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Abstract

TiW thin films with superior surface properties were deposited at room temperature using
RF magnetron sputtering under low-temperature process conditions. The correlation be-
tween bulk plasma characteristics and thin-film properties was investigated as a function
of applied RF power (200–600 W) and process pressure (1–10 mTorr). Plasma potential
and ion density were measured using a Langmuir probe, while deposition rate, surface
roughness, sheet resistance, and crystallinity were evaluated. Increasing the applied RF
power simultaneously increased plasma potential and ion density, enhancing ion bom-
bardment energy at both the target and substrate, which improved sputtering efficiency
and deposition rate. Under low-temperature deposition, thermal stress induced by dif-
ferences in thermal expansion between the film and substrate was minimal. However,
limited surface diffusion of adatoms caused incomplete coalescence of nucleation islands,
adversely affecting film crystallinity. Refractory metals such as tungsten exhibit strong
dependence of residual stress and microstructure on deposition conditions, highlighting
the importance of plasma and process parameters on TiW film properties. When RF power
was increased, the enhancement in deposition rate outweighed the effect of increased ion
energy, leading to tensile stress from void formation dominating over compressive stress
induced by high-energy ions. This also contributed to increased grain size and reduced
sheet resistance. In contrast, variations in process pressure had minor effects on plasma
characteristics, resulting in limited changes in the deposited film properties.

Keywords: RF magnetron sputtering; titanium–tungsten thin film; low-temperature sputtering

1. Introduction
With the rapid advances of semiconductor device miniaturization and high integration,

the significance of physical stacking-based three-dimensional (3D) integration technology
at the wafer level has increasingly come to the forefront [1–8]. In particular, for memory
device fabrication processes that require high-speed data transmission, 3D integration tech-
nology using through-silicon vias (TSVs) offers technological advantages by enhancing the
integration density through vertical interconnections, reducing wiring delays, and signifi-
cantly improving system bandwidth. The TSV formation process involves high-aspect-ratio
silicon etching, the formation of a sidewall insulation layer, and copper plating [9]. Among
these, depositing a barrier and seed layer before plating is essential for preventing metal
diffusion and enhancing plating adhesion. TiW-based thin films, commonly used in this
step, play a critical role in ensuring electrode reliability [10].
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Recently, the development of high-performance semiconductor packaging technolo-
gies has placed increasingly stringent restrictions on the process temperatures. Conven-
tional packaging processes have typically progressed sequentially through front-end-of-line
(FEOL) (~1000 ◦C), back-end-of-line (BEOL) (~400 ◦C), and packaging (~250 ◦C) stages,
assuming a gradual decrease in temperature [11]. In advanced packaging technologies,
however, the boundary between BEOL and packaging processes has become ambiguous,
and metal wiring processes may sometimes precede BEOL [12]. Accordingly, there is a
growing demand for metal thin film deposition processes that can achieve excellent electri-
cal properties and low surface roughness under low-temperature conditions below 200 ◦C.
In particular, the development of deposition technologies that ensure stable barrier and
seed layer formation at low temperatures has become imperative [13].

When chemical vapor deposition (CVD) processes are used to achieve uniform
seed/barrier layer formation, excellent step coverage can be attained. Nevertheless, the
high processing temperatures involved may cause thermal deformation of the device
structures, which can adversely affect electrode reliability [14,15]. In particular, with the
application of low-k or porous dielectrics as inter-metal dielectric (IMD) materials to reduce
RC delay in metal wiring, the importance of low-temperature processing to ensure stability
at the metal-dielectric interface is further emphasized [16]. Against this backdrop, the
implementation of low-temperature deposition techniques for forming barrier and seed
layers has become a critical task in BEOL and TSV processes. Consequently, there is an
increasing demand for low-temperature physical vapor deposition (PVD) processes based
on RF sputtering that can stably form metal thin films at temperatures below 200 ◦C [17].

Sputtering is a PVD-based thin-film deposition technique in which ions generated in
plasma collide with a metal target to eject atomic-scale particles, which then deposit onto
the substrate surface [18]. The thin film forms as atoms emitted from the target reach the
substrate surface, undergo physical adsorption (physisorption) via van der Waals forces,
and subsequently migrate across the surface through energy-driven surface diffusion [18].
In the initial stages of film formation, the energy of incident atoms and their surface mobility
govern nucleation and growth mechanisms, which directly influence the crystallinity and
morphology of the resulting film [19].

In high-temperature sputtering processes (typically above 300 ◦C), surface atom diffu-
sion and rearrangement can be actively controlled by the substrate temperature. Under
low-temperature sputtering conditions (<200 ◦C), however, thermal mobility is significantly
limited, necessitating an additional energy source to facilitate atomic diffusion [17]. In this
context, ion bombardment directed toward the substrate plays a crucial role by delivering
kinetic energy directly to the surface [17,20]. This energy input enables surface atoms to
overcome the diffusion barriers, promoting effective surface migration and atomic rear-
rangement. Furthermore, ion bombardment enhances surface diffusion, contributing to
the removal of surface contaminants and weakly bonded atoms, improving the density
and uniformity of the film. It can also induce localized recrystallization, improving film
crystallinity and surface properties.

In TiW sputtering processes, refractory metals such as tungsten exhibit a strong
dependence of residual stress and microstructure on deposition conditions, including
temperature, pressure, and RF power [21]. In particular, under low-temperature processes,
including room temperature deposition, materials such as titanium experience relatively
small thermal stress variations upon cooling from the deposition temperature to ambient
temperature, due to the minimal difference in thermal expansion coefficients between
the film and the substrate [22,23]. This provides the advantage of relatively stable stress
characteristics in the resulting film. However, at these low substrate temperatures, adatoms
lack sufficient energy for surface diffusion, leading to the growth of small nucleation
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islands on the substrate. The coalescence of these islands is often incomplete, which in
turn adversely affects the crystallinity of the deposited thin film. Under these conditions,
the effects of process parameters and plasma characteristics serve as key factors that
significantly influence the properties and crystallographic evolution of the thin film.

Radio-frequency (RF) sputtering is particularly advantageous for low-temperature
film growth owing to its ability to induce strong ion bombardment at the substrate surface,
even under reduced thermal conditions, outperforming conventional direct-current (DC)
sputtering in this regard [17,24–26]. In an RF sputtering system, although a relatively low
DC bias is applied to the target by a high-frequency power source, the bulk plasma achieves
a high ionization efficiency through α-mode discharge, resulting in the generation of a
dense ion population. Specifically, a strong electric field is established near the substrate
because of the potential difference between the bulk plasma and the sheath region [27].
This facilitates active ion influx toward the substrate, enhancing energy transfer at the
surface. As a result, surface atom mobility is increased, while loosely bound atoms are
desorbed, leading to improvements in film crystallinity, density, surface roughness, and
electrical properties.

Therefore, in low-temperature sputtering processes, a precise understanding of thin-
film growth mechanisms based on the analysis of plasma characteristics and ion behavior
is essential for ensuring high-quality film formation. This study examined the properties of
the seed and barrier layers composed of TiW metals formed by RF magnetron sputtering
under low-temperature conditions near room temperature. Thin films were deposited
by varying key process parameters, including applied power and gas pressure. The
resulting films were characterized in terms of thickness, surface roughness, resistivity, and
crystallinity. Furthermore, plasma diagnostics using a Langmuir probe were conducted
to analyze the correlation between the ion behavior in the bulk plasma and the resulting
thin-film properties.

2. Experimental Setup and Method
An RF magnetron sputtering system (TERRA-T, ULTECH, Daegu, South Korea) was

configured to investigate the sputtering process characteristics and plasma diagnostics
of TiW thin films at low temperatures, as shown in Figure 1. The system consisted of
three sputtering guns symmetrically arranged along an equal radial distance from the
chamber center. Only Gun #1 was used in this study to ensure process reproducibility, with
13.56 MHz continuous-wave (CW) RF power applied. An RF generator and matching net-
work were used to sustain the plasma discharge, and a vacuum pump and vacuum gauge
were integrated to maintain a high-vacuum environment. A Langmuir probe diagnostic
system was also installed for plasma characterization in the bulk region.

Figure 1. Schematic diagram of RF magnetron sputtering and Langmuir probe diagnostic system.
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Figure 2 outlines the physical configuration of the process chamber. Figure 2a presents
the front view of the chamber, which is cylindrical with a diameter of 400 mm, a height
of 300 mm, and a total volume of approximately 0.033 m3. The height of the wafer chuck
was fixed at 100 mm, and the distance between the chuck and sputtering gun was set
to 180 mm. Figure 2b shows the top view, where each sputtering gun has a diameter of
120 mm. A water-cooling system was applied to maintain the target temperature. The
three sputtering guns were symmetrically arranged 130 mm from the center of the chamber.
A magnetron-type sputtering structure was adopted to ensure sufficient plasma density
under low-pressure conditions (<10 mTorr). Each sputtering gun incorporated permanent
magnets to generate a magnetic field. The magnet arrangement formed a typical electron-
trapping structure, with one N-pole magnet (5100 G) at the center of the target and 25
S-pole magnets (3900 G) positioned around the periphery [17].

Figure 2. Schematic diagram of the sputtering chamber: (a) Front view; (b) Top view.

Figure 3 presents the configuration of the Langmuir probe system used for plasma
diagnostics. The probe was fabricated using a tungsten wire, 200 µm in diameter. A
compensation circuit incorporating choke coils with attenuation characteristics greater than
−40 dB at 13.56 MHz (1ω) and 27.12 MHz (2ω) was used to minimize signal distortion
caused by RF noise [28]. A triangular waveform ranging from −100 V to +100 V was
linearly applied to the probe to obtain voltage–current (V–I) characteristics, from which the
key plasma parameters, such as electron density and electron temperature, were extracted.

Figure 3. Schematic of a single Langmuir probe.

The TiW targets (Kurt J. Lesker, Jefferson Hills, PA, USA) used in this study were
four inches in diameter and 0.25 inches thick, with purities of 99.99%. The TiW target was
fabricated using a 1:1 molar ratio alloy composition. Thin films were deposited onto silicon
wafers with a (100) crystal orientation and resistivity in the range of 1–10 Ω·cm. The wafers
were cleaned in acetone, isopropyl alcohol (IPA), and deionized (DI) water with ultrasonic
agitation for 10 min each, followed by nitrogen drying to remove the residual moisture.
Prior to deposition, the chamber base pressure was reduced to below 1 × 10−5 Torr using
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a turbo molecular pump (TMP). During deposition, the working pressure was controlled
within the range of 1–10 mTorr by adjusting the argon gas flow rate.

Thin film deposition was carried out using a 13.56 MHz RF generator (YSR-06AF,
Youngsin-RF, Gyeonggi-do, South Korea) with applied powers ranging from 200 to 600 W.
Table 1 lists the deposition conditions for Ti and TiW films. Prior to the main deposition, a
pre-sputtering step was performed for 90 s to remove the native oxide layer on the target
surface and stabilize the plasma. Subsequently, thin films were deposited for 10 min. Char-
acterization of the deposited films was conducted using the following instruments. The
film thickness was measured using an Alpha-step profilometer (DektakXT, Bruker, Billerica,
MA, USA) and a scanning electron microscope (SEM, Cube-II, EM Crafts, Gyeonggi-do,
South Korea). The deposition rate was calculated based on the thickness and deposition
time. The electrical properties of the films were evaluated by measuring the sheet resistance
using a four-point probe system (M4P302, MS Tech, Seoul, South Korea). The surface
morphology and roughness were analyzed by atomic force microscopy (AFM, Park NX10,
Park Systems, Suwon, South Korea). The crystalline structure of the films was character-
ized by X-ray diffraction (XRD, D8 Advance A25 Plus, Bruker, Billerica, MA, USA). All
characterizations were performed on 15 mm × 15 mm samples prepared under identical
conditions, with each process condition measured five times and the resulting average
values used for analysis.

Table 1. Experimental conditions for magnetron sputtering.

Sputtering
Target

Operation
Frequency

Ar Gas Flow
[sccm]

Power
[W]

Pressure
[mTorr]

TiW 13.56 MHz RF 30

200 1
300 3
400 5
500 7
600 10

3. Results
3.1. Bulk Plasma Characteristics

Figures 4–6 show the variations in plasma potential (Vp), electron density (ne), and
electron temperature (Te) under different applied powers and gas pressures during the
RF sputtering process. Under all experimental conditions, the chamber pressure was
maintained at 10 mTorr during the applied power variation studies, whereas the applied
power was fixed at 600 W during the pressure variation experiments.

 

Figure 4. Plasma potential measured using a Langmuir probe as a function of the process parameters:
(a) Input power; (b) Process pressure.
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R1: Ar + e → Ar+ + 2e (Eth ≈ 15.76 eV)

R2: Ti + e → Ti + + 2e (Eth ≈ 6.82 eV)

R3: W + e → W+ + 2e (Eth ≈ 7.86 eV)

The plasma potential increased linearly with applied power from 200 to 600 W for
TiW cases, as shown in Figure 4a. The plasma potential exhibited a relatively large increase
of approximately 1.6 times as the applied power was tripled, indicating a strong depen-
dence on the input energy. The plasma potential showed a slight decrease as the process
pressure was increased from 1 to 10 mTorr for TiW (Figure 4b), but remained relatively
constant overall.

Reactions R1–R3 represent the set of electron-impact ionization processes that occur
dominantly in the bulk plasma region during the RF sputtering process [24,26]. The
densities of electrons and ions generated in the bulk region are governed predominantly by
the Ar ionization process described by R1 and were further influenced by the sputtered Ti
or W particle densities near the target. Figure 5a shows the variation in electron density as
a function of the applied RF power. As the applied RF power was increased from 200 W to
600 W, the electron density increased by approximately a factor of two. Figure 5b shows the
dependence of the electron density on the process pressure. The electron density increased
as the pressure was increased, but the variation was less than that induced by changes in
applied power.

Figure 5. Electron density measured using a Langmuir probe as a function of the process parameters:
(a) Input power; (b) Process pressure.

 

Figure 6. Electron temperature measured using a Langmuir probe as a function of the process
parameters: (a) Input power; (b) Process pressure.



Appl. Sci. 2025, 15, 12300 7 of 15

Figure 6a,b show the electron temperature variations with respect to applied power
and process pressure, respectively. The electron energy distribution in the center of the
bulk plasma followed a Maxwellian distribution under all operating conditions. As shown
in Figure 6a, the electron temperature increased as the applied power increased. This
phenomenon occurs because the RF power transfer efficiency improves as the applied
power is increased, leading to simultaneous increases in the electron density and electron
temperature. In contrast, the electron temperature decreased as the process pressure
increased (Figure 6b). This was attributed to the enhanced collisional losses at higher
pressures, which result in reduced electron energy under constant power conditions.

3.2. Properties of Sputtered TiW Thin Films

Table 2 lists the variation in the DC negative bias voltage on the sputtering target as
a function of the RF power, with the process pressure fixed at 10 mTorr and the substrate
temperature maintained at room temperature. In RF discharges with asymmetric electrode
configurations, a negative DC self-bias typically develops on the smaller electrode because
of the asymmetry in electrode areas. According to Koenig et al., under low-pressure
conditions (<10 mTorr), the ratio of the DC bias voltages (V1/V2) across the electrodes with
areas A1 and A2 is proportional to (A2/A1)4 [29,30].

Table 2. Self-bias conditions of the titanium–tungsten alloy target according to the input power.

Sputtering
Target

Operation
Frequency

Power
[W]

Pressure
[mTorr]

Negative DC
Voltage [V]

TiW 13.56 MHz RF

200

10

−76
300 −92
400 −106
500 −119
600 −129

In this study, the effective area ratio between the RF-powered target electrode (smaller
electrode) and the grounded chamber wall which includes substrate electrode (larger
electrode) was approximately 0.05. In a plasma system with asymmetric electrodes, a
negative DC self-bias voltage naturally develops on the smaller electrode when driven by
an RF power source. This phenomenon arises because the plasma seeks to balance the time-
averaged fluxes of electrons and ions to each electrode. Electrons, having much lower mass
than ions, respond more rapidly to the RF oscillations and preferentially reach the smaller
electrode. To maintain zero net current over an RF cycle, the smaller electrode acquires
a negative DC self-bias, which accelerates positive ions toward its surface. This self-bias
is a critical parameter in controlling the ion energy and ion bombardment, and thereby
strongly influences the microstructure and properties of films deposited in plasma-based
processes. As a result, a significant negative DC bias voltage was developed on the target,
enabling the sputtering of TiW atoms. The magnitude of the DC bias is influenced by the
chamber pressure and the applied RF power and follows the following relationship:

|VB| ∝ (PRF/P)1/2 (1)

where |VB| denotes the absolute value of the self-bias voltage; PRF is the applied RF power;
and P is the chamber pressure. During the RF sputtering process, increasing the applied
power from 200 W to 600 W (threefold increase) increased |VB| from 76 V to 129 V. In the
case, the increase corresponds approximately to a factor of

√
3.
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Figure 7 presents the measured deposition rate and sheet resistance [Ω/m2] as a
function of the applied RF power under an Ar ambient pressure of 10 mTorr, consistent
with the conditions listed in Table 2.

 

Figure 7. Titanium–tungsten alloy film properties according to the input power: (a) Deposition rate;
(b) Sheet resistance.

The threshold energy (Eth) required for sputtering by incident ions can be expressed as

Eth > Esb/γ, γ =
4M1M2

(M1 + M2)
2 (2)

where M1 and M2 represent the masses of the projectile and target atoms, respectively, and
Esb denotes the surface binding energy of the target material [29]. For Ti, a single-element
target, the threshold energy was approximately 20 eV, suggesting that sputtering initiates
when incident ions possess energies above this value. In contrast, TiW is a multicomponent
target, and W exhibits a significantly higher threshold energy (~100 eV). For a 1:1 Ti–W
alloy composition, sputtering occurs predominantly from Ti atoms (preferential sputtering),
and the overall sputtering is observed at ion energies above ~40 eV [18–29].

An increase in the DC bias voltage at the powered electrode, where the target is
mounted, results in a corresponding increase in the average energy of ions incident on
the target. This, in turn, increases the population of high-energy ions in the ion energy
distribution. In Ar-based sputtering, the sputtering yield follows a proportional relationship
given by

Y ∝ [1 − (
Eth
Ei

)1/2]s (3)

where Ei, Eth, and s are the incident ion energy, the sputtering threshold energy, and a
semi-empirical parameter, respectively [31,32]. Therefore, the increase in ion energy leads
to a greater number of atoms being ejected from the target surface.

The plasma potential influences the incident ion energy (Ei) and tends to follow the
relation, Ei ∝ (

∣∣Vp
∣∣ + |VB|), where it is approximately proportional to the sum of the plasma

potential and the negative DC self-bias voltage. The deposition rate of TiW films increased
linearly as the RF power was increased from 200 W to 600 W in 100 W increments in the RF
magnetron sputtering process (Figure 7a). According to M.P. Seah et al., in Ar sputtering
systems, the sputtering yield increases linearly with the ion energy below 1000 eV and
saturates at higher energies [32]. In this study, conducted under RF power levels below
600 W, the maximum DC self-bias voltage (|VB|) observed for the TiW targets ranged from
approximately 129 V. This voltage range, combined with the increase in plasma potential
with RF power, resulted in a linear increase in deposition rate. Despite relatively higher
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threshold energy for sputtering in TiW because of its multicomponent composition, TiW
exhibits higher deposition rates. This behavior was attributed to its favorable nucleation
characteristics derived from the W lattice structure. The self-diffusion coefficients involved
in thin film growth were 1.88 × 10−8 cm2/s for Ti and 6.4 × 10−8 cm2/s for W [33]. This
higher diffusion rate of W atoms enhanced their mobility at the nucleation front, increasing
their probability of accumulation on nucleation sites and promoting efficient film growth.

The sheet resistance [Ω/m2] of TiW thin films decreases with increasing RF power
(Figure 7b). The sheet resistance is influenced by the intrinsic material properties of Ti
and W, as well as by the plasma characteristics during sputtering, and is determined by
factors such as film thickness, crystallinity, composition, and defect density. Generally, the
sheet resistance is inversely proportional to the film thickness. In RF magnetron sputtering,
although the film thickness tends to increase linearly with the applied power, the sheet
resistance decreases exponentially [17]. The energetic ions reduce the number of structural
defects and improve electrical conductivity. The sheet resistance decreases significantly in
the lower power regime (200–400 W) but shows a relatively smaller reduction from 400 W
to 600 W. The mechanism of resistance reduction shifts from thickness-driven to density-
and defect-related effects as the power increases.

However, in TiW sputtering processes, it is difficult to fully attribute the decrease
in resistivity solely to the increase in ion energy. Various factors must be considered,
including the crystallographic characteristics of Ti and W during sputter deposition, the
reduced surface diffusion caused by low-temperature processing compared to conventional
conditions, and the effects of plasma characteristics and deposition rate relative to ion
energy under different process parameters. To further investigate these effects, XRD-
based analytical methods were applied. The results indicate that the decrease in electrical
resistivity is primarily attributed to the reduction in grain boundary density resulting from
an increase in grain size.

Figure 8 presents the changes in the crystallinity of TiW thin films as the applied
RF power was increased. In RF sputtering, the (110), (200), and (211) peaks at ≈39.5◦ 2θ,
≈58.3◦ 2θ, and ≈73.3◦ 2θ, respectively, were dominant [34,35]. TiW films generally exhibit a
body-centered cubic (BCC) structure, with the (110) peak being the most prominent because
of the preferred orientation growth influenced by tungsten [31,36]. The relative intensities
of these three peaks showed similar ratios under 300 W and 500 W conditions. The 2θ value
corresponding to the (200) peak decreased slightly, shifting to the left, indicating an increase
in tensile stress caused by the enhanced atomic rearrangements resulting from the increased
plasma potential and ion incident energy with rising power [37].

Figure 8. XRD patterns of TiW thin film according to input power.

Using X-ray diffraction (XRD) analysis, the variation in lattice quality with applied
power was evaluated based on the crystallite size and lattice constant. In the XRD patterns,
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each diffraction peak ((110), (200), and (211)) ideally appears as a single sharp line; however,
in practice, it is observed as a broadened peak due to factors such as crystallite size,
microstrain, and instrumental resolution. The full width at half maximum (FWHM, β)
quantitatively represents the degree of peak broadening and is defined as the difference in
2θ (theta) between the two points on either side of the peak corresponding to half of the
maximum intensity (I_max/2).

X-ray diffraction occurs when X-rays are reflected from atomic planes within a crystal
and interfere constructively under specific conditions, producing strong diffraction peaks.
This condition is described by Bragg’s law, which is expressed as follows:

nλ = 2dhklsinθ

Here, n denotes the order of reflection, λ is the X-ray wavelength, dhkl is the interplanar
spacing of the (hkl) lattice planes, and θ represents the incident angle (Bragg angle). When
X-rays are incident on the crystal planes, constructive interference occurs if the path
difference in the reflected X-rays is an integer multiple of the X-ray wavelength (λ). Under
this condition, strong diffraction peaks are observed at specific 2θ angles by the detector.
Using this relationship, the interplanar spacing dhkl of each crystal plane can be calculated
inversely from the peak positions (2θ) observed in the XRD pattern.

dhkl =
λ

2sin θ

Therefore, as the 2θ peak shifts to lower angles, θ also decreases, resulting in a decrease
in sinθ and, consequently, an increase in the interplanar spacing dhkl. This indicates an
expansion of the lattice spacing within the crystal. As shown in Figure 8 and Table 3, the
(200) peak of the TiW thin film was observed at 2θ = 57.320◦ under a 300 W deposition
condition and at 2θ = 56.002◦ under a 500 W condition, corresponding to a ∆2θ of −1.320◦

(shift toward lower angles). Using Bragg’s law, the (200) interplanar spacing increased
from 1.606 Å (at 300 W) to 1.641 Å (at 500 W), yielding a relative change of ∆d/d = +2.16%.
Considering the BCC structure of TiW, where d = a/2, this corresponds to an increase in the
lattice constant (∆a/a = +2.16%), which can be attributed to the relaxation of compressive
stress with increasing RF power or an increase in the average lattice constant due to Ti
substitution [23].

Table 3. 2θ positions, FWHM, and crystallite sizes (Dscherrer) were obtained using Scherrer and
Williamson–Hall (WH) analyses.

Input Power Peak 2theta [◦] FWHM [◦] DScherrer [nm]

300
(110) 39.620 0.5285 15.98
(200) 57.320 0.6025 15.03
(211) 72.020 0.4864 20.19

600
(110) 39.540 0.5118 16.50
(200) 56.002 0.3980 22.61
(211) 72.020 0.5110 19.22

In general, when the incident ion energy increases during TiW sputtering, the average
lattice constant tends to decrease due to Ti resputtering [21] or increase due to compressive
stress induced by the ion peening effect. In the present experiment, however, when the
process power was increased from 300 W to 500 W, the deposition rate increase due to ion
generation was approximately 1.55 times higher than the ion energy increase associated
with the elevated plasma potential. As a result, the tensile contribution arising from void
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formation due to limited surface diffusion in the low-temperature deposition condition
dominated over the compressive stress induced by ions.

The crystallite size can be evaluated using the Scherrer equation as follows:

D =
Kλ

βcosθ

Here, D represents the crystallite size, λ is the X-ray wavelength, β is the full width at
half maximum (FWHM) of the peak, θ is the diffraction angle, and K is the shape factor
(0.9). The FWHM of the (200) peak decreased markedly from 0.6025◦ to 0.3980◦, resulting
in an increase in the crystallite size calculated using the Scherrer equation from 15.0 nm to
22.6 nm, corresponding to an approximately 50% increase. This indicates a narrowing of
the peak width and growth of crystallite size for the (200) diffraction plane.

Table 4 lists the variation in DC negative bias voltage at the target region in TiW sput-
tering processes, with the RF input power set to 600 W, as a function of the process pressure.
In all cases, the absolute value of the bias voltage (|VB|) exhibited inverse proportionality
to the square root of the pressure.

Table 4. Self-bias conditions of titanium–tungsten alloy target according to the process pressure.

Sputtering
Target

Operation
Frequency

Power
[W]

Pressure
[mTorr]

Negative DC
Voltage [V]

TiW 13.56 MHz RF 600

1 −169
3 −158
5 −144
7 −136

10 −129

Figure 9a shows the deposition rate at various pressures under a constant RF power
of 600 W. The deposition rate increased as the pressure increased. The ion energy incident
on the sputtering target is proportional to the sum of the plasma potential and the DC
negative bias. The sputtering effect in this regime depends primarily on the ion density
because the plasma potential varies only marginally and |VB| decreases with pressure, as
shown in Table 4. As indicated in Figure 5, the increases in electron and ion densities with
pressure were smaller than those observed with the changes in input power, resulting in
relatively smaller variations in deposition rate.

 

Figure 9. Titanium–tungsten alloy film properties according to the process pressure: (a) Deposition
rate; (b) Sheet resistance.
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Figure 9b shows the sheet resistance of the deposited films as a function of the process
pressure. The slope of the change in sheet resistance as the pressure was increased was rela-
tively small for TiW. No significant changes in crystallinity were observed in the TiW films
with varying pressure, with both maintaining the same crystal structure like in Figure 8. The
relatively small changes in sheet resistance with pressure can be attributed to the limited
variation in plasma potential and ion density compared to the power-dependent conditions.

Figure 10 presents the variation in the surface roughness of TiW thin films as a
function of the applied RF power and process pressure. For TiW films, the maximum
surface roughness was observed at 300 W, followed by a linear decrease as the power was
increased. Consequently, the incident species have insufficient energy for effective surface
migration or atomic rearrangement, leading to increased roughness due to poor surface
diffusion. In contrast, at RF powers above 300 W, the deposition promotes denser film
growth and a decrease in surface roughness. Figure 10b shows the variation in surface
roughness of TiW thin films as a function of the process pressure at a fixed input power
of 600 W.

Figure 10. Surface roughness of titanium–tungsten alloy film according to the process parameters:
(a) Input power; (b) Process pressure.

The TiW films showed a decreasing trend in surface roughness with increasing pres-
sure, as shown in Figure 11. Compared to the power variation condition, the effect of
pressure on the plasma potential and consequently on the ion energy was relatively minor,
resulting in smaller changes in surface roughness.

Figure 11. Three-dimensional AFM images of titanium–tungsten alloy films sputtered at various
pressures: (a) 1 mTorr; (b) 5 mTorr; (c) 10 mTorr.

4. Conclusions
TiW thin films were deposited by low-temperature RF magnetron sputtering with

the substrate temperature fixed at room temperature. The changes in bulk plasma char-
acteristics and corresponding thin film properties were investigated as functions of the
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applied process parameters. The film property variations in TiW were analyzed under
different conditions, including the RF input power (200–600 W) and process pressure
(1–10 mTorr, with Ar gas) as the main variables. The bulk plasma diagnostics were per-
formed using a Langmuir probe, and the film properties, such as deposition rate, surface
roughness, sheet resistance, and crystallinity, were characterized on Si substrates for each
set of process conditions.

In the RF magnetron sputtering process of TiW thin films, the deposition rate increased
linearly as the applied power increased, while the sheet resistance decreased. Under low-
pressure conditions below 10 mTorr, the increase in incident ion energy resulted in the
simultaneous enhancement of the sputtering efficiency and deposition rate. Despite its
relatively high threshold energy, TiW showed a high deposition rate because of the superior
nucleation characteristics of the W-based lattice.

The deposition rates of thin films increased as the process pressure increased. The
sputtering effect depended on the ion density, and the changes in plasma potential and
ion density with pressure were relatively small compared to variations in applied power,
resulting in limited variation in deposition rate. As the pressure increased, the sheet
resistance of the TiW films showed gradual decrease. No significant changes in crystallinity
were observed for the TiW films with varying pressure. The relatively minor changes
in plasma characteristics under pressure variation conditions, compared to those under
applied power variations, had limited impact on the electrical properties.

The surface roughness of TiW films exhibited maximum value at 300 W, followed by
a linear decrease as the power increased. The surface roughness of TiW films tended to
decrease as the pressure increased. Furthermore, under pressure variation conditions, the
changes in plasma potential and ion density were smaller than those under varying power,
resulting in limited variations in surface roughness.
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33. Petrović, S.; Bundaleski, N.; Peruško, D.; Radović, M.; Kovač, J.; Mitrić, M.; Gaković, B.; Rakočević, Z. Surface Analysis of the

Nanostructured W–Ti Thin Film Deposited on Silicon. Appl. Surf. Sci. 2007, 253, 5196–5202. [CrossRef]
34. Jeyachandran, Y.L.; Karunagaran, B.; Narayandass, S.K.; Mangalaraj, D.; Jenkins, T.E.; Martin, P.J. Properties of Titanium Thin

Films Deposited by Dc Magnetron Sputtering. Mater. Sci. Eng. A 2006, 431, 277–284. [CrossRef]
35. Oparowski, J.M.; Sisson, R.D.; Biederman, R.R. The Effects of Processing Parameters on the Microstructure and Properties of

Sputter-Deposited TiW Thin Film Diffusion Barriers. Thin Solid Films 1987, 153, 313–328. [CrossRef]
36. Liu, D.; Dew, S.K.; Brett, M.J.; Smy, T.; Tsai, W. Compositional Variations in Ti-W Films Sputtered over Topographical Features. J.

Appl. Phys. 1994, 75, 8114–8120. [CrossRef]
37. Le Priol, A.; Le Bourhis, E.; Renault, P.-O.; Muller, P.; Sik, H. Structure-Stress-Resistivity Relationship in WTi Alloy Ultra-Thin and

Thin Films Prepared by Magnetron Sputtering. J. Appl. Phys. 2013, 113, 213504. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1063/5.0137196
https://doi.org/10.1147/rd.142.0168
https://doi.org/10.1002/sia.2032
https://doi.org/10.1016/j.apsusc.2006.10.077
https://doi.org/10.1016/j.msea.2006.06.020
https://doi.org/10.1016/0040-6090(87)90192-1
https://doi.org/10.1063/1.356531
https://doi.org/10.1063/1.4808240

	Introduction 
	Experimental Setup and Method 
	Results 
	Bulk Plasma Characteristics 
	Properties of Sputtered TiW Thin Films 

	Conclusions 
	References

