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Abstract

High deposition rate titanium hafnium nitride (TiHfN) ultra-thin film deposition was successfully prepared by closed-
field dual-cathode DC unbalanced reactive magnetron sputtering. All prepared films were polycrystalline. The morphology
and atomic composition of the TiHfN ultra-thin film were characterized by field-emission scanning electron microscopy (FE-
SEM) and energy dispersive spectroscopy (EDS). The columnar structure could be promoted by increasing the deposition
time. Lastly, the surface-enhanced Raman scattering (SERS) activity was investigated by Rhodamine 6G (R6G) drop-dried
TiHfN ultra-thin film surface. The TiHfN ultra-thin films deposited at 20 s were found to have a high SERS activity, whose
detection of R6G molecule at 10-° M. The result could open preliminary studies on ternary transition metal nitride (TTMN)

thin films for the alternative plasmonic sensors as SERS chips.
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1. Introduction

Over the past decade, coating transition metal
nitride (TMN) thin films has attracted growing interest
from research and engineering due to their significance
in a wide industrial application for their high thermal
stability and excellent mechanical and tribological
properties (Maksakova et al., 2019; Chang et al., 2022;
Mareus et al., 2020) The TMN thin films such as
titanium nitride (TiN) and hafnium nitride (HfN) were
also of interest as alternative plasmonic materials for
reusable surface enhancement Raman scattering
(SERS) substrate due to their high electron conductivity,

high melting point, and cost-effective material
(Promjantuk et al., 2023; Beliaev et al., 2023,
Krajczewski et al., 2023; Sucheewa et al., 2022).
Moreover, the ternary transition metal nitride (TTMN)
films, i.e., titanium zirconium nitride (TiZrN) and
titanium  hafnium nitride (TiHfN), have great
significance to be explored as plasmonic materials
because of their excellent structural stability and
tunability in plasmonic properties (Ran et al., 2019;
Javed et al., 2023). Among them, the TiHfN thin film
gained interest because the TiN and HfN possessed high
electron conductivity, high melting point, and excellent


mailto:jedsada_19@hotmail.com

PHAE-NGAM ET AL
JCST Vol. 14 No. 3, September -December 2024, Article 48

SERS performance (Krajczewski et al., 2023; Sucheewa
et al., 2022); however, ternary TiHfN was rarely
reported.

Several deposition techniques have been used to
prepare TTMN thin film, including cathodic arc
deposition (Hasegawa, & Suzuki, 2004; Kaya, &
Ulutan, 2022), pulsed laser deposition (Cai et al., 2014),
and reactive magnetron sputtering performance (Phae-
ngam et al, 2019; Chiu et al, 2020). Reactive
magnetron sputtering was most common and famous for
depositing TTMN thin films. It has high reproducibility,
large surface area coating, easily adjustable deposition
parameters, and the ability to control the film
composition using a co-magnetron sputtering technigue.
However, two significant problems with preparing
nitride films by reactive sputtering were the low
deposition rate and difficulty promoting crystallinity.
Our previous report discusses the closed-field dual-
cathode DC unbalanced reactive magnetron sputtering,
offering a high deposition rate and crystalline TMMN
films without external heating or biasing during the film
deposition (Chaiyakun et al., 2020), which could be a
good candidate for the manufacturing process due to
reduced production costs and high productivity.

2. Objectives

In this study, the TiHfN ultra-thin films have
been deposited by the closed-field dual-cathode DC
unbalanced reactive magnetron sputtering. The effect of
deposition time on the crystal structure, morphology,
and chemical composition has been investigated. The
SERS activity of the prepared TiHfN ultra-thin films has
also been preliminarily investigated.

3. Materials and methods

The TiHfN ultra-thin films were deposited onto
silicon (100) wafer substrates by closed-field dual-
cathode DC unbalanced reactive magnetron sputtering
using 3-inch diameter Ti (99.95%) and Hf (99.95%).
The silicon substrates were cleaned by ultrasonic in
acetone, isopropanol, and DI water and blow-dried with
N before being loaded into the deposition chamber. The
argon (Ar) and nitrogen (N) were used as sputtering and
reactive gases and introduced into the deposition
chamber with gas flow rates at 10 and 2.5 sccm
(operated pressure at 3x10° mbar), respectively. Before
TiHfN ultra-thin film deposition, the deposition
chamber was pumped down to a base pressure of 5x10°
® mbar using a series of diffusion and mechanical rotary
pumps. The sputtering currents of Ti and Hf targets were
set at 250 mA and 1.5 A, respectively. The deposition
times were varied from 5 to 20 sec. Further details on

the sputtering cathode part and closed-field dual-
cathode DC unbalanced magnetron sputtering system
design were reported in the previous publication
(Chaiyakun et al., 2020).

Table 1 Deposition condition of sputtered TiHfN ultra-thin
films by closed-field dual-cathode DC unbalanced reactive
magnetron sputtering

Deposition parameter

Based pressure 5x10° mbar
Operated pressure 3x10° mbar
N2 flow rate 2.5 sccm
Ar flow rate 10.0 sccm
Ti sputtering current 150 mA
Hf sputtering current 15A
Deposition time 5-20 s

The morphology of TiHfN ultra-thin films was
examined by field-emission scanning electron
microscopy (FESEM; Hitachi, SU8030). The film
crystallinity was characterized by grazing incidence
X-ray diffraction (GIXRD; RigakuTtraz Ill). The
compositions of the TiHfN ultra-thin films were
investigated using energy dispersive spectroscopy
(EDS). Lastly, the SERS measurement, 2.0 uL droplets
of the R6G aqueous solution with different
concentrations were dropped onto the prepared samples
and then dried at room temperature. The dried analyte
solutions were analyzed with a Horiba LabRam HR
Evolution with a 532 nm laser excitation at 0.44 mW.
The objective lens and exposure time were 10X and 5 s,
respectively.

4. Result and discussion

The cross-section and surface morphologies of
the TiHFN ultra-thin films deposited at different
deposition times are shown in Figure 1. The cross-
section images were acquired to determine the average
film thickness. Note that each thickness was measured
at 10 positions on separated samples. From the results,
the average thickness increases from 17.8+1 nm to
46.4+1.1 nm with increasing deposition time (Figure
1(a)-(d)). These results indicate that our preparation
technique has a very high deposition rate of 1.81 nm/s,
as shown in Figure 1(e). All TiHfN ultra-thin films
exhibited dense with good adhesion to the Si substrate
and a smooth surface without cracks. The columnar
structure could be observed for the film deposited at 15
and 20 s, which could be related to the high kinetic
energy of sputtered atoms due to the high magnetic field
strength of the dual magnetron cathode.
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Figure 1 (a)-(d) Cross-sectional and surface views of TiHfN ultra-thin films deposited at different times: (a) 5 s, (b) 10s, (c)
15 s, and (d) 20 s. (e) Film thickness as a function of deposition time.
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Figure 2 GIXRD patterns of the TiHfN ultra-thin films prepared at different deposition times
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Figure 3 Typical EDS spectra and atomic composition percentages of TiHfN ultra-thin films deposited at different times:
(@) 5s,(b) 10, (c) 15, and (d) 20 s.

Figure 2 shows the GIXRD pattern of the
TiHfN ultra-thin  films deposited at different
deposition times. All prepared samples showed
crystallinity with face-centered cubic (FCC)
structures. Increasing deposition time was found to
increase the film's crystalline content. This result
indicated that the closed-field dual-cathode DC
unbalanced reactive magnetron sputtering can
promote film crystallinity without external heating
during film deposition, with a high deposition rate.
The GIXRD peaks of the (200) plane increased as the
deposition time increased, which could result from

enhanced thermal energy from localized heating on
the film surface (Taga, & Takahasi, 1997; Lee et al.,
1996).

The chemical composition of the TiHfN ultra-
thin films was analyzed using the EDS technique.
Figure 3(a)-(d) shows the typical EDS spectrum of the
TiHfN ultra-thin films deposited at different
deposition times. The EDS spectrum shows
characteristic Ti, Hf, and N peaks. This confirmed that
our prepared films were composed of Ti, Hf, and N
elements. However, O, C, and Al peaks were also
detected as contamination and oxide layer formation
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on the film surface. In addition, the prominent
presence of Si element from the substrate was due to
the beam size and penetration depth from EDS being
in the micron scale. The inset table in Figure 3(a)-(d)
shows the weight and atomic percentage analysis of
all prepared samples. The results showed that small
differences in the deposition time did not significantly
impact the film's chemical composition.

To preliminarily investigate the SERS activity,
2uL of R6G solution at 10 M was dropped onto the
prepared TiHfN ultra-thin films. The average Raman
spectra data was collected from ten different areas
on each substrate. In Figure 4(a), the strong peaks
at 614, 771, 1187, 1365, 1507, 1574, and 1651 cm™!
assignments to C-C-C in-plane bending, C-H in-plane
bending, C-H out-of-plane bending, C-C stretching,
C-C stretching, C-C stretching and C-C stretching of
R6G (Cheng et al.,, 2010; Zhang et al., 2023),
respectively, were clearly seen from average SERS
spectra of all prepared samples. Note that the small
SERS spectra of 10 M-R6G could be detected on the
Si substrate. The result indicated that as the deposition
time increases, the intensity of the Raman peak at
1365 cm'! increases, which might be due to the effect
of the film morphology and crystalline nature of the
film (Zhu et al., 2016; Wang et al., 2022). In addition,
the TiHfN ultra-thin film deposited at 20 s exhibited
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good SERS sensitivity with a detection limit at 10° M,
as shown in Figure 4(b).

5. Conclusion

In conclusion, the TiHfN ultra-thin films have
been deposited by closed-field dual-cathode DC
unbalanced reactive magnetron sputtering. The
observed columnar structure within 20 s-deposition
time can be explained by the high adatom energy
deposition enabled by the dual magnetron cathode's
high magnetic field strength. The result indicated that
the crystallinity of the TiHfN ultra-thin film could be
achieved without external substrate heating during the
film deposition. The degree of film crystalline
increases with increased deposition time. The SERS
activity of the TiHfN ultra-thin films was successfully
preliminarily studied with the R6G solution. It was
found that the TiHfN ultra-thin films prepared at 20 s
exhibit high crystallinity and high SERS intensity.
The trace level down to 10° M of the R6G was well
detected. Our results indicate that the TiHfN ultra-thin
films could be an alternative plasmonic sensing
material for SERS platforms. Further study for
optimizing the deposition conditions of TiHfN thin
films as SERS substrates has been carried out, and the
results will be published in the near future.
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Figure 4 (a) SERS spectra for 10*M-R6G detection of the TiHfN ultra-thin films at different deposition times and (b)
quantitative detection of the R6G at various concentrations on the TiHfN ultra-thin film deposited at 20 s.
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