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Discrete p-Ta,O; crystallite formation in
reactively sputtered amorphous thin films
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The crystallization of thin amorphous TaO, films formed by d.c. reactive sputtering was
investigated at temperatures from 500-700 °C. The films remained amorphous for times up
to 100 h at 500 °C. The formation of discrete, single crystallites of the orthorhombic B-Ta,0s
phase was observed after annealing at 600 °C for times from 8-108 h. The crystallites were
0.35um x 0.35um after 8 h and grew to approximately 2.5 um x 2.0 um after 108 h. A (200)
fibre texture with a 6° spread was observed. More rapid in-plane growth in the [0 10]
direction resulted in a near-rectangular shape and is attributed to a ledge growth
mechanism. Higher temperature anneals at 650 and 700 °C produced less-textured
polycrystalline films with remnant amorphous regions. © 7998 Kluwer Academic Publishers

1. Introduction

Thin ceramic films are being pursued as a dielectric in
a variety of solid-state applications [1,2]. Ta,Os is one
such candidate material that is considered in this
paper. A variety of properties is important to the
performance and reliability of such dielectric films
[3,4]: dielectric constant [2], loss tangent, breakdown
strength, and leakage current. The microstructure
from the unit-cell scale to a length scale of the order of
the film thickness strongly affects these properties.
Examples of important attributes are defect structures
and chemistry (e.g. Ta/O ratio). Because the films can
be deposited in either amorphous or crystalline forms,
the extent of crystallinity is fundamental to the behav-
iour of these films.

Processing studies have used several techniques to
grow Ta,Oj; thin films: reactive sputtering [ 1-6], tan-
talum evaporation followed by thermal oxidation [7],
sputtered tantalum followed by anodization [8-10],
and chemical vapour deposition (CVD) [11,12].
The highest processing temperature that retains the
amorphous structure depends on the method of de-
position: 300-350 °C for reactive sputtering [1,2], and
600°C for metalorganic CVD [11]. Room-temper-
ature reactive sputtering always produces an amorph-
ous structure [1-4], while anodization of tantalum
results in “microcrystalline” regions [8,9]. For ther-
mal treatments subsequent to deposition, the only
evidence cited for the crystallization of amorphous
Ta,O5 below 600 °C was for a 580 °C/15 h anneal [7].

In the present work, the crystallization of amorph-
ous, reactively sputtered thin films of Ta,O5 has been
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investigated. The morphology of the crystallized re-
gions has been correlated with annealing time at
600 °C, and the kinetics of the crystallization process
were deduced and related to the crystallite morpho-
logy. The crystallographic anisotropy of the crystal-

lites has been emphasized, and crystallization
behaviour at higher temperatures was briefly
considered.

2. Experimental procedures

Amorphous TaO, thin films were deposited on (100)
silicon wafers by a reactive d.c. sputtering technique
[6]. Argon and oxygen were introduced directly into
the chamber to give a total gas flow of 10 standard
cm®min~!. The Ar/O, ratio was fixed to produce a
TaO, stoichiometry near Ta,Os. Deposition para-
meters were a base vacuum pressure of 5.3 x 10 * Pa
prior to deposition and a 3 Pa (23 m torr) working gas
pressure during the deposition. The sputtering voltage
was 1000V, and the plasma current was 50 mA. Al-
though there was no intentional substrate heating, the
substrate temperature was measured to be approxim-
ately 10°C lower than the target temperature, which
was 190-200 °C. The film thickness was 60—250 nm as
measured by ellipsometry following the deposition.
The most extensive annealing study was done at
600 °C on a 100 nm film.

The post-deposition heat treatments were per-
formed in air using a Thermolyne Type 48000 Furnace
with a ramp rate of approximately 20 °C min~*. Con-
ditions were temperatures of 500, 600, 650, and 700 °C
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for time intervals of 0.5-108 h. A separate sample was
used for each annealing temperature, but at a particu-
lar temperature, the same sample was annealed at
successive times. Bragg—Brentano X-ray diffraction
scans were obtained on a Scintag PTS 2000 diffracto-
meter. Texture was determined on a Siemens pole
figure diffractometer using the Schultz reflection tech-
nique [13]. All X-ray diffraction analyses used Cuk,
radiation. Samples for transmission electron micro-
scopy (TEM) were prepared by standard techniques,
including ion milling, and examined in a Jeol JEM-
100CX II electron microscope at an operating voltage
of 100kV by both bright-field illumination and
selected-area diffraction.

3. Results and discussion

3.1. General observations

The film crystallinity following anneals at various
temperatures is summarized in Table 1. The most
unique finding was the presence of discrete, individual
crystallites of B-Ta,Os, which had nucleated and
grown after an 8h anneal at 600 °C. Initially, the
crystallites were nearly square in shape (Fig. 1 shows
the crystallites after 24h) but became progressively
rectangular (“bow-tie” shaped) for longer annealing
times up to 108 h (Fig. 2a).

Crystallization greatly accelerates with increasing
temperature where the crystalline fraction is substan-
tial after 4 h at 650 °C and is essentially complete after
0.5h at 700 °C. Although most of the film volume at
700 °C is polycrystalline, the presence of amorphous
regions, as seen in Fig. 3, is confirmed by selected-area
diffraction. Bragg—Brentano scans for 650 and 700 °C
samples reveal multiple diffraction peaks between 26
angles of 20° and 50°, indicating that a strong texture
is no longer present. Multiple diffraction peaks have
also have observed for films processed at higher tem-
peratures by CVD [117, by high-temperature reactive
sputtering [1,2], and by reactive sputtering followed
by annealing [7]. In addition, a strong texture forms
at the lowest processing temperature to produce a cry-
stalline film. A change in nucleation mechanism from
one dominant orientation at low crystallization tem-
perature to multiple orientations at high temper-
atures, might be responsible.

3.2. Crystallography

An early study [14] interpreted the X-ray diffraction
data for the low-temperature Ta,O5 phase, commonly
referred to as either B-Ta,O5 or L-Ta,Os, as equiva-
lently orthorhombic and monoclinic. Subsequent

TABLE I Summary of results on the formation of B-Ta,Os5

Figure 1 Bright-field transmission electron micrograph of 100 nm
thick Ta,Os film annealed for 24 h at 600 °C. The film is primarily
amorphous with some square to slightly rectangular crystallites.

Figure 2 Near rectangular (“bow-tie”) crystallite of Ta,O5 formed
by an anneal at 600 °C for 108 h. (a) Bright-field showing crystallo-
graphic orientation along the major axes; (b) selected-area diffrac-
tion of the crystallite, which was used to determine the orientation.

Temperature (°C) Time (h) Thickness (nm) Results

500 4-100 60 Amorphous

600 2-4 100 Amorphous

600 8-108 100 Discrete crystals in amorphous matrix
650 4 250 Polycrystalline with amorphous regions
700 0.5 55 Polycrystalline with amorphous regions
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Figure 3 Bright-field transmission electron micrograph for an
anneal of 0.5h at 700 °C. A crystallized area split by an amorphous
band is shown.

work has used either the monoclinic notation [1,2] or
the orthorhombic notation [4,7,11,12] to represent
the low-temperature Ta,Os phase. Two studies
[14,15] defined an orthorhombic subcell with
approximate lattice parameters of a = 0.620 nm,
b'=0.366nm, and ¢ = 0.389nm. The lattice para-
meters for the complete unit cell [15,16] are
a=0.620nm, b = 0.429nm, and ¢ = 0.389 nm. Fur-
thermore, the b lattice parameter varies by a multipli-
cative factor of 11 or 14 relative to the subunit cell size
[17]. Williams and co-workers [18-20] have studied
the variation in the b lattice parameter with the addi-
tion of Al,O3, TiO,, ZrO,, WO3, or HfO, and were
able to correlate the lattice constant variations with
temperature, deposition conditions, and impurity con-
tent. The orthorhombic crystal structure is presumed
in this study, so all crystallographic indices will be
based on the a, b, and ¢ lattice parameters.

Because a variation in the b lattice parameter is
reported [18-20], the interplanar spacing was deter-
mined from multiple electron diffraction patterns of
discrete single crystallites. The value of the b lattice
parameter ranges from 3.7353 to 4.2120nm with an
average of 3.999 nm. In relation to the reported subcell
lattice parameter of b = 0.366 nm, a multiplicative fac-
tor between 10.2 and 11.5 is calculated. This is in
reasonable agreement with the reported literature
multiplicative values of 11-14 [18-20]. Although
a range of b lattice parameters was observed, the
average was only ~0.7% lower than the currently
accepted value of 4.029 nm [16].

3.3. Crystallite texture

Specific crystallographic relationships are associated
with the nucleation and growth of the Ta,O5 crystal-
lites at 600 °C. From the Bragg—Brentano scans, only
the (200) planes at 20 = 28.8° diffract, indicating that
these planes must be oriented parallel to the sub-
strate/film surface; this relationship was confirmed by
TEM. The spread of the (20 0)-oriented crystallites in
a sample annealed for 76 h was measured by texture
analysis. An (1 11 0) pole figure scan was obtained, but
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Figure 4 (1110) fibre texture plot of Ta,O5 film annealed for 76 h
at 600 °C.

the proximity of several other diffraction peaks [16]
means that signals from the nearby peaks might con-
tribute. Despite the crystallization on a single-crystal
substrate, no in-plane orientation of the crystallites
was found. The presence of a fibre texture is supported
by the TEM observations of discrete crystallites with
random in-plane orientation. The texture results are
presented in Fig. 4 as a fibre texture plot [21,22],
where the tilt angle ¢ is 0° normal to the film and 90°
in the plane of the film. The results show a strong
(1110) orientation at a tilt angle of 56°, which is close
to the 59° interplanar angle between (200) and
(1110). The smaller component about ¢ = 0° repres-
ents some impingement of the (200) peak, which is
expected to contribute at that location for a (200)
fibre texture. The presence of the (1 110) planes was
verified with TEM electron diffraction by rotating off
the 0° tilt angle. A tight (200) orientation distribution
with a spread about the ideal orientation of approxim-
ately 6° is observed. Other studies [1,2] of reactively
sputtered films have used Bragg-Brentano peaks to
infer a dominant (2 00) texture.

The B-Ta,O5 phase appears as discrete crystallites
in an otherwise amorphous matrix, so selected-area
diffraction is able to establish the in-plane crystallo-
graphic directions associated with crystallite edges.
A transmission electron micrograph (Fig. 2a) and cor-
responding electron diffraction pattern (Fig. 2b) were
directly compared using a rotation calibration, which
resulted in the [001] and [01 0] directions indicated
on Fig. 2a. Thus, the macroscopic growth rate of
[010] exceeds that of [00 1]. The growth anisotropy
is quantified by plotting the time dependence of the
length and the width dimension in Fig. 5. The growth
rate is 10.3 and S5.1nmh™! for [010] and [001],
respectively. After 108 h, faceting along the crystallite
edge is apparent as wide steps and short step heights.
The crystallites are much larger than the thickness of
the film, even for short times and low fractions of
crystallization, so the growth is two-dimensional.

3.4. Crystallization kinetics

After 100 h at 500 °C, a 60 nm film remains amorphous
as confirmed both by TEM electron diffraction and by
X-ray diffraction. At 600 °C, no crystallization was
evident in a 100 nm film after 4 h, but discrete single

4377



| | P
2 L Length —
s i
s ] °
1 / o o Wi
Width
]
I éo/
-8
0 1 1 1 1 1
0 20 40 60 80 100 120

Time (hours)

Figure 5 Dimensions of crystallites along major directions for
anneals at 600 °C.

TABLE II Crystallite formation in B-Ta,O5 at 600 °C

Annealing time Area crystallized
(h) (%)

Crystallite number
density (um~?)

8 1.1 0.13
24 3.8 0.12
44 6.3 0.06
76 16.0 0.10

108 28.2 0.05

crystallites extending through the film thickness were
apparent after 8 h. This implies that the time to grow
a nucleus through the film thickness at 600 °C is short.
The number density decreased slightly for anneals up
to 108 h, as seen in Table II, which could be due to the
growth of some existing crystallites to impingement as
the crystallized volume fraction increases. The growth
data at 600 °C were fit to the Johnson—-Mehl-Avrami
(JMA) equation [23-26]

X =1—exp(—Kt") (1)

where X is the fraction crystallized, K is a temper-
ature-dependent scaling factor which carries the ac-
tivation energy, t is time, and n is a time exponent. The
JMA plot is shown in Fig. 6, where n is calculated to
be 1.3, and K =2x 108,

The exponent in the JMA equation often reflects the
kinetic process(es) that is/are occurring [27]. Because
the number density of crystallites does not increase
with time, a condition of site saturation (zero nuclea-
tion rate during growth) exists. Furthermore, inter-
face-controlled growth should dominate, because no
long-range diffusion is involved. A rearrangement at
the crystallite/amorphous matrix interface most likely
occurs, given the structural similarity of amorphous
tantalum oxide compared to the crystalline form [10].
The exponent is now expected to scale with the dimen-
sionality of growth [28], i.e. nis 3, 2, or 1 for three-
dimensional, two-dimensional, or one-dimensional
growth, respectively. Such behaviour was demon-
strated for three-dimensional crystallization with site
saturation in cordierite [29], where n = 3 was found.
In this study, the growth of the crystallites is quasi-
one-dimensional. Ledges or steps nucleate at the
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Figure 6 Plot of crystallization data from Table II to determine the
exponent in the Johnson-Mehl-Avrami equation.

amorphous/crystalline interface and propagate
laterally along the interface. The processes along the
macroscopically faster growing (0 1 0) face are control-
ling, where easy nucleation of (010)-faced ledges
and/or rapid propagation of the ledge along the
[00 1] direction occur. The “bow-tie” shape develops
because the termination of ledges at the corner ex-
tends the short dimension of the crystallite. The
roughness and steps observed along the [00 1] face in
Fig. 2a support this interpretation. Thickening in the
[00 17 direction occurs both as a consequence of the
[010] face growth and by the nucleation of (00 1)-
faced steps and their propagation along [010].
Clearly, the latter process on the (00 1) face is more
difficult and slower than along the faster growing
(010) face.

The {00 1} interfaces have substantially lower inter-
facial energy than other crystallographic orientations.
The substrate/TaO(100) and/or ambient/TaO,
(100) is preferred for crystallite nucleation at 600 °C.
The cusp of the interfacial energy orientation depend-
ence on the Wulff plot must be quite deep and sharp
because of the modest 6° spread about (100). Like-
wise, the (010) and (001) faces, interfaced with
amorphous TaO,, have minima in interfacial energy.
The equilibrium crystallite shape should reflect the
ratio of interfacial energies, ie. Yo1)/Y©10)~1.3.
However, the differences in interfacial nucleation and
growth means that the equilibrium shape is not
achieved. A relationship 7Yo01)~V10) 1S more
likely, given the nearly square shape of the crystallites
soon after nucleation. The aforementioned kinetic
growth factors are responsible for the non-equilibrium
shape [30].

The nucleation event was not isolated in this study,
so it is not known whether nucleation occurs at the
ambient/film or the silicon/film interface. However,
surface nucleation is inferred because the random
in-plane crystallite orientation lacks a substrate influ-
ence. If the crystallites nucleated at the Si(00 1) inter-
face, some in-plane orientation might be expected.
Furthermore, surface nucleation resulting in a prefer-
red orientation is an established mechanism in the
crystallization of glass-ceramics [31].



Cracks in the crystallites, but not in the amorphous
regions, were commonly observed and are seen in
Fig. 2a as discontinuities in the thickness fringes. The
films are under a high tensile stress in the as-deposited
condition, which becomes greater as crystallization
proceeds [32]. Volume contraction due to reduction
of free volume during crystallization could contribute
to the high stress [33]. Steps and other discontinuities
could also concentrate the stress, serving as crack
initiation sites. Defects such as pinholes [ 5] and cracks
[4] are known to develop after annealing at tem-
peratures high enough to induce crystallization. A
consequence of the cracks is a substantial decrease in
dielectric strength.

4. Conclusion

The formation of discrete B-Ta,O5 crystallites occur-
red by annealing a reactively sputtered film in air at
600 °C for times between 8 and 108 h. The crystallites
were nearly rectangular in shape and extended
through the thickness of the 100 nm films. The prefer-
red orientation of the crystallites was (200) in a fibre
texture with a 6° spread. An in-plane slow growth
direction of [00 1] was found for discrete crystallites.
Growth was quasi-one-dimensional and followed
Johnson—Mehl-Avrami kinetics with a time exponent
of 1.3. For a 100 h anneal at 500 °C, the films remained
completely amorphous. At higher temperatures of 650
and 700 °C, the films were polycrystalline due to the
impingement of the discrete crystallites with some
residual amorphous regions. The behaviour of Ta,Oj5
films in this study is consistent with other studies on
Ta,Os films, indicating that crystallization behaviour
is not very sensitive to the specific deposition
conditions.
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