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Ta filmswere sputtered onto a glass substrate with thicknesses from 500 Å to 1500 Å under the following conditions: (a) as-deposited
filmsweremaintained at room temperature (RT), (b) filmswere postannealed at𝑇

𝐴
= 150

∘C for 1 h, and (c) filmswere postannealed
at 𝑇
𝐴
= 250

∘C for 1 h. X-ray diffraction (XRD) results revealed that the Ta films had a body-centered cubic (BCC) structure.
Postannealing conditions and thicker Ta films exhibited a stronger Ta (110) crystallization than as-deposited and thinner films.The
nanoindention results revealed that Ta thin films are sensitive to mean grain size, including a valuable hardness (𝐻) and Young’s
modulus (𝐸). High nanomechanical properties of as-deposited and thinner films can be investigated by grain refinement, which is
consistent with the Hall-Petch effect.The surface energy of as-deposited Ta films was higher than that in postannealing treatments.
The adhesion of as-deposited Ta films was stronger than postannealing treatments because of crystalline degree effect.Themaximal
𝐻 and 𝐸 and the optimal adhesion of an as-deposited 500-Å-thick Ta film were 15.6GPa, 180GPa, and 51.56mJ/mm2, respectively,
suggesting that a 500-Å-thick Ta thin film can be used in seed and protective layer applications.

1. Introduction

The study of Ta performance is noteworthy because it is
a crucial material. Ta is generally inserted as a seed layer,
buffer layer, capping layer, and protective layer in a multi-
layered structure, which can be used extensively in magne-
toresistance random access memory (MRAM) and semicon-
ductor applications [1–5]. It is compatible with the semi-
conductor process and can also be used as a predeposited
layer on substrate or combined with other layers in the
epitaxial system, such as Ta/CoCrPt, Ta/Co, and Ta/SiO

2
/Si

systems [6–8]. The superior Ta seed layer needs to have
high mechanical properties and strong adhesion, including
high hardness (𝐻), Young’s modulus (𝐸), and surface energy
because Ta seed layer is usually deposited and combined
with other layers. Moreover, the performance of Ta-seed
multilayered structure is sensitive to a temperate environ-
ment. However, few studies have focused on the hardness,
Young’smodulus, contact angle, surface energy, and adhesion
properties of Ta thin films at room temperature (RT) and
postannealing temperature conditions. These few studies

only investigated about magnetic and electrical properties
of Ta seed multilayered structure [2–4]. In order to justify
the contribution of the presented study, the nanomechanical
properties and adhesion of Ta thin films in as-deposited
and postannealing conditions are worth investigating in
detail.

An experimentwas conducted to determine the structure,
nanomechanical properties, and adhesion of Ta films with
X-ray diffraction (XRD), nanoindentation measurement,
and contact angle results. The nanoindentation observation
yielded considerable information on mechanical properties
(hardness and elastic modulus), based on analyses of load-
displacement curves [9–12].The results indicate that the high
nanomechanical properties of as-deposited and thinner films
can be investigated by grain refinement, which is consistent
with the Hall-Petch effect. Surface energy was calculated
by contact average angle to understand the adhesion of Ta
thin films. The surface energy of as-deposited Ta films was
higher than that in postannealing treatments. This indicates
that adhesion of as-deposited Ta films was stronger than
postannealing treatments because of crystalline degree effect.
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500 Å

(c)

Figure 1: XRD results for Ta films at three conditions. (a) Deposited at RT only, (b) postannealing at𝑇
𝐴
= 150∘C for 1 h, and (c) postannealing

at 𝑇
𝐴
= 250∘C for 1 h.

2. Experimental

Ta thin films were deposited onto a glass substrate by dc
magnetron sputtering, with thicknesses (𝑡

𝑓
) from 500 Å to

1500 Å, under the following three conditions: (a) substrate
temperature (𝑇

𝑠
) maintained at RT; (b) 𝑇

𝑠
= RT, followed

by postannealing at 𝑇
𝐴
= 150∘C for 1 h; (c) postannealing at

𝑇
𝐴
= 250

∘C for 1 h. The postannealing conditions are under
inert gas Argon (Ar) atmosphere at chamber pressure 2 ×
10−3 Torr. This procedure can solve the oxidation problem of
Ta surface [13]. The typical base chamber pressure exceeded
1.5 × 10−7 Torr, and the Ar working chamber pressure was
5 × 10−3 Torr. The structure of the Ta thin film was char-
acterized by using XRD with a CuK

𝛼1
line (Philips X’Pert).

The average grain size was estimated by full width at half
maximum (FWHM, 𝐵) and Scherrer’s formula.The hardness
and Young’s modulus of the Ta thin films were measured
using an MTS Nanoindenter XP with a Berkovich indenter.
Ta thin films can be used intensively in MRAM and/or
semiconductor applications. In MRAM applications, thin Ta
layerswith thicknesses below 100 Å are used as adhesion, such

as a seed and/or cap (protection) layer. In the present study,
Ta films with thicknesses in the range of 500 Å to 1500 Å
were investigated. In order to investigate nanomechanical
results of Ta thin films at nanoindention measured process,
the thicker Ta thickness is suitable than thinner thickness to
avoid substrate effect. An indentation load of 1mN was used
to limit the depth of penetration of the indenter to less than
10% of the film thickness.The indentation load was increased
in 40 steps, and the penetration depth was measured at each
step. Six indentations were investigated in each sample and
averaged for more accurate results with a standard deviation.
Moreover, the surface energy of the Ta films was calculated
from measurement of the contact angle, with water and
diiodomethane as test liquids. The surface energy is obtained
from the contact angle and some calculations [14–16].

3. Results and Discussion

Figure 1 shows the X-ray diffraction patterns of Ta films
under three conditions. Figures 1(a)–1(c) show the X-ray
results for the films formed at RT, with postannealing at
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Figure 2: FWHM (𝐵) of (110) peak as a function of thickness of Ta
thin films prepared under three conditions.

𝑇
𝐴
= 150

∘C and 𝑇
𝐴
= 250

∘C. XRD results indicated that
the Ta thin films have a body-centered cubic (BCC) structure.
This result indicates that Ta films include the substantial
crystalline peaks, with a highly crystalline (110) diffraction
peak and 𝛽-(200) peak at 1000 Å and 1500 Å, respectively,
under postannealing conditions. However, only main weak
(110) peak of Ta 500 Å was found at RT and postannealing
condition of 150∘C. The main (110) peaks with the weak 𝛽-
(200) peak were found at postannealing conditions of 250∘C
at 500 Å. Figure 1(a) shows that the as-deposited Ta film has a
weak crystallization of Ta (110) diffraction peak. Figures 1(b)-
1(c) show a multigrain crystalline phenomenon, including
(110) and 𝛽-(200) diffraction peaks. In addition, the thicker
thickness and postannealing treatment shown in Figures
1(b)-1(c) can induce stronger diffracted intensity than thinner
thickness and as-deposited treatment. The diffraction peaks
of the Ta thin films became more crystalline as the thickness
increased. Crystallization achieved by annealing treatment
exceeded that achieved at RT because thermal energy drives
grain growth.

The corresponding FWHM (𝐵) of the main Ta (110) peak
at three different thicknesses under three conditions is shown
in Figure 2. Scherrer’s relation was used to estimate mean
grain size because the Ta (110) of XRD diffraction result
indicated that the intensity of the peak was larger than 𝛽-Ta
(200) [17]. Figure 2 shows that weak crystallization occurred
under the as-deposited condition and thinner Ta film because
it yields a larger FWHM. In contrast, strong crystallization
occurred in the postannealing condition and thicker Ta film
because of a smaller FWHM.The FWHM for films formed at
RT and thin thickness was larger than that of films that have
undergone postannealing and thick thickness.

The mean crystalline grain size (𝐷) can be obtained from
the measured width of the diffraction peak under crystalline
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Figure 3: Mean grain size as a function of thickness of Ta thin films
prepared under three conditions.

quality of three conditions, using Scherrer’s formula for
estimation, as shown in Figure 3. Scherrer’s formula is listed
[17].

Consider the following:

𝐷 =
𝑘𝜆

𝐵 cos 𝜃
, (1)

where 𝑘 (0.9) is Scherrer’s constant, 𝜆 is the X-ray wavelength
of the CuK

𝛼1
line, 𝐵 is the relative value of the FWHM of the

(110) peak, and 𝜃 is the half angle of the diffraction peak. The
formula states that 𝐷 is proportional to 1/𝐵; thus, a larger
𝐵 corresponds to smaller grains. Scherrer’s formula yielded
mean grain sizes of 63 Å, 107 Å, and 178 Å for 1500-Å-thick Ta
thin films under the following conditions: (a) with a substrate
temperature (𝑇

𝑠
) maintained at RT; (b) after postannealing at

𝑇
𝐴
= 150∘C for 1 h; (c) after postannealing and heat annealing

at 𝑇
𝐴
= 250∘C for 1 h.

Figure 4(a) shows the hardness (𝐻) of Ta samples under
three conditions. Higher values of Ta films were observed
in as-deposited and thin Ta films because the grain-refined
effect induced the “Hall-Petch” phenomenon. Furthermore,
the same result of Young’s modulus (𝐸) of Ta films is shown
in Figure 4(b). Similarly, the larger values of Ta films occurred
in as-deposited and thin Ta films. It also suggests that
the “Hall-Petch” equation is suitable for fitting in the Ta
layer sufficiently. This indicates that the smaller grains can
enhance higher 𝐻 and 𝐸 values than larger grains, which
also explains a strong nanomechanical performance at as-
deposited and thinner films. The result of Ta thin films is
consistent with the CoFeB and NiFe thin films [18–20]. The
𝐻 and 𝐸 of Ta films declined as the thickness increased, and
the postannealing temperature was enhanced. Figure 4 shows
that the highest 𝐻 and 𝐸 of the Ta films were 15.6GPa and
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Figure 4: Nano-mechanical properties of Ta samples under three
conditions. (a) Hardness and (b) Young’s modulus.

180GPa, respectively, at 500 Å of the as-deposited Ta samples,
which can be adjusted for seed layer and capping layer
applications.

Hardness levels are known to be directly related to grain
size, as demonstrated by the Hall-Petch equation [21]:

𝐻 = 𝐻
𝑖
+ 𝑘𝐷
−1/2
. (2)

𝐻
𝑖
represents lattice friction stress, 𝑘 represents the Hall-

Petch constant, and 𝐷 represents the mean grain size.

This formula demonstrates that finer grains are associated
with more grain boundaries and induce greater mechanical
strength. Figures 5(a)–5(c) show that the dashed line is a
linear equation fitting plot at three conditions.TheHall-Petch
equation was used with linear fitting to obtain the result in
Figure 5(a)

𝐻 = 5.5 + 64.9𝐷
−1/2
. (3)

This equation uses a probable lattice friction stress of 5.5 GPa
and a Hall-Petch constant of 64.9GPa Å−1/2 for the as-
deposited Ta thin films, which is shown in Figure 5(a). The
Hall-Petch equation was also used with linear fitting to reach
the result in Figure 5(b)

𝐻 = 10.2 + 33.5𝐷
−1/2
. (4)

This equation uses a probable lattice friction stress of 10.2GPa
and a Hall-Petch constant of 33.5 GPa Å−1/2 for the postan-
nealed 150∘CTa thin films.Moreover, theHall-Petch equation
was also used with linear fitting to reach the result in
Figure 5(c)

𝐻 = 9.9 + 39.7𝐷
−1/2
. (5)

This equation uses a probable lattice friction stress of 9.9GPa
and a Hall-Petch constant of 39.7 GPa Å−1/2 for the postan-
nealed 250∘C Ta thin films. About the linear fitting discrep-
ancy in Figures 5(b)-5(c), it can be reasonably concluded
that the Berkovich indenter of MTS Nanoindenter XP at
nanoindention measured process touches some defects or
impurity and induces a linear fitting discrepancy. The slope
of the Hall-Petch equation at RT is larger than the Hall-Petch
equation using postannealing treatments, which indicates
that the refined grains at RT sufficiently and efficiently affect
the hardness levels. This result is consistent with the “Hall-
Petch” effect.

Figures 6(a)-6(b) show the contact angle results of Ta
films under three conditions with water and diiodomethane
as the test liquids.The contact angles of all films were smaller
than 90∘, which indicates that the Ta films are hydrophilic.
The trend of the contact angle shows that the as-deposited
thinner films were smaller than the postannealed thicker
films with water as the test liquid. In contrast, the trend of the
contact angle shows that the as-deposited thinner films were
larger than postannealed thicker films with diiodomethane
as the test liquid. Therefore, the various thicknesses, as-
deposited condition, and postannealing treatments were
sensitive to the contact angle because of crystalline degree of
films [22]. The corresponding surface energy of Ta films was
obtained by contact angle calculation, as shown in Figure 6(c)
[14–16]. This figure shows that the surface energy of as-
deposited thinner films was larger than that of postannealed
thicker films. It suggests that the weaker crystallization and
smaller mean grain size caused a high surface energy and
strong adhesion. The surface energy is a crucial index to
estimate the adhesion of films. The higher surface energy
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Figure 5: Experimental hardness as a function of mean grain size, fitted using the Hall-Petch equation. (a) Was deposited at RT only, (b)
postannealed at 150∘C for 1 h, and (c) postannealed at 250∘C for 1 h.

indicated that the film had a stronger adhesion. Based on
this result, the optimal surface energy was 51.56mJ/mm2 at
500 Å of the as-deposited Ta sample, which is suitable for use
as a seed layer and buffer layer in MRAM application and
semiconductor process.

4. Conclusion

In conclusion, the experiment revealed the nanomechanical
and adhesive properties of as-deposited and postannealed
Ta thin films of various thicknesses under three conditions.
The XRD structure and mean grain size show that strong
crystallization and a largemean grain size occurred under the

postannealing condition and thicker thickness.Moreover, the
high nanomechanical phenomenon of Ta films was observed
at the as-deposited condition and thin thickness, which
matched the “Hall-Petch” effect, and was suitable for use in
seed layer and capping layer applications because of grain
refinement. The highest surface energy and adhesion of Ta
films were obtained at 500 Å of as-deposited Ta film. Based
on the nanomechanical and adhesive properties, the optimal
Ta condition was observed at 500 Å of the as-deposited
Ta film, and the highest 𝐻, 𝐸, and surface energy were
15.6GPa, 180GPa, and 51.56mJ/mm2, respectively.Therefore,
it is suitable for combination with other layers or to protect
other films in magnetic field and semiconductor process
applications.
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Figure 6: Adhesion properties of Ta samples under three conditions. (a) Contact angle with test liquid water, (b) contact angle with test liquid
diiodomethane, and (c) surface energy.
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