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Crystalline phase and microstructure control are critical for obtaining desired properties of Ta films deposited by
magnetron sputtering. Structure, phase evolution and properties of Ta films deposited by using hybrid high power impulse
magnetron sputtering (HiPIMS) and direct current magnetron sputtering (DCMS) under different fractions of DCMS power
were investigated, where Ta ion to Ta neutral ratios of the deposition flux were changed. The results revealed that the number
of Ta ions arriving on the substrate/growing film plays an important role in structure and phase evolution of Ta films. It can
effectively avoid the unstable arc discharge under low pressure and show a higher deposition rate by combining HiPIMS
and DCMS compared with only HiPIMS. Meanwhile, the high hardness a-Ta films can be directly deposited by hybrid
co-sputtering compared to those prepared by DCMS. In the co-sputtering technology, pure ¢-Ta phase films with extremely
fine, dense and uniform crystal grains were obtained, which showed smooth surface roughness (3.22 nm), low resistivity

(38.98 puQ-cm) and abnormal high hardness (17.64 GPa).

Keywords: hybrid sputtering, tantalum thin film, structure, hardness

PACS: 61.05.—a, 68.37.—d, 81.70.Bt, 52.65.Ww

1. Introduction

Tantalum (Ta) films are of interest for technological ap-
plications in microelectronics industry due to excellent phys-
ical and chemical properties.!!:?) Since non-equilibrium ther-
modynamic growth is inherent to film deposition, magnetron
sputtered Ta films can exhibit the stable BCC «a-phase and
metastable tetragonal -phase, or a mixture of two phases.
The ¢-Ta film with high hardness (8 GPa—12 GPa), high
melting point (7T, = 3000 °C), low resistivity (15 uQ - cm-
80 nuQ-cm), and high temperature wear resistance, is the can-
didate material in many applications such as tool coating, bar-
rel protective coating and Cu/Si diffusion barrier. The 3-Ta
film with higher hardness (18 GPa—20 GPa), higher resistivity
(150 pQ - cm-200 p-cm) but more brittleness can be used
as resistors and heaters. Unfortunately, 3-Ta phases are prone
to phase transition to o-Ta at high temperature, which affects
the performance of the Ta film. The coexistence of o and 3
phases in films also limited their usability. 3= Therefore, de-
position pure o-Ta films is critical for the studies of associated
films properties. Due to the lower hardness of pure o phase
deposited under different preparation methods and deposition
conditions, it is necessary to focus on seeking suitable depo-
sition conditions to obtain fine grain and higher hardness of
¢-Ta films.

Direct current magnetron sputtering (DCMS) and high-
power impulse magnetron sputtering (HiPIMS) are relatively
mature magnetron sputtering technologies for preparing Ta
thin films. In DCMS, the main feature is to provide good
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load performance and stable discharge at higher deposition
rate. However, only leading to 3-Ta film with inhomoge-
neous deposition, low density and porous columnar structures,
DCMS has a drawback that includes the low degree of ion-
ization (1%-3%).!?! High-power impulse magnetron sputter-
ing (HiPIMS), an IPVD technique combining magnetron sput-
tering and pulsed plasma discharges, is characterized by high
peak power density, plasma density and target ionization (up
to 90%) at a low duty cycle (below 10%) and a low frequency
(less than 2 kHz), which makes a high degree of ionization and
formation of dense, smooth and hard films, even deposition
on complex geometries.!>%%% Unfortunately, in HiPIMS, the
deposition rate is only 20%—40% of DCMS and the internal
stress and defects in the films can be caused by the unstable
arc discharge phenomenon (ARC) under low pressure./10-12]
More recently, the hybrid HIPIMS/DCMS co-sputtering have
begun to be used to surmount the defect of the pure HiPIMS
technique. For one thing, the mechanism of the “charge ex-
change” increases the plasma density effectively, as a result,
increasing the deposition rate of HiPIMS and improving more
efficient and accurate control of the bombardment conditions
providing. For another thing, the secondary plasmas produced
by DC discharging can effectively prevent the transition from
glow to arc in the ignition process of HiPIMS under low pres-
sure. Moreover, the co-sputtering technology is of great sig-
nificance in improving the quality of the films, refining the
grains and improving the compactness.!'>!3 Mattias ez al.['4]
and Zoita et al.'">! found that the deposition rate increased as

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

066101-1


http://dx.doi.org/10.1088/1674-1056/ac43a9
mailto:jdliuyansong@163.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 066101 (2022)

the proportion of DCMS by using DCMS and HiPIMS co-
sputtering, also the roughness, resistivity and electrochemi-
cal oxidation of the Cr films and titanium carbide films were
all improved. Gui et al.!'?! researching the TiAICIN ceramic
coatings by increasing the Ti target power found that higher
Ti target power resulted in stronger ion bombardment, which
emerges a denser structure and ultra-smooth surface. To our
knowledge, there were most of the co-sputtering to prepare the
films like TiN,!"®! TiAIN,[!213:17] and DLC-W ! by combin-
ing DCMS with HiPIMS together. Nevertheless, there were
few reports about DCMS/HiPIMS co-sputtering technology
for the preparation of Ta thin films in mechanical and elec-
trical properties, especially.

In this paper, Ta films were deposited by DCMS/HiPIMS
co-sputtering. The influence of DC powers fraction on the
phase structure, morphology, mechanical and electrical prop-
erties of Ta films was studied. In the end, this work demon-
strated that on the premise of realizing the structure of pure
«-Ta, it not only improved the deposition rate of the film, but
also surmounted some of drawbacks in HiPIMS to obtain high
density and hardness coatings, which is of great significance
to the protective coating and diffusion barrier layer.

2. Experiment

All depositions were completed in a JGP560 ultra-high
vacuum coating chamber equipped with two pure Ta targets
(99.95% purity, 76 mm diameter) setting 15 cm away from the
magnetron at room temperature in Fig. 1. Simultaneously, one
single Ta target (A) was driven by a high-power pulsed power
supply with the pulsed DC voltage of 650 V, the current of

1000 mA, the power of 150 W, and the repetition frequency
of 100 Hz, respectively. Another Ta target (B) was driven by
a DC power supply. In this study, for the sake of defending
the DCMS power supply from the influence of HiPIMS in-
stability, and ensuring the stability of the deposition process,
our experiment was carried out according to the parameters
shown in Table 1. Firstly, the deposition rates of DCMS at
100 W and HiPIMS at 150 W power calibrated before exper-
iment was 0.021 nm-s~! and 0.05 nm-s~!, respectively. And
then, in Table 1, at those deposition rates, the contribution pa-
rameters of DCMS to the Ta film thickness were set as 0%,
25%, 50%, 75%, and 100%. Ultimately, the DC powers cor-
responding to those proportions of 25%, 50%, and 75% were
calculated as 10 W, 30 W, and 89 W, respectively. The de-
position rates of the Ta films under different DC powers were
tested by the step meter in Fig. 2(a), and the deposition time
calculated for the thickness of 800 nm—1000 nm at the rates
were 15000 s, 11250 s, 7500 s, 3750 s, 4440 s, respectively.
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Fig. 1. Schematic of the deposition setup.

Table 1. Process parameters.

DC power ratio (%) DC power (W) HiPIMS power (W) Time (s) Deposition rate (nm-s™1)
0 0 150 15000 0.0504
25 10 150 11250 0.0762
50 30 150 7500 0.1516
75 89 150 3750 0.2441
100 100 0 4440 0.2093

The deposition rate was increased with the increase of
DCMS power under other conditions indicating that the loss
of HiPIMS deposition rate could be ameliorated by using addi-
tional DC power supply,!'*21 while it decreased at DC-100 W
because the only DC target was used without attaching HiP-
IMS and the sputtering power density was lower than that
with HIPIMS. The base pressure and working pressure were
5% 107° Pa and 0.5 Pa (Ar, 99.999%), respectively. Ta films
were deposited to Si wafers (10 mm x 10 mm x 0.5 mm) with
N (111) preferred orientation. All the substrates were ultra-
sonically cleaned with acetone and alcohol for 10 min, dried

with compressed air, and mounted on a substrate holder which

was supplied a rotation speed of 10 r/min and a negative DC
bias of 60 V for dominating the direction and energy of the
deposit to the substrate and improving film uniformity.[>2!-2?]

The crystal structures of Ta films were investigated by x-
ray diffraction (XRD) by using Rigaku SmartLab 9 kW with
Cu Ka radiation in grazing incidence (GIXRD, 0.5°). The
surface and cross-section of Ta films were detected by a field
emission scanning electron microscope (FE-SEM) by using
ZEISS sigma 500 (Zeiss, Germany) with BRUKER XFlash
6130. The thicknesses of the films were determined from the
cross-sectional SEM observation. Atomic force microscope
(AFM) was utilized to establish the three-dimensional topog-
raphy of the Ta films by using a Bruker Dimension Icon equip-
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ment (Billerica, Massachusetts, MA,USA). The hardness and
Young’s modulus of the films were measured by nanoindenta-
tion tester (U9820A Nano Indenter G200) by using the contin-
uous stiffness measurement (CSM). The resistivities of the Ta
films were measured by the Rts-8 four-point probe method.

0.25 L (@) 0.2441
‘@
£ o020} 0.2093
= 0.1513
g 015}
=1
2
=
7 010f
] 0.0762
A
0051 4 5504
0 20 40 60 80 100
PDC (W)
1000
(b) 5(202)
B(410) B(413)
. 800 B(002) Ppc=100W
2 a(110)
3 JL Ppo=89W
=] b=
; 600 a(110) Ppc=30W
r—c% a(%li) (220))
- 400+ a(110) a(211) Ppo= 10W
2
% a(211))
g 200 F SN Too = OW
=1
= | 1 I
Ok . .||||”| [TV | W
20 30 40 50 60 70 80 90
20 (°)

Fig. 2. The deposition rate (a) and XRD diffraction pattern (b) of films at
different DC powers.

3. Results and discussion
3.1. Phase evolution of Ta films

Figure 2(b) shows the diffraction patterns (20°-90°) of
the Ta films with different DC powers. For DC-100 W, the
diffraction pattern showed preferred orientation (202) reflec-
tions at 38.78°, and weak (002), (410), and (413) reflections
at 34.14°, 36.50°, and 65.15° (JCPDS #00-025-1280), cor-
responding to pure -Ta. In addition, due to tensile stress,
the reflections moved to the higher diffraction angles.!>3! For
the HIPIMS/DCMS co-sputtering at a negative DC bias of
60V, the (110), (211), and (220) reflections located at 38.47°,
69.30°, and 82.53° (JCPDS #00-04-0788), respectively, corre-
sponding to pure ¢-Ta, which is corresponding to the discus-
sion from Lin ef al. ") that tantalum film prepared by HiPIMS
was ¢ structure when the negative bias voltage was 50 V or
greater. For DC-89 W, the film exhibits strong (110) and weak
(220) reflections, which shows a phase transformation from f3-
Ta to a-Ta. The a-Ta (110) peak moved to higher diffraction

angles (to smaller lattice spacing) as compared to the diffrac-

tion pattern standard indicating that most probably the devel-
opment of tensile stresses was caused in the Ta films for high
deposition rate and sputtering ion energy at higher DC sputter-
ing power such as 89 W. For DC-30 W, the intensity of o-Ta
(110) reflections decreased, while the weak (211) and (220)
reflections appeared. No obvious preferred orientation reflec-
tions were found. For DC-10 W and DC-0 W, the intensity of
a-Ta (110) reflections decrease further, while stronger (211)
reflections were found at 69.51°.

This tend agrees with the previous results that the number
of target ions arriving on the substrate/growing film was crit-
ical for the formation o-Ta.!'#! The results indicated that the
phase transformation from f3-Ta to -Ta just needs less than
25% Ta ions in co-sputtering. With decreasing DCMS powers
in co-sputtering, more Ta ions only led the preferred orienta-
tion changes from a-Ta (110) to a-Ta (211). This suggested
that the influence of ionized deposition flux on the observed
Ta film phase saturates when the ionic content exceed a certain
value.*! For DC-30 W, a-Ta appeared without preferred ori-
entation during the preferred orientation change, which means
the grains sizes were refined and the grains sizes were refined
due to the high density of nucleation sites.?+2!

3.2. Microstructure and morphology of Ta films

To further investigate the morphology changes, both the
surface and cross-section were examined by using FESEM in
Fig. 3. The thicknesses were about 760 nm, 820 nm, 840 nm,
890 nm, and 990 nm, respectively. For DC-100 W, large irreg-
ular spherical particles and a columnar morphology with some
crack-like features were found in Fig. 3(e), which corresponds
to the typical brittle fractures of the B-Ta.[”8! For DC-89 W,
the surface morphology was similar to Fig. 3(e), while it had
orderly arranged crystal grain structures with refined grains in
Fig. 3(d).!>'423] Combined with the above XRD analysis, the
structure of tantalum film was changed from f to &, and the
surface morphology was also changed from block to needle
by the addition of HiPIMS. The reason for this transition was
that the flux and energy of tantalum ions in the plasma were
increased by the addition of HiPIMS, and the grown tantalum
film would be bombarded by tantalum ions strongly and en-
ergetically, which leads to B towards o phase and change the
morphology. For DC-30 W, extremely fine, dense and uniform
crystal grains were obtained in Fig. 3(c), which is consistent
with XRD results. For DC-0 W or DCMS-10 W, dense and
uniform fine needle-like structures with smaller grains were
observed in Figs. 3(a) and 3(b), because of high index «-Ta

5,121 which is shown in

(211) preferred orientation reflection
Fig. 2(b). The change of morphology and microstructure cor-
responds to the increase in kinetic energy of sputtered metal

ions provided by the high sputtering metal ionization rate of
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HiPIMS as decreased DC powers. The a-phase film deposited
at DC-30 W had extremely fine and dense granular structure,
which was the typical characteristic of fine-grained structure.
AFM measurement was utilized to establish the three-
dimensional topography of the films in Fig. 4. The RMS
values (Fig. 4(a)) decreased from 4.14 nm to 1.78 nm as DC

power decreased from 100 W to O W. The surface of f-Ta films
deposited by DCMS present large irregular spherical particles,
which causes rougher surface. >3 As the DC power decreased,
the surface roughness decreased relatively due to the increased
ion bombardment. The RMS of the Ta film was 3.22 nm at
DC-30 W, relatively higher than that of DC-0 W (1.78 nm).

3.5

2.5

RMS (nm)

1.5

0 20 40 60 80 100

Ppg (W)

9.2 nm (e)

2 3

RMS: 3.22 nm

2

RMS: 1.78 nm

RMS: 3.42 nm

5.3 nm 6.3 nm

3
—6.5 nm

RMS: 2.01 nm

10.3 nm (e) 11.3 nm

—11.3 nm

(W)

RMS: 4.14 nm

Fig. 4. Surface roughness-roughness (a) and the 3D topography (b)—(f) of films at different DC powers.

3.3. Electrical and mechanical properties of Ta films

The electrical resistivity of Ta films was presented in
Fig. 5(a). It was found that the resistivity of the $-Ta film
prepared by DC-100 W was the highest. Additionally, the re-
sistivity of the a-Ta film prepared by DC-0 W was the low-
est. The resistivity decreased with decreasing DC powers, but
only a minor improvement was observed as DC power lower
than 30 W. This result was consistent with previous reports that
the electrical resistivity was primarily influenced by the phase
structures.'?”! Besides, the carrier mobility was also inversely
proportional to the film’s surface roughness, and the increase
in surface roughness also caused an increase in resistivity.

Figure 5(b) plotted the hardness and Young’s modulus
of films deposited at different DC powers. For DC-100 W
and 0 W, the hardness was 13.60 GPa and 11.41 GPa sep-
arately, which is consistent with the hardness characteristics
of B-Ta and «-Ta films respectively. In particular, the hard-
ness of tantalum film at DC-100 W was significantly lower
than that reported in the literature because of its great sput-
tering atoms ability on the film surface,!!%?*20] which at-
tributes to the grain growth of beta and the large surface
roughness.[28‘30] However, an abnormal hardness of Ta films
with a value of 17.64 GPa was found at DC-30 W. Combin-
ing XRD (Fig. 2(b)) and SEM (Fig. 3) results, it can be seen
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that the Ta film had extremely fine grains at DC-30 W. In the
recently published studies, the generous researches which con-
sidered on nanoindentation experiments by the molecular dy-
namics simulation, had shown that the mechanism of metals
plastic deformation was closely related to the high nucleation
and propagation ability of dislocations.®!=33 The main rea-
sons affecting the hardness and modulus of nanoindentation
were the nucleation and proliferation of dislocations in the
nanoindentation test probes for pure metal materials. 2341 Ac-
cording to the Hall-patch relationship, the diffusion and slip of
dislocations in the process of plastic deformation could be hin-
dered by the grain boundaries to form a large stress dislocation
field so that the ability of resisting plastic deformation was
improved.[>!%23] Notably, the strength and hardness of solid
films at DC-30 W were closely related to fine grain strength-
ening effect. The finer grains and the more grain boundaries
behaved so greater, the resistance to the movement of dislo-
cations and other defects that there was the higher of the film

hardness. 33371
120
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Fig. 5. The resistivity (a) and mechanical properties (b) of films at different
DC powers.

4. Conclusion

In this work, the pure a-Ta films with different mi-
crostructures and properties were successfully deposited by
DCMS/HiPIMS co-sputtering under different DC powers. The
results revealed that the number of Ta ions arriving on the sub-

strate/growing film played an important role in structure and
phase evolution of Ta films. By adjusting DCMS powers, hy-
brid co-sputtering behaved controlling Ta ion to Ta neutral ra-
tios of the deposition flux, which has an important effect on
crystalline phase and microstructure of Ta films. Pure o-Ta
phase films with extremely fine, dense and uniform crystal
grains were obtained, which shows abnormal high hardness
(17.64 GPa). Compared with other past researches, three ad-
vantages of this DCMS/HiPIMS co-sputtering strategy were
found for Ta deposition: (i) phase control and grain refine-
ment, (ii) higher deposition rate, and (iii) suppress the ARC
phenomenon of HiPIMS under low working pressure. It will
open up for interesting research for specific applications with
regard to ion content and deposition rate.
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