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Abstract: This study successfully demonstrated the tailoring properties of hafnium nitride (HfN)
thin films via reactive gas-timing (RGT) RF magnetron sputtering for surface-enhanced Raman
spectroscopy (SERS) substrate applications. The optimal RGT sputtering condition was investigated
by varying the duration time of the argon and nitrogen gas sequence. The RGT technique formed
thin films with a grain size of approximately 15 nm. Additionally, the atomic ratios of nitrogen and
hafnium can be controlled between 0.24 and 0.28, which is greater than the conventional technique,
resulting in a high absorbance in the long wavelength region. Moreover, the HfN thin film exhibited
a high Raman signal intensity with an EF of 8.5 x 10* to methylene blue molecules and was capable
of being reused five times. A superior performance of HfN as a SERS substrate can be attributed to
its tailored grain size and chemical composition, which results in an increase in the hot spot effect.
These results demonstrate that the RGT technique is a viable method for fabricating HfN thin films
with controlled properties at room temperature, which makes them an attractive material for SERS
and other plasmonic applications.

Keywords: hafnium nitride; reactive gas timing; sputtering; surface-enhanced Raman spectroscopy

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a powerful vibrational spectroscopy
technique that is characterized by its rapid, nondestructive, ultrasensitive, and fingerprint
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diagnostic capabilities. As a result, it has a broad range of promising applications in chemi-
cal and biological analysis at trace levels [1,2]. In comparison with conventional Raman
spectroscopy, the primary result of SERS is a dramatically enhanced Raman intensity of
several orders of magnitude, which is commonly agreed to be the result of the combined
contribution of electromagnetic and chemical mechanisms. The chemical mechanism covers
effects caused by molecular adsorptions that result in the change of the electron cloud
during molecular vibration via chemical complexation, charge transfer, or charge transfer
resonance [3,4]. In contrast, the electromagnetic mechanism is based on the plasmonic
oscillation resonance of conducting electrons in a roughened surface, which amplifies
the incident light wave and hence increases the Raman scattering intensity of the analyst
molecule [5]. Normally, SERS substrates are made of noble metal, such as gold, silver, and
coppet, due to localized surface plasmon resonance (LSPR) inducing highly electromagnetic
fields in the nanostructures. However, the applications of the SERS metal substrate are
extremely limited due to its high cost, low stability, and mechanical rupture [6,7]. Ob-
taining a stable and reusable SERS substrate using a noble metal nanostructure remains
a serious challenge.

Recently, transition metal nitride (TMN) has received attention as an alternative
plasmonic material with significant potential in the visible to near-infrared ranges of an
excitation light [8], comparable to that of traditional noble metals. TMNSs (e.g., titanium ni-
tride (TiN), zirconium nitride (ZrN), and hafnium nitride (HfN)) are particularly interesting
due to their high melting point, strong mechanical properties, intrinsic chemical stability in
harsh environments, and localized plasmon resonances that are extremely comparable to
gold [9-12]. Recent research has demonstrated that HfN exhibits exceptional quality factors
for surface plasmon polaritons (SPPs) and LSPR [10,13], which are the real and imaginary
components of the dielectric function. Additionally, the HfN material has excellent corro-
sion resistance and thermal and chemical stability. Thus, plasmonic materials based on
HIN are appropriate for SERS applications.

An extensive study on HfN thin films is aimed at controlling the stoichiometry, which
is critical in determining the optical properties [11]. To form the films, physical vapor
deposition (PVD) techniques, such as magnetron sputtering or pulsed laser deposition, are
generally used. Although several research groups have demonstrated the fabrication of
HIN thin films with controllable surface morphology and chemical composition, external
energy sources, such as substrate bias voltage [14], substrate heating during growth [15],
post annealing [16], and ionized magnetron sputter deposition [17], must be included.
Externally introduced procedures complicate and increase the expense of the operation,
and they are not accessible for fabricating an HfN film at room temperature. Among PVD
techniques, the reactive gas-timing (RGT) RF magnetron sputtering approach is one that
allows for adjusting the amount of sputtered atoms and enriching energy formation at
room temperature [18-21].

Here, we demonstrate the tailored properties of HfN thin films through RGT RF
magnetron sputtering. The optimal RGT sputtering condition was investigated by varying
the duration time of the argon and nitrogen gas sequence. It was found that the RGT
technique formed thin films with a grain size of approximately 15 nm, which is smaller
than the grain size formed by the conventional mixture gases technique. The fcc-HfN was
formed, and the crystallinity increased with a longer nitrogen duration time. Additionally,
the atomic ratios of nitrogen and hafnium can be controlled between 0.24 and 0.28, which
is greater than the conventional technique, resulting in a high absorbance in the long
wavelength region. Moreover, the HfN thin film prepared by the RGT technique can be
utilized as a reusable SERS substrate.

2. Experimental Section
2.1. Deposition of HfN Thin Film

HIN thin films were fabricated on Si(111) and glass slide substrates using RGT RF
magnetron sputtering (UNIVAX380, Leybold Singapore Pte. Ltd., Singapore). A 2-inch
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diameter with a 0.25-inch thick hafnium target (99.99%) was used as the sputtering target.
The Si(111) and glass slide substrates were cleaned via an alcohol process, in which Si(111)
substrates were ultrasonically cleaned with acetone, ethanol, and deionized water for
10 min, respectively, and dried with the nitrogen flow. The samples were then transferred
to the high vacuum chamber for thin film deposition. The distance between the target
and the substrate was set at 70 mm. The substrates were mounted on a rotational holder
substrate, which was driven by a motor at a rotation speed of 10 rpm. High-purity argon
and nitrogen (99.9999%) were supplied as sputtering gas. When a base pressure reached
4.6 x 10~° mbar, a constant flow of argon and nitrogen gas was introduced to the chamber
at 30 and 2 sccm, respectively. The RF power and working pressure for sputtering were
150 watts and 7 x 10~3 mbar, respectively.

During the film deposition, the RGT technique was utilized to fabricate HfN thin
films by controlling the on-off sequences of argon and nitrogen gases at specific temporal
intervals in order to operate alternate gas flows into the vacuum chamber by programmable
mass flow controllers, as shown in Figure 1. In this work, turn-on sequences of nitrogen gas
was changed from 1 to 7 s and switched to turn-on sequences of argon fixing at 10 s. In other
words, the duration time of the argon and nitrogen gas sequence was by a factor of 10:1,
10:3, 10:5, and 10:7 (hereinafter referred to as RGT1, RGT3, RGT5, and RGT7, respectively). For
comparison, an HfN thin film was also prepared by a conventional mixture gases technique
(a mixture of argon 30 sccm and nitrogen 2 sccm) (hereinafter referred to as MIX). It should be
noted that the deposition processes were carried out at room temperature (i.e., the substrate
was not heated during or after deposition). The thickness of HfN thin films was approximately
100 nm, which was measured by a thickness monitor (Inficon SQM-160, Cologne, Germany).
Details of all the conditions are summarized in Supplementary Materials Table S1.
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Figure 1. Schematic diagram of gas sequence during RGT RF magnetron technique by programmable
mass flow controllers.

2.2. Characterization of HfN Thin Film

The crystal structure of HfN thin films was examined by an X-ray diffractometer
(XRD, Bruker D8 Advance, San Jose, CA, USA) with a 20 scan range of 30-80 degrees
and a sampling pitch of 0.02 degree. The thickness of HfN thin films was determined
from a cross-sectional image measured by field-emission scanning electron microscope
(FE-SEM, FEI, VERSA 3D, Apeldoorn, The Netherlands) with an accelerated voltage of
20 kV. An atomic force microscope (AFM, Seiko SPA400, Chiba, Japan) was employed
to investigate the morphology of HfN thin films in tapping mode using a Si cantilever
with a radius of curvature less than 10 nm. The Raman signal of HfN thin films was
measured by confocal Raman spectroscopy (NT-MDT NTEGRA Spectra, Moscow, Russia)
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with an excitation wavelength of 632 nm. The chemical composition was analyzed via
X-ray photoelectron spectroscopy (XPS, ULVAC-PHI, PHI Quantera II, Chigasaki, Japan)
with nonmonochromatic Al-Ko X-ray source operating at 25 W. The deconvolution of the
XPS spectrum was performed through the Shirley background and the GL(30) function
(Gauss and Lorentzian functions at a ratio of 30:70) [22]. The parameters for peak fitting
are based on a full width at half maximum of about 1.2 eV [22].

Finally, the SERS performance using HfN thin films fabricated via RGT RF magnetron
sputtering technique was investigated. Methylene blue (MB), a Raman active molecule, was
prepared at a concentration range of 1073 to 10~® M for testing SERS activity. A microscope
with a 100X objective lens, a laser beam with an excitation wavelength of 632 nm, and
a charge-coupled device (CCD) with a resolution of 4 cm~! were employed to record the
SERS spectra. The Raman enhancement factor (EF) is expressed as:

I
pp _ Isers Nief )
Iref NSERS

where IsgRrs is the enhanced intensity of adsorbed MB molecules on the SERS substrate, I
is the spontaneous Raman scattering intensity from the bulk MB molecules under the laser
spot on the bare Si substrate, N, is defined as the number of the bulk MB molecules excited
by the laser without Raman enhance effect [19], and Nggrs is the number of MB molecules
uniformly spreading on the SERS substrate under the laser spot. Using a 100 x objective
lens, the area of the laser spot is around 1 pum?. Assuming a monolayer of the adsorbed
molecules, the value of Nggrg for MB under laser excitation is therefore approximately
5 x 10° molecules [19].

The reusability of a SERS substrate was investigated by repeating the following
steps for five cycles: (1) measuring the Raman spectra of an HfN thin film, (2) drop-
ping 10~* M MB on the surface of the HfN substrate and allowing it to dry in ambient,
(3) collecting the Raman spectrum of MB, and (4) cleaning the SERS substrate by ethanol
solution and wiping away contaminants from the surface of the HfN thin film.

3. Results and Discussion
3.1. Crystal Orientation of HfN Thin Film

Figure 2a shows the XRD pattern of samples grown on Si(111) substrates by using RGT
RF magnetron sputtering and conventional mixture gas sputtering techniques, respectively.
The thicknesses of samples were approximately 100 nm measured by cross-sectional FE-
SEM, as shown in Figure S1. All samples show clear peaks at 20 = 34.414 and 39.947 degrees,
corresponding to a face-centered cubic (FCC) structure of HfN(111) and (200) planes
(Joint Committee on Powder Diffraction Standards (JCPDS) file no. 01-070-282). The
additional peak at 26 = 57.774 corresponding to an HfN(220) plane was found in the
samples RGT5, RGT7, and MIX. When the gas-timing N, turn-on time is longer, the energy
per sputtered atom increases, resulting in an increase in crystallinity. Moreover, peak
positions of HfN(111) and HfN(200) were shifted to higher 26 when the gas-timing N, turn-
on time increased (as shown in Table S2). During the sputtering process, the total energy
of sputtered atoms directly correlates with RF power and working pressure, which could
be attributed to the energy transferred by Ar+ to an atom on a target surface (i.e., energy
per atom). Since an abrupt Ar turn-off sequence can be interpreted as a decrease in the
working pressure, the higher energy of sputtered atoms can be increased with a longer Ar
turn-off sequence [19,20]. The bias at the target was measured. The absolute value of the
difference of the measured bias at the target between N, turn-on timing and turn-off timing
(| VN, turn on — VN, turn off |) increased with the Nj turn-on timing, as shown in Figure S2. It
can be seen that the absolute value of the self-bias voltage increased when N, turned on,
implying that the energy of sputtered atom was powerfully enhanced.
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Figure 2. (a) XRD pattern of HfN thin films and (b) deposition rate of HfN thin films.

When a high-energy sputtered atom impinges with other atoms on the substrate,
compressive stress is generated, resulting in a peak shift. A similar phenomenon was
confirmed in the silver thin films grown via gas-timing RF magnetron sputtering [19].
Figure 2b shows the deposition rate of HfN thin films. The deposition rate of HfN via
RGT technique gradually decreased from 6.63 to 6.87 nm/min when the gas-timing N»
turn-on time increased from 1 to 7 s. Additionally, compared with the conventional mixture
gases technique, the deposition rate of the RGT technique is approximately 2.3 times higher
owing to the suppression of nitridation on the target surface. The crystallite size was
calculated based on the Debye-Scherrer equation. The crystallite sizes of MIX, RGT1, RGT3,
RGT5, and RGT7 are 14, 6,7, 10, and 12 nm, respectively.

3.2. Morphology of HfN Thin Film

Figure 3a—c shows AFM images of an HfN thin film deposited by conventional mixture
gases and RGT techniques. The MIX sample shows a grain size of approximately 26 nm,
while the RGT samples show a smaller range of grain size of approximately ~15-19 nm with
a roughness of approximately 0.65-0.93 nm, as shown in Figure 3f. The formation of a small
grain size by RGT technique is attributed to an atomic peening effect. Compared with conven-
tional technique, the energy of sputtered atoms is powerfully enriched during the RGT process.
Therefore, the sputtered atoms impinged on the surface of thin films possess the sufficient
kinetic energy to enhance the mobility of sputtered atoms condensed at the film surface [19,20].
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Figure 3. (a-e) AFM images of MIX, RGT1, RGT3, RGT5, and RGT7, respectively. (f) Relationship
between the grain size and gas-timing N, turn-on time (black circles) and the roughness and gas-
timing N turn-on time (blue squares).
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3.3. Chemical Composition of HfN Thin Film

Figure 4 shows the Raman spectra of HfN thin films. The MIX sample exhibited the
first-order acoustic Raman band at 120-168 cm !, the first-order optical peak at 520 cm ™!,
and the shoulder optical band at 685 cm~! corresponding to HfN bonding [23,24], while
the RGT samples showed similar spectra but a blue shift of the first-order acoustic Raman
band to 136-168 cm !, indicating that the MIX sample was nitrogen rich and RGT samples

were nonstoichiometry HfNy [23].

F
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168 520
—_ RGT7
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£
RGT1
MIX

300 600 900 1200 1500
Raman shift (cm™)

Figure 4. Raman spectra of HfN thin films prepared by RGT and conventional mixture gases techniques.

The chemical composition of the HfN thin films was further determined using XPS
analysis. The high-resolution Hf 4f and N 1s XPS spectra are shown in Figure 5a,b. The XPS
spectrum of Hf 4f showed distinguished three peaks at a binding energy of approximately
15.3,17.0, and 18.5 eV, corresponding to Hf-N, O-Hf-N, and Hf-O, respectively [24-26]. The
N 1s XPS spectra of the thin films showed two distinguished peaks at binding energies of
396.2 and 399.5 eV assigned to be Hf-N and chemisorbed nitrogen atoms (N abs.) on the
surface, respectively [27,28]. When the gas-timing N, turn-on time increased, the intensity
and area of the 396.4 eV peak increased, implying an increase in Hf-N bonding. The sample
prepared by conventional mixture gases technique showed a relatively high peak intensity
at 399.5 eV, implying that nitrogen was absorbed on the surface and could not bind with
hafnium atoms (as shown in Figure S3). In contrast, the thin films formed by RGT technique
showed higher Hf-N/N abs. ratio, indicating a high ratio of Hf-N bonding due to the high
energy per sputtered atom. The % ratio was calculated based on the following equation:

N (%)
—ratio = : 2
Hfra i0 (M) 2)

752

where An_1if, AN—nf—0, and Ay are peak areas of N-Hf of N 1s, N-Hf-O of N 1s, and Hf
4f, respectively. The amounts of 1.8 and 7.52 are relative sensitive factors of N 1s and Hf 4f,
respectively. Figure 5c shows that an % ratio of the prepared films increased from 0.24 to
0.28, when gas-timing N turn-on time increased from 1 to 7 s, while the MIX film showed
the lowest % ratio of approximately 0.49. These results show that RGT is a promising
technique to control the chemical composition of an HfN film.
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Figure 5. XPS spectra of (a) Hf 4f and (b) N 1s. (c) Relationship between N, turn-on time and % ratio.

3.4. Optical Properties of HfN Thin Film

The optical absorption spectra of the HfN thin films prepared by different sputtering
conditions are shown in Figure 6. All absorbance spectra show similar shapes. The
absorption is strong at low wavelength from interband transitions and suddenly decreases
to a minimum absorbance of approximately 400 nm for an HfN thin film by RGT technique
and 543 nm for an HfN thienhann film via conventional mixture gases technique. There
is absorption at a long wavelength (~500-900 nm), consistent with previous results [29],
demonstrating the characteristics of free electron absorption from Hf 4d states via intraband
transitions [30]. However, the HfN thin films via the conventional mixture gases have
a lower absorbance than those synthesized using the RGT technique. This could be due to
the difference in chemical compositions of thin films in terms of N/Hf ratio. Additionally,
these results demonstrate that the RGT technique is capable of adjusting the number
of nitrogen ions in the system, in addition to enhancing the energy reaction formation.
As aresult of the low energy in the conventional mixture gases technique, the reaction
between Hf and N is weak, resulting in the chemisorption of nitrogen atoms, as illustrated
in Figure 5b,c. The longer the gas-timing N, turn-on time in HfN films prepared using the
RGT technique, the greater the absorbance in the long wavelength region [31]. These optical
properties are advantageous for the surface plasmon resonance phenomenon observed
in TMN thin films, such as HfN, which can result in a significant enhancement of the
electromagnetic mechanism on the surface.
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Figure 6. Absorbance spectra of HfN thin films.
3.5. SERS Performance of HfN Thin Films

HIN thin films were investigated for their utilization as a SERS substrate by using
methylene blue (MB) as the Raman probe molecule. Figure 7a shows Raman spectra of
MB at a concentration of 10~% M on HfN thin films and a bare Si substrate. It can be seen
that HfN thin films clearly showed Raman spectra with peaks at approximately 440, 768,
1180, 1394, and 1623 cm ™!, corresponding to the skeletal deformation of C-N-C, in-plane
bending of C-H, stretching of C-N, asymmetrical stretching of C-N, and ring stretching of
C-C, respectively [32]. The Raman intensity of MB molecules obtained from an HfN thin
film substrate was five times higher than from a bare Si substrate. These results clearly
show that HfN films can be successfully used as a SERS substrate. Comparing HfN thin
films and focusing on the intensity of the main peaks of MB at a Raman shift of 1623 cm~!,
all HfN thin films prepared by RGT technique showed a higher intensity than that of the
conventional mixture gases technique, as shown in Figure 7b.

An HIfN thin film as a SERS substrate can be described similar to other TMN thin
films, which are based on two working mechanisms: chemical enhancement mechanism
and electromagnetic mechanism. Normally, the chemical enhancement mechanism is
contributed by charge transfer between molecules and a SERS substrate. Due to the fact
that MB has an excitation peak at approximately 663 nm [33], this work utilized a laser
with an excitation wavelength of 632 nm (1.96 eV). Meanwhile, the energy band gap
of HfN was approximately 3.6 eV calculated from a Tauc plot (as shown in Figure 54),
which was significantly greater than the energy of the exciting source. On the other hand,
electromagnetic enhancement is a result of optical properties, such as LSPR and surface
morphology (roughness and grain size), which can result in a large number of “hot-spots”
at nanoscales. As the particle size increases, the particles absorb less light and scatter
more through inelastic scattering, which should decrease the overall SERS intensity [34].
Furthermore, the RGT technique provides the controllable chemical composition, affording
a thin film with a relatively high absorption at the wavelength of a Raman excitation laser
(632 nm, 1.96 eV). Regarding the HfN thin films prepared by RGT technique, it was found
that the peak intensity gradually increased when the turn-on N, gas-timing increased.
RGT7 showed the highest peak intensity with an EF of approximately 8 x 10* (inset of
Figure 7b). As a result, electromagnetic enhancement may play a role in the SERS effect of
the HfN thin film.
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Figure 7. SERS activity of HfN thin films. (a) Raman spectra of MB 10~* M on HfN thin films and
a bare Si substrate. (b) Raman intensity of MB at a Raman shift of 1623 cm L. Inset is enhancement
factor value. (c) Reproducibility of RGT7. (d) Raman spectra of MB in the concentration range of
10~3 down to 10~ M using RGT7 as a SERS substrate.

Reproducibility is one parameter for the practical application of a SERS substrate. Five
samples of RGT7 were used to determine the reproducibility of the HfN thin film as a SERS
substrate. Raman intensities of MB at Raman shifts of 440, 1180, 1394, and 1623 cm ™! of
each sample were compared, as shown in Figure 7c. There were no obvious differences
among each sample, indicating high reproducibility and uniformity of Raman signal that
was provided by RGT technique. The limit of detection (LOD) of RGT7 was investigated
by varying MB concentrations in the range of 10~ to 1073 M, as shown in Figure 7d. The
Raman signal of MB was detectable down to a concentration of 107 M.

The reusability of an HfN thin film as a SERS substrate was also investigated by the
process, as shown in Figure 8a. The Raman spectra of an HfN thin film were collected
repeatedly for five cycles following MB dropping and cleaning, as shown in Figure 8b.
After removing MB from the surface of the HfN thin film, the Raman signal of MB vanished,
leaving the Raman spectrum identical to that obtained prior to dropping MB (1st-HfN), as
indicated by the spectrum labeled as 2nd-HfN. When the MB was dropped again onto the
same substrate, a similar Raman signal was observed, as indicated by the spectrum labeled
as 2nd-HfN/MB. After five cycles of testing, the Raman signal of MB was still detectable,
and the Raman spectrum of 6th-HfN was similar to that of 1st-HfN, indicating that the
HfN thin film can be reused as a SERS substrate. The reusable HfN thin film substrate
is made possible by its superior mechanical properties and inherent chemical stability in
harsh environments. Compared with Ag- or Au-based nanostructured matrices, the HfN
thin film substrate is less sensitive. However, the reusability of the material is a significant
advantage for practical application.
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Figure 8. Reusability of HfN thin films. (a) Schematic view of test steps. (b) Raman spectra of HfN
thin film and MB.

4. Conclusions

HIN thin films with tailored properties for SERS were successfully prepared using
RGT RF magnetron sputtering technique. The sequence of gas-timing turn-on N, has
a direct effect on the morphology, chemical composition, and optical absorption properties
of HfN thin films. HfN thin films with a grain size of approximately 15 nm were formed.
The crystallinity increased, and the atomic ratios of nitrogen and hafnium can be controlled
to 0.65 when the gas-timing N, turn-on time increased to 7 s. The SERS activity of an HfN
thin film was observed using a MB molecule, showing an enhancement factor of 8.5 x 10*
and a LOD of 107® M. The advantage of an HfN thin film is that it can be reused as SERS
substrates up to five times. A superior performance of HfN as a SERS substrate can be
attributed to its tailored grain size and chemical composition, which results in an increase
in the hot spot effect.
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a function of N, turn-on timing; Figure S3: (a) Deconvoluted spectra of N 1s and (b) N-Hf/N abs.
ratio of an HfN thin film prepared at different sputtering conditions; Figure S4: Tauc plots of RGT7.
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