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The improvement in the insulating properties of CVD- Ta205 film by 2-
step annealing with UV-05 then dry-0,, is explained by analyzing the

structure using low glanc1ng angle X-rays,

addition by UV-
confirmed by XPS.

, corresponding to reducing number of oxygen vacancies,

SR-EXAFS, and XPS. Oxygen

is

X-ray and EXAFS analysis show that shorter Ta-0 bond

length and higher oxygen coordination number as usual is formed in
crystallized 10 nm—thick CVD—TaZOS film treated by the 2-step annealing.

Introduction

We have reported a new fabrication

technique of extremely thin Ta,05 film using
LPCVD with Ta(OCZH ) followeg by 2-step
annealing of UV-04 and dry 0,.(1) The film

was applied as a storage dielectric to
fabricate 1.5V-operated 64 Mbit DRAMs.(2)
The insulating characteristics of the film,
leakage current and defect density, were
found to be improved dramatically by the 2-
step annealing.

In this paper, new detailed explanations
of the film structure and current conduction
mechanism are given for every step of
annealing. Low glancing angle X-ray
diffraction, SR-EXAFS, XPS, and electrical
measurements are used to determine the effect
of oxygen addition on the structural and
electrical properties of 10 nm-thick Ta,0
films equivalent to 3 nm-thick 8102 film.

Experimental Procedure

Structures of Ta 05 films after every step
of annealing were estimated by low glancing
angle X-ray diffraction, SR-EXAFS and XPS.
In the low glancing angle X-ray measurement,
a glancing angle was set at 1° for obtaining
sufficient signal intensity. In the EXAFS
measuments, X-ray beam generated by SOR ring
was used, which is effective for structural
analysis of extremely thin film. The EXAFS
spectra of thin Ta,05 films on single crystal
silicon were measured near the tantalum
L(III) absorption edge. In capacitors for the
electrical mesurement, Ta,0g film was
deposited on phosphorus-doped polycrystalline
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silicon and exposed to one of the following
annealing processes: UV-05, DRY- O , or 2-step
annealing. After that, w—gate was fabrlcated.
The UV-0, annealing was took place in an
ozone (9-percent volume)/oxygen mixture
radiated by a mercury lamp at 300°C. The dry-
annealing was done in a dry oxvygen
aggmosphere at 800°%C. The 2-step annealing
involved the UV—O3 followed by the dry-0,.

Results and Discussions

Low glancing angle(a=1° ) X-ray diffraction
spectra (Fig.l) show that the 10 nm-thick
CVD-Ta,05 film after UV- 03 annealing is
amorphous, and that the crystal phase of
Tap 05 appears after the subsequent dry- 0,
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Fig.l X-ray diffraction patterns of 10 nm-
thick UV- O annealed and 2-step
annealed CVD—T3205 film.
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Dependence of average coordination number
and average Ta-0 bond length in 10 nm-thick
Tay0g film on annealing temperature in dry-0
atomosphere with UV—O3 pretreated or no
pretreated film.

annealing. An assignment of this diffraction
spectra was achieved by considering results
of an EXAFS analysis. Figure 2 shows
dependences of average Ta-0 bond length and
average coordination number of oxygen atom to
Ta atom in 10 nm-thick Ta205 film on
annealing temperature in dry—Oz atmosphere.

It is noted that much higher coordination
number is observed in the 10 nm-thick
crystallized film than that of L-Ta,0

crystal form usually observed in bulk. .Thus
the crystal form seems to be peculiar to thin
film region. Considering with the diffraction
spectra and approximately 8 coordination
number in UV-0, treated film, the crystal
form seems to be &-Ta 0 5 (hexagonal) among
tantalum oxide crystal gorms still reported .

Concerned with effect of UV-05 treatment for
structure, UV-05 pre-treatment promote
remarkable shortening of Ta-0 bond length and
increase in coordination number® in the 2-
step annealed film as shown in Fig.2. Thus,

UV—O3 treatement seems to form precusor in

amorphous state for the growth of the crystal
form having extremely tight chemical bonds by
reparing oygen deficients.
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Fig.3 Dependence of lattice constant and E £
of 10 nm and 20 nm—thick CVD-Ta,05 film
on UV-05 annealing time.

{Inset:Structure of 6—Ta2 05
unit cell)

(hexagonal)

Figure 3 shows changes in lattice
constants and effective electric field Eef
of the 2-step annealed 10 and 20 nm—thlcﬁ
CVD-Tay0g films versus UV-0; annealing time.
Lattice constants are estimated by assuming
that crystal form is &-Ta 05 and unit cell
censist of one molecule. For the 20 nm film,
both a and ¢ decrease with annealing time and
the corresponding increase in E was
observed. Noted here that lattice constant c
levels off after about 30 mins of annealing,
although Eogs continues to increase. Thus,
the increase in E is mainly attributed to
the shortening of lattice constant a. These
relationships can be explained by the crystal
structure of Ta,05, especially by the oxygen
chemical bonds. For oxygen bonds to Ta atoms,
there are two types of oxygen position O(I)
and O(II) in the cell (inset in Fig.2).
Lattice constant a corresponds to the
distance of Ta-Ta, which can be determined
from the bond length Ta-0(I) or O(1)-0(1),
and c corresponds to the Ta-0(II)-Ta chain
length. A shorter lattice constant a implies
that the bond length of either Ta-0(I) or
0(I)-0(I) is shorter due to the stronger
covalency. Oxygen vacancies, left in the
amorphous film after the UV—03 treatment,
show a tendency to take position at O(I)
rather than O(II) during the crystallization.
Thus, longer UV—03 treatment reduces the
density of oxygen vacancies in the amorphous
film, resulting in a higher filling
probability of an oxygen atom at O(I) in the
crystallized film. On the other hand, the
filling probability of an oxygen atoms at
O(II) is estimated tc be very high initially
and remain almost unchanged with increasing
annealing time. Thus, the increase in Egff is
thought to be achieved by adding oxygen to
the vacancies at 0(I). The following results
obtained by XPS support this model.
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Fig.4 Shift of 0/Ta atomic ratio in 20 nm-
thick CVD-Ta 05 film as a function of
UV~03 annealing time.

Figure 4 shows the shift in 0/Ta ratio
in the film versus UV-0; annealing time; the
ratio is derived from the ratio of Ta,. peak
intensity to O s peak intensity in XPS
spectra. The amount of oxXygen starts to
increase after UV-0, for 30 mins and is 0.8%
higher than the as-deposited film after 200
mins. Thus, activated oxygen atoms produced
by the Uv-05 are thought to diffuse into the
Ta,0c film and fill the vacancies.

Finally, the effects of the oxygen
addition on the current conduction mechanism
are described. In the amorphous film, the
current conduction mechanism gradually
changes from the modified Poole-Frenkel (a=2)
to the normal Poole-Frenkel(a=1) as the
number of oxygen vacancies decreases (Fig.5).
The distribution of E off 1S very wide due to
the wide distribution of oxygen vacancies in
the film (Fig.6). In the crystallized film,
current conduction is thought to be due to
trap assisted tunneling because tunneling
current is drastically reduced by adding
oxygen(FIG.5). Noted that a sharp
distribution of E_¢r is obtained due to the
oxygen vacancies moving to the Q(I) positions
during crystallization (Fig.6).

Conclusion

This study shows that an effective
process for controlling oxygen vacancies in
CVD-Ta O films, such as oxygen addition and
crysta%llzatlon by 2-step annealing, gives
good insulating properties.

Acknowledgment

The authors would l1ike to thank Asao
Nakano's group for SR-EXAFS measurements.

Three dimensional Poole-Frenkel process

za, B2 (BEV/2 — 1)exp.(pEl/%/a)
o, :conslant
B = 12.87 at room temperature

a=1 normal Pool-Frenkel process
a=2 modified Pool-Frenkel process
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Leakage Current Characteristics of CVD- Ta20=
film and the I-V relationship for three-
dimensional Poole-Frenkel praocess.
{inset:three dimensional Poole-Frenkel plot)
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