Jpn. J. Appl. Phys. Vol. 37 (1998) pp. L435-L 437
Part 2, No. 4B, 15 April 1998
(©1998 Publication Board, Japanese Journal of Applied Physics

The Superiority of N,O Plasma Annealing over O, Plasma Annealing for

Amorphous Tantalum Pentoxide (Ta,0s) Films

Wai Shing LAU*!, Merinnage Tamara Chandima PERERA*?, Premila BABU, Aik Keong Ow,
Taejoon HAN!, Nathan P. SANDLER?, Chih Hang TUNG?, Tan Tsu SHENG? and Paul K. CHU?

Department of Electrical Engineering, National University of Singapore, 10 Kent Ridge Crescent, Singapore 119260, Republic of Singapore
1Lam Research Corporation, CVD Business Unit, 49026 Milmont Drive, Fremont, California 94538, USA

2Institute of Microelectronics, Department of Failure Analysis and Reliability,

11 Science Park Road, Singapore Science Park Il, Singapore 117685, Republic of Singapore
3 Department of Physics and Materials Science, City University of Hong Kong, 83 Tat Chee Avenue, Kowloon, Hong Kong

(Received January 19, 1998; accepted for publication February 26, 1998)

As-deposited tantalum pentoxide (Taz0s) films are amorphous. The films will remain amorphous after low-temperature
0O, or N;O plasma annealing. High-temperature annealing will produce polycrystalline films where grain boundaries can
generate leakage current. It was found that N2O plasma annealing is superior to O plasma annealing in terms of leakage
current reduction. This can be easily explained by the lower energy required to break the nitrogen-oxygen bond in a N2O
molecule compared to the energy required to break the O=0 bond in an O molecule. We also observed that there is less Si
contamination, which may lead to leakage current, in the sample with N2O plasma annealing compared to the sample with O3

plasma annealing.
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1. Introduction

Tantalum pentoxide (Ta;Os) films, which have a dielec-
tric constant of 20-25 as compared to a dielectric constant of
3.9 for SiO; or 7 for SizNy4, have demonstrated potential for
use as dielectrics for charge storage in 1 Gb DRAMs." How-
ever, TapOs tends to leak to a far greater extent than SiOg
or SigNy4. Quite frequently, a post-deposition annealing in an
oxidizing ambient is required to reduce the leakage current.
Sun and Chen>™® demonstrated that Ta;Os films treated by
N3O rapid thermal annealing (RTA) are much less leaky than
those treated by conventional O, RTA at an annealing temper-
ature of about 800°C. We have confirmed these findings.>®
We have also explained the superiority of NoO compared to
O by the lower energy required to break the nitrogen-oxygen
bond in a N2O molecule compared to the energy required to
break the O=0 bond in an O, molecule.” Recently, Sun and
Chen demonstrated that N, O furnace annealing is also supe-
rior to O, furnace annealing.®’ We expect that this finding can
also be explained by the same theory. One important mecha-
nism of leakage current is related to grain boundaries. High-
temperature annealing tends to cause the as-deposited amor-
phous TayOs film to crystallize into a polycrystalline film, re-
sulting in leakage current due to grain boundaries. For exam-
ple, Aoyama et al. observed that their polycrystalline Tap; O3
film after annealing at 700°C was more leaky than their amor-
phous Ta,O5 film after annealing at 650°C.” Hence, there is
a demand to develop a lower-temperature annealing method
in order to decrease the leakage current further. Park et al.
demonstrated that N3O plasma annealing is superior to high-
temperature O annealing for the reduction of the leakage cur-
rent of Ta;Os films.!? Subsequently Kamiyama et al. demon-
strated that low-temperature O, plasma annealing is superior
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to high-temperature O, annealing.!!” However, no compari-
son between N3O plasma annealing and O, plasma anneal-
ing has been made. In this paper, we will demonstrate that
N0 plasma annealing is also superior to Oz plasma anneal-
ing for the reduction of leakage current in TayOs films. Pre-
viously, we have demonstrated that defect states in Ta;O5 can
be detected by a novel zero-bias thermally stimulated current
(ZBTSC) technique and the leakage current can be reduced
by the reduction of defect states detected by ZBTSC.!%!3 A
correlation with the defect state density has also been success-
fully made for N2O plasma and O, plasma annealed samples.

2. Experimental

TapO5 films were deposited onto nt—Si wafers by low-
pressure metal-organic chemical vapour deposition (LP-
MOCYVD) in a Lam Research DSM9800 system as reported
previously.!® For this study, the film thickness was about
15 nm. The samples were annealed by Oy or N2 O plasma an-
nealing at 350°C for 30 min. The plasma annealing was per-
formed in a commercial plasma enhanced chemical vapour
deposition (PECVD) chamber. The pressure was 0.45 Torr.
The RF (13.56MHz) power used was 100W. Al dots
(200 nm) with a diameter of 1 mm were evaporated through a
shadow mask onto Tay O3 inside an electron beam evaporator.
With the surface covered by photoresist, the TasOs film de-
posited on the backside of the wafer during the LPMOCVD
process was then removed by chemical etching and Al was
evaporated to form a back contact. The photoresist on the top
surface was removed. Post-metallization annealing at 400°C
was performed in a furnace tube for 5 min in pure nitrogen.
Please note that previously we used post-metallization anneal-
ing at 400°C for 30 min in nitrogen to reduce the leakage cur-
rent of relatively thick TapOj films with a thickness of about
100 nm.'? For relatively thin TayOs films with a thickness of
about 15nm, the annealing time has to be reduced to only
Smin. The leakage current will be significantly higher for a
longer annealing time. The defect states in the samples were
characterized by ZBTSC technique previously developed by
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3. Results and Discussion

As previously discussed, the interfacial SiO, layer be-
tween TapyOs and Si is important because it can lower the
capacitance of the Ta;O5 capacitor. With the help of cross-
sectional transmission electron microscopy (XTEM), the in-
terfacial oxide thickness was found to be about 2.5nm for
an as-deposited sample, a sample with N,O plasma anneal-
ing and a sample with Oy plasma annealing. No increase in
the interfacial thickness due to the plasma annealing has been
yet detected. However, a film was observed on top of the
TapOs film with O, plasma annealing. We believe that this
film is a SiO,, film based on the experimental evidence dis-
cussed below. We observed that the capacitance of the sam-
ple with O, plasma annealing tends to be lower than that with
N0 plasma annealing by up to 20%. This is contradictory to
our experience with high-temperature RTA; a sample with O,
RTA tends to have higher capacitance compared to that with
N0 RTA.?

The ZBTSC results are shown in Fig. 1. In O, plasma an-
nealed films 2 peaks are observed, B and B’. B’ is a weak
peak and is deeper than B. It is presumed that shallower de-
fect states contribute more to leakage current than deeper de-
fect states so that defect B should be more important than B’
for the control of the leakage current. It has been consistently
observed that N, O annealed films have significantly fewer de-
fects B, as shown in Fig. 1. As shown in Figs. 2 and 3, the
room temperature I-V characteristics of the samples with O,
plasma annealing or N, O plasma annealing show clearly that
the leakage current of the sample with N,O plasma anneal-
ing is significantly lower for both polarities of the bias volt-
age. This reduction of leakage current can be easily correlated
with the lower density of B in samples with N>O plasma an-
nealing. Previously, we pointed out that defect B may be re-
lated to Si contamination.®’ Figure 4 shows the secondary ion
mass spectroscopy (SIMS) results for samples treated by O,
plasma and N3O plasma, respectively. The NoO plasma an-
nealed sample shows less Si contamination in the Ta;Os film
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Fig. 1. The ZBTSC spectra of Al/TazO0s/nt-Si with NoO plasma at

350°C for 30 min (solid line) and Oz plasma at 350°C for 30 min (bro-
ken line). A post-metallization annealing at 400°C was performed in a
furnace tube for S min in pure nitrogen.
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than the O, plasma annealed sample. Thus, the superiority of
N3O plasma annealing over Oy plasma annealing can be ex-
plained by a lower density of shallow defect states related to
Si contamination in TayOs films treated by N,O plasma an-
nealing. An alternative explanation based on oxygen vacan-
cies is also possible. Previously, we explained the superiority
of NoO RTA compared to O RTA by the lower energy re-
quired to break the nitrogen-oxygen bond in a N3O molecule
compared to the energy required to break the O=0 bond in
an O molecule.” By the same logic, it is expected that N,O
plasma will have a stronger oxidizing power than O, plasma.
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Fig. 2. The I-V characteristics of Al/Ta20s/n-Si with Oz plasma be-
fore post-metallization annealing (broken line with circle), with NoO
plasma before post-metallization annealing (solid line with circle), with
O2 plasma after post-metallization annealing (broken line), and with NoO
plasma after post-metallization annealing (solid line). Plasma anneal-
ing was performed at 350°C for 30 min. Post-metallization annealing at
400°C was performed in a furnace tube for 5min in pure nitrogen. The
polarity of the applied voltage was positive for the top Al contact.
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Fig. 3. The I-V characteristics of Al/TazOs/n*—Si with Oz plasma be-

fore post-metallization annealing (broken line with circle), with NoO
plasma before post-metallization annealing (solid line with circle), with
Og2 plasma after post-metallization annealing (broken line), and with N2O
plasma after post-metallization annealing (solid line). Plasma anneal-
ing was performed at 350°C for 30 min. Post-metallization annealing at
400°C was performed in a furnace tube for 5min in pure nitrogen. The
polarity of the applied voltage was negative for the top Al contact.
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Fig. 4. Secondary ion mass spectroscopy results for Si contamination in
N0 plasma at 350°C for 30 min (solid line), O2 plasma at 350°C for
30 min (broken line), and as-deposited sample at 350° C for 30 min (solid
line with circle). 39Sit ion were monitored during SIMS. Primary ion
beam is Oz and beam energy is 3 keV.

A stronger oxidizing power will reduce the defects related
to oxygen deficiency in the film. Previously, Aoyama et al.
pointed out that insufficiently oxidized Si contamination can
cause leakage current.” Hence, a stronger oxidizing power
and a lower level of Si contamination are two important fac-
tors for obtaining a low leakage current.

An interesting point can be observed from the SIMS re-
sults displayed in Fig. 4. The Tap;O5/St interface was shifted
by about 5 nm for the O, plasma annealed sample compared
to the as-deposited sample. This shift is almost negligible
for the N2O plasma annealed sample. This indicates that the
Ta,O5 film is apparently thicker for samples with O plasma
annealing. Our explanation is that a SiO,, layer was actually
formed on top of the TazO; film in the case of O, plasma an-
nealing. As shown in Fig. 4, the Si distribution shows a large
quantity of Si on the top surface of the TayOg film with Oy
plasma annealing. This SiO, layer was also faintly observed
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between the glue (used during XTEM characterization) and
the TayOs film with O3 plasma annealing. This formation of
a SiO; layer on top of the Ta;Os film was first observed by
a Japanese group during UV/O3 annealing of TayOs films at
a low-temperature of about or below 400°C.!*'" This was
explained by the oxygen enhanced diftusion of Si into Taz 05
under UV illumination. This effect has, till now, not been
observed for samples with N,O plasma annealing.
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