — £
but also in the bulk oxide. The deuterium incorporation shows the =10 o — d10* &
improvement on soft breakdown characteristics and the interface = 102 £
state density at SiQ/Si after stress. The addition of very high g 410° §
vacuum prebake process yields a deuterium concentration of & 510 >
10%° cm—3, but also leads to the formation of rough oxide. (ED w 10° §

Index Terms—beuterium incorporation, interface states, MOS, 2 10 ’ §
very high vacuum prebake. 2107 \ 103
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SIMS profiles of the rapid thermal oxide with deuterium prebake.

T HE ELECTRICAL degradation of metal-oxide—silicon
(MOS) devices due to electrical stress has been extéif -

sively studied since the early 1980s [1]. Some degradation _ _
is related to the hydrogen release from the Siloxide interfalckness was measured by ellipsometry. NMOS diodes had Al

by hot electrons [2] and the incorporation of deuterium Sate electrodes with circular areas defined by photolithography.

the Si/oxide interface can significantly improve the device
reliability [3]. The strong coupling between Si—D bond bending
mode (460 cm') and transverse optical phonons in bulk In order to incorporate deuterium in the ultrathin oxide, the
Si (463 cnt!) is responsible for this giant isotope effecfirst kind process is to prebake the wafémssitu at 1000 °C
[4]-[6]. Recently, we have demonstrated that the deuteriufiar two min in deuterium gas. Then the gate oxide is grown,
incorporation can improve the soft breakdown in the NMOfllowed by a 900°C nitrogen post oxidation anneal for 10 min.
tunneling diodes [7] and the reliability of MOS tunneling lightThe secondary ion mass spectroscopy (SIMS) profiles of this
emitting diodes [8]. The conventional method to incorporaigeuterium prebake process shows a deuterium concentration of
the deuterium is performed by post metallization anneal afterx 10'® cm~3 in the oxide as shown in Fig. 1.
gate electrode deposition. In this letter, we report three kindsTo further increase the deuterium incorporation, the second
of deuterium process performed before the gate electradad process is to add a deuterium post oxidation anneal for
deposition, and compare the deuterium concentrations witb min at 900 °C before the nitrogen anneal in the previous
each process. The improvement of electrical properties is ajs@cess. This yields a deuterium concentration of 2.0?°
demonstrated. cm~2 in Fig. 2. The deuterium concentration increases by one
order of magnitude, as compared to the first kind process.
1. GROWTH AND FABRICATION Since the Siwafers are cleaned by a HF dip before the transfer
The 4-in p-type wafer was transferred to the process chamlg%rthe process chamber, the Si surface is hydrogen-terminated

through the load-lock chamber and the ultrathin gate oxide %?d the hydrogen passivation will prevent the deuterium incor-

the NMOS diode was grown by rapid thermal oxidation (RT%%oratlon in the oxide [9]. Therefore, the third kind process per-

at 800-100C°C. The gas flows were 500 sccm nitrogen and 5 Ver:n??;hermal bake 0 f the hydrogen—passwateq wafer in the
gh vacuum environment before the deuterium prebake.

sccm oxygen at reduce_d pressure. The wafer temperature B%%ng the very high vacuum prebake3 x 106 torr, main-

monitor by pyrometry with a close loop control. The gate OX'dteained by a turbo pump), hydrogen can be removed'from the Si

surface. To estimate the hydrogen coverage after the very high
Manuscript received June 26, 2001; revised August 6, 2001. Thiacuum prebake, the desorption rétgwas calculated by first
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(89-2218-E-002-082, 89-2218-E-002-054) and TSMC (Taiwan Semiconduc&)r_ 1 li t th £ is bonded with
Manufacturing Company). The review of this letter was arranged by Editor K. — +» I.€., every silicon atom on the surface IS bonded wi

I1l. DEUTERIUM INCORPORATION

De Meyer. hydrogen.
The authors are with the Department of Electrical Engineering, National

Taiwan University, Taipei, Taiwan, R.O.C. (e-mail: chee@cc.ee.ntu.edu.tw). do ) 0 )
Publisher Item Identifier S 0741-3106(01)09413-7. Ry =—— =ka: 0 =6 kyexp(—Eq/kT)

0741-3106/01$10.00 © 2001 IEEE

Authorized licensed use limited to: National Taiwan University. Downloaded on February 12, 2009 at 22:46 from IEEE Xplore. Restrictions apply.



520 IEEE ELECTRON DEVICE LETTERS, VOL. 22, NO. 11, NOVEMBER 2001

2
23 10
10 o 0
1L 0 < 107
1022 10 E 10° after stresy € 10°
3 e } 2 o after stress
s \,--"71 5
o 1 00 -% 10™ 3 g 10 :
10 g m‘: H_treated fresh g ‘“::i D,-treated fresh
10'1 L1 Z a0 1 Wes—=2 a1 0 1
10% Gate Voltage (V) Gate Voltage (V)

2 | D,-treated NMOS constant voltage stress @ -3V

-
o_n
©

Gate Current (A)
=

Deuterium Concentration (cm®)

1013 10-3 =
10" 10* F—\/MWNWW
& | Hy-treated NMOS | ,
10°5 5 10 15 Pl 1055 100 1000 10000
Depth (nm) Stress Time (sec)

Fig. 2. SIMS profiles of the rapid thermal oxide with deuterium prebake arfdd- 4. Gate current versus stress time plot of-treated and b-treated
the post oxidation deuterium annealing. NMOS diodes with the area of & 10~* cm? under constant voltage stress

with —3 V CVS for 10 000 and 1000 sec, respectively. The insets aré-the
characteristics of the devices before and after stress.
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signal with mass-to-charge ratio of 2 such a$,Hhe SIMS
profile of a H-treated sample was also measured, and this
signal was~1 x 10 cm—3, which was negligible as com-
pared to the deuterium concentration. Thetreated samples
were processed using the same procedure except replacing
deuterium with hydrogen.
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IV. ELECTRICAL CHARACTERIZATION
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In order to observe the isotope effect, we use the second kind
10 15 20 process to fabricate Htreated and B-treated devices to avoid
Depth (nm) the roughness effect produced by the very high vacuum prebake

[11]. Fig. 4 shows the gate current variation as a function of
Fig. 3. SIMS profiles of the rapid thermal'oxi_de with very high vacuunsiress time for H-treated and B-treated NMOS diodes with
prebake, deuterium prebake, and the post oxidation deuterium annealing. the area of 3 10~* cm? under constant voltage stress (CVS).

There is no apparent fluctuation in gate current during the stress

where the activation energy; and preexponential factéf, of ofthe D,-treated devicesl(,, = 1.6 nm), and thd—-V" curves of
hydrogen are 2.17 eV and 22 10'? s™1, respectively [10]. the devices after 1000 sec CVS-3 V is almost identical to the
The hydrogen is almost completely removed by the very hidgresh one, as shown in the right inset of Fig. 4. Fortreated
vacuum prebake for two min at 1000C, as indicated by the devices ¢}, = 1.8 nm), the fluctuation in gate current under
calculation. The deuterium incorporation in the oxide with ver€VS implies that the degradation of oxide occurs and the in-
high vacuum prebake can reach as high as?° cm~2 from  version tunneling current increases significantly after the 10 000
the SIMS data in Fig. 3. However, the very high vacuum prebakec CVS at-3 V (the left inset of Fig. 4). Note that the injection
also yields rough oxide with roughness up to 1.5 nm [11]. Siné¢ience (9;,,;) maintains the same (about410°® coul/cn?) for
the roughness can also enhance the oxide reliability [12], theth the H-treated and B-treated devices, and the,Breated
sole isotope effect on the oxide reliability can not be resolvedevices have higher current densities. Thetizated device still
Therefore, all the following electrical measurements are basexnains intact even after 5000 sec stress (not shown here). We
on the oxide prepared by the second kind process. also perform the high—low frequency capacitance—vol{@g¥)

The grown oxide thickness by the deuterium process niseasurement on MOS diodes with thick oxidg,( = 4 nm)
10-20% smaller, as compared to the hydrogen process. Tith the area of 3< 10~ cn? to extract the interface state den-
hydrogen desorption rate is approximately 1.6 times the daities (D;;) of the fresh devices and the stressed devices (Fig. 5).
terium desorption rate [10], and this may be responsible fbiote that we have difficulties to obtain reliald&é-" measure-
the low growth thickness of deuterium process. For all threeents on thin oxide<{3 nm). The extracted;; increases by
processes, the deuterium atoms not only distribute at Si/oxid&x in H,-treated devices after 15 sec constant voltage stress
interface but also in the entire SjQayers (Figs. 1-3), very at—6 V since the Si—H bonds were broken by the injected elec-
similar to the deuterium distribution of { pyrogenic oxide trons. No apparent increase bf, for D.-treated devices im-
[13]. The incorporation of deuterium both at interface anplies the isotope effect. Both devices with 4-nm oxide break
bulk oxide plays an important role to suppress the electraiown during the constant current stress-dt5 p:A (the insets
trap creation. Note that the o@ pyrogenic oxidation [13] of Fig. 5). It is similar to the previous report that there is an
yields a much lower deuterium concentration ofx1 10 isotope effect onD;,, but no isotope effect on stress induced
cm~3, as compared to our process. Besides, to avoid the otheakage current (SILC) for ultrathin oxide [14]. Note that the
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Fig. 5. Interface states density versus energy levelefielvices (upper) and (6]

D, -devices (lower) with the area of 8 10~* cn¥ before and after stresB;,
increases approximately<7after stress in H devices. No apparent increase of
D,, in D-treated devices is observed. The insets are the gate voltage variation
during constant current stressl.5 pA. 7]

isotope effect on SILC has been observed on the deuterium py;g;
rogenic oxide, but not on the deuterium annealed thermal oxide
[15].

Note that we have investigated the HF-dip only sample [g]
without H, treatment as a control sample. The valudlf is
2 x 10'? eV—tcm~2 for the control sample, and reduces to 4
x 101 evV—tem2 with H, prebake two min at 1000C. The
D;, can further decrease to be less thar 10'* eV—tcm—2
with both H, prebake and K postoxidation anneal (HPOA [11]
for 10 min) at 900 °C. However, the previous study reported
that the degradation of the electrical properties was observed
after the B POA at temperature of 400—80C [16]. This may
attribute to different POA temperature; IROA, and oxidation
conditions.

(20]

(3]
V. CONCLUSIONS

The deuterium distribution is not only at interface but also in[14]
the bulk oxide by these novel methods. The deuterium concen-
tration as high as % 10°°cm~2 can be achieved by a process s
of deuterium prebake and deuterium post oxidation anneal. The
isotope effects on constant voltage stress Bpdare observed

for the deuterium-treated MOS device. [16]
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