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Abstract: This study is based on the film growth by non-classical crystallization, where charged
nanoparticles (NPs) are the building block of film deposition. Extensive studies about the generation
of charged NPs and their contribution to film deposition have been made in the chemical vapor
deposition (CVD) process. However, only a few studies have been made in the physical vapor
deposition (PVD) process. Here, the possibility for Ti films to grow by charged Ti NPs was studied
during radio frequency (RF) sputtering using Ti target. After the generation of charged Ti NPs was
confirmed, their influence on the film quality was investigated. Charged Ti NPs were captured
on amorphous carbon membranes with the electric bias of −70 V, 0 V, +5 V, +15 V and +30 V and
examined by transmission electron microscopy (TEM). The number density of the Ti NPs decreased
with increasing positive bias, which showed that some of Ti NPs were positively charged and repelled
by the positively biased TEM membrane. Ti films were deposited on Si substrates with the bias of
−70 V, 0 V and +30 V and analyzed by TEM, field-emission scanning electron microscopy (FESEM),
X-ray diffraction (XRD) and X-ray reflectivity (XRR). The film deposited at −70 V had the highest
thickness of 180 nm, calculated density of 4.974 g/cm3 and crystallinity, whereas the film deposited at
+30 V had the lowest thickness of 92 nm, calculated density of 3.499 g/cm3 and crystallinity. This was
attributed to the attraction of positively charged Ti NPs to the substrate at −70 V and to the landing of
only small-sized neutral Ti NPs on the substrate at +30 V. These results indicate that the control of
charged NPs is necessary to obtain a high quality thin film at room temperature.
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1. Introduction

Ti thin films are widely used in biomedical applications [1–3] and microelectronics [4,5] because of
their outstanding properties such as good biocompatibility, excellent thermal and chemical stability [6].
Ti films are broadly prepared using various sputtering such as direct current (DC) sputtering [7–11],
radio frequency (RF) sputtering [12], high power impulse magnetron sputtering (HiPIMS) [13–15],
which is a well-established technique in industry to deposit thin films with high reproducibility and
growth rate.

Meanwhile, the deposition process of thin films has been based on understanding that thin
films grow by the building block of atoms, ions and molecules. However, there have been several
puzzling phenomena that cannot be explained by such a classical crystallization mechanism. Recently,
many researchers have reported an experimental evidence that many crystals including thin films grow
by the building block of nanoparticles (NPs), which has been called ‘non-classical crystallization’ [16–23].
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Hwang et al. [23] have extensively studied non-classical crystallization in a chemical vapor
deposition (CVD) system. They suggest that NPs having an electric charge are spontaneously
generated in the gas phase in a conventional CVD process and become the building block of thin films.
The charge carried by NPs plays an important role in the deposition of crystalline thin films [24–26] and
in the synthesis of nanostructures such as nanorod [25] and tetrapod [27]. They called this new thin
film growth mechanism ‘theory of charged NPs (TCN)’. According to TCN, neutral NPs tend to form a
porous structure by random Brownian coagulation, whereas charged NPs tend to produce a dense film,
resulting from the orderly manner of deposition by self-assembly. In the gas phase, neutral NPs tend
to be amorphous whereas charged NPs tend to be crystalline, implying that atoms in charged NPs
are much more mobile than those in neutral NPs. On landing on the surface, charged NPs undergo
liquid-like coalescence or epitaxial recrystallization and result in dense and crystalline structures.
The high atomic mobility of charged NPs and their liquid-like coalescence imply that the bond strength
of NPs might be weakened by the charge. Indeed, by the ab initio calculation Clare et al. [28] reported
that the bond strength of Si-H and Si-Si is weakened by the presence of positive or negative charge
in silane (SiH4) and disilane (Si2H6) molecules. Also, these aspects of TCN have been demonstrated
experimentally in many CVD systems [23]. For instance, a homoepitaxial Si film on the Si substrate
was deposited by applying the negative substrate bias at a low substrate temperature of 550 ◦C during
plasma enhanced CVD [29] and a highly crystalline and dense Si film was obtained by controlling the
behavior of Si charged NPs during inductively coupled plasma CVD [30].

Only a few studies have been made for the possibility of the generation of NPs in the gas phase in
a physical vapor deposition (PVD) process. Sahu et al. [31] enhanced the properties of indium tin oxide
(ITO) films by inducing the generation of crystalline NPs during a modified RF sputtering system
with 3-dimensionally (3-D) confined magnetron source. Hayasaki et al. [32] also obtained epitaxial
yttrium barium copper oxide (YBa2CuO7-x) films using nano-sized clusters during thermal plasma
flash evaporation. However, these studies did not concern the presence and the role of the charge
of NPs.

In this paper, as a first step to check the possibility that Ti films also grow by charged Ti NPs in the
RF sputtering system using a Ti target, the generation of charged Ti NPs was studied. The generation of
Ti NPs and their polarity were confirmed by applying the electric bias to amorphous carbon membranes
for transmission electron microscopy (TEM). The effect of charged Ti NPs on the film deposition was
examined by applying the electric bias to the p-type Si (100) substrate. Characteristics of the Ti NPs and
films were analyzed by TEM, field-emission scanning electron microscopy (FESEM), X-ray diffraction
(XRD) and X-ray reflectivity (XRR).

2. Materials and Methods

Figure 1a shows schematics of the RF sputtering system using a Ti target. The distance between
the Ti target and a sample stage was 7 cm. An amorphous carbon TEM membrane (Ted Pella, Inc.,
Redding, CA, USA) for capturing NPs or a p-type Si substrate for film deposition was placed on a steel
plate, which was electrically isolated from the grounded sample stage in order to apply the electric bias
on the steel plate. A grounded mesh in Figure 1b was installed 2 mm above the steel plate to prevent
the electric bias of the steel plate from interfering with the plasma condition. For this prevention, the
hole size of the grounded mesh was selected less than Debye length [33]. The electric field generated
between the grounded mesh and steel plate would interact with charged NPs. A round-shaped shutter
with 5 cm diameter was installed 5 mm above the grounded mesh in order to control the exposure
time for capturing NPs or the deposition of film. In other words, the plasma flux was blocked when
the shutter was closed, and the capturing or deposition started shortly after the shutter opened.
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conducted 30 s after the plasma is turned on. During this stabilizing time of 30 s, the TEM membrane 
and the Si substrate were screened from the plasma by the shutter. 

The captured Ti charged NPs were analyzed by TEM (FEI, Tecnai F20, Hillsboro, OR, USA). The 
microstructure of the Ti films was investigated by FESEM (Carl Zeiss, SUPRA, Oberkochen, 
Germany) and TEM. FESEM and TEM were operated at accelerating voltages of 2 kV and 200 kV, 
respectively. The crystallinity and density of the films were analyzed, respectively, by XRD 
(PANalytical, X’pert-Pro, Almelo, The Netherlands) and XRR (PANalytical, X’pert-pro). Using 
Cu-Kα wavelength of 0.154 nm, XRD and XRR were measured at 2-theta ranges of 20° ~ 60° and 0° ~ 
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grounded mesh and the steel plate. In Figure 2, scanning transmission electron microscope (STEM) 
images show the white dots, which are confirmed to be titanium dioxide (TiO2) NPs in Figure 3, 
captured for 30 s at various steel plate biases of −70 V, 0 V, +5 V, +15 V and +30 V. As shown in Figure 
2, the number density of NPs increased by increasing the negative bias from 0 V to −70 V. In contrast, 
it decreased by increasing the positive bias from 0 V to +30 V. It indicates that the NPs were 
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applied and repelled when the positive bias was applied. For example, if +30 V is applied, positively 
charged NPs having energy less than 30 eV would be repelled. Therefore, the higher positive bias 

Figure 1. Schematics of RF sputtering system (a) main chamber (b) grounded mesh.

Ar gas pressure, RF power and substrate temperature were 20 mTorr, 160 W and room temperature,
respectively, for all experiments. All parameters are commonly used in the researches of sputtering
system [34–36]. To confirm the existence of Ti charged NPs, the Ti NPs were captured on the TEM
membrane for 30 s at various electric biases of −70 V, 0 V, +5 V, +15 V and +30 V. Also, to confirm the
effect of Ti charged NPs on the actual deposition process, Ti thin films were deposited on Si substrates
for 30 min at −70 V, 0 V and +30 V under the same condition as capturing NPs.

To stabilize the plasma condition, the capturing NPs and film deposition processes were conducted
30 s after the plasma is turned on. During this stabilizing time of 30 s, the TEM membrane and the Si
substrate were screened from the plasma by the shutter.

The captured Ti charged NPs were analyzed by TEM (FEI, Tecnai F20, Hillsboro, OR, USA).
The microstructure of the Ti films was investigated by FESEM (Carl Zeiss, SUPRA, Oberkochen,
Germany) and TEM. FESEM and TEM were operated at accelerating voltages of 2 kV and 200 kV,
respectively. The crystallinity and density of the films were analyzed, respectively, by XRD (PANalytical,
X’pert-Pro, Almelo, The Netherlands) and XRR (PANalytical, X’pert-pro). Using Cu-Kα wavelength of
0.154 nm, XRD and XRR were measured at 2-theta ranges of 20◦~60◦ and 0◦~0.7◦, respectively.

3. Results and Discussion

3.1. Capturing Charged NPs during RF Sputtering with a Ti Target

Charged NPs, if any, were expected to interact with the electric field generated between the
grounded mesh and the steel plate. In Figure 2, scanning transmission electron microscope (STEM)
images show the white dots, which are confirmed to be titanium dioxide (TiO2) NPs in Figure 3,
captured for 30 s at various steel plate biases of −70 V, 0 V, +5 V, +15 V and +30 V. As shown in Figure 2,
the number density of NPs increased by increasing the negative bias from 0 V to −70 V. In contrast,
it decreased by increasing the positive bias from 0 V to +30 V. It indicates that the NPs were positively
charged since they would be attracted to the TEM membrane when the negative bias was applied and
repelled when the positive bias was applied. For example, if +30 V is applied, positively charged NPs
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having energy less than 30 eV would be repelled. Therefore, the higher positive bias was applied,
the more positively charged NPs would be repelled considering the energy distribution of charged NPs.

Coatings 2020, 10, x FOR PEER REVIEW 4 of 11 

 

was applied, the more positively charged NPs would be repelled considering the energy distribution 
of charged NPs. 

 
Figure 2. STEM images of NPs captured on amorphous carbon TEM membranes at the electric biases 
of (a) −70 V (b) 0 V (c) +5 V (d) +15 V and (e) +30 V. 

 

Figure 3. HRTEM images and FFT information (inset of the lower right in the image) with d-spacing 
value of NPs at the electric biases of (a) −70 V and (b) 0 V. 

NPs were not observed on the TEM membrane at +30 V as shown in Figure 2e. All positively 
charged NPs are expected to be repelled. On the other hand, negatively charged species like 
electrons are expected to be blocked by the grounded mesh due to the potential difference between 
the plasma and the grounded mesh. The grounded mesh has a more negative potential with respect 
to plasma since plasma has always the most positive potential in the chamber. Therefore, any 
negatively charged particle that does not have enough energy to overcome the potential difference 
between the plasma and the grounded mesh could not come to the TEM membrane through the 

Figure 2. STEM images of NPs captured on amorphous carbon TEM membranes at the electric biases
of (a) −70 V (b) 0 V (c) +5 V (d) +15 V and (e) +30 V.

Coatings 2020, 10, x FOR PEER REVIEW 4 of 11 

 

was applied, the more positively charged NPs would be repelled considering the energy distribution 
of charged NPs. 

 
Figure 2. STEM images of NPs captured on amorphous carbon TEM membranes at the electric biases 
of (a) −70 V (b) 0 V (c) +5 V (d) +15 V and (e) +30 V. 

 

Figure 3. HRTEM images and FFT information (inset of the lower right in the image) with d-spacing 
value of NPs at the electric biases of (a) −70 V and (b) 0 V. 

NPs were not observed on the TEM membrane at +30 V as shown in Figure 2e. All positively 
charged NPs are expected to be repelled. On the other hand, negatively charged species like 
electrons are expected to be blocked by the grounded mesh due to the potential difference between 
the plasma and the grounded mesh. The grounded mesh has a more negative potential with respect 
to plasma since plasma has always the most positive potential in the chamber. Therefore, any 
negatively charged particle that does not have enough energy to overcome the potential difference 
between the plasma and the grounded mesh could not come to the TEM membrane through the 

Figure 3. HRTEM images and FFT information (inset of the lower right in the image) with d-spacing
value of NPs at the electric biases of (a) −70 V and (b) 0 V.

NPs were not observed on the TEM membrane at +30 V as shown in Figure 2e. All positively
charged NPs are expected to be repelled. On the other hand, negatively charged species like electrons
are expected to be blocked by the grounded mesh due to the potential difference between the plasma
and the grounded mesh. The grounded mesh has a more negative potential with respect to plasma
since plasma has always the most positive potential in the chamber. Therefore, any negatively charged
particle that does not have enough energy to overcome the potential difference between the plasma
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and the grounded mesh could not come to the TEM membrane through the grounded mesh. Thus,
negatively charged NPs passing through the grounded mesh are expected to be hardly observed on
the TEM membrane.

There are two possibilities as to the absence of NPs on the TEM membrane at +30 V. One possibility
is that there were no neutral NPs that came to the TEM membrane since neutral NPs should be observed
regardless of the sign of the applied bias. The other possibility is that neutral NPs landed on the TEM
membrane but could not be observed because of their too small size to be detected by high-resolution
transmission electron microscopy (HRTEM). To ascertain these two possibilities, Ti thin films were
deposited for a longer time under the same conditions as capturing the charged NPs, which will be
discussed in Section 3.2.

Figure 3 shows HRTEM images and fast Fourier transform (FFT) information of the NPs captured
at −70 V and 0 V. The majority of the captured NPs as marked by circles in the images had the average
size of ~5 nm and d-spacing of ~0.217 nm, indicating that the NPs were TiO2 with the (220) crystal
plane. This would be because Ti becomes oxidized easily. Ti NPs might turn into TiO2 NPs immediately
after they were taken out of the vacuum chamber and exposed to air [37,38].

3.2. Ti Thin Film Deposition

Ti films were deposited on Si substrates for 30 min under the condition where the biases of −70 V,
0 V and +30 V were applied to the steel plate substrate holder. Cross-section SEM images of these
films are shown in Figure 4. Compared to the Ti film deposited at 0 V, a thicker film was obtained at
−70 V, whereas a thinner film was obtained at +30 V. This result agrees with the observation that the
sign of most charged Ti NPs is positive as shown in Figure 2.
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Figure 4. SEM images of the Ti films deposited on Si substrates at the electric biases of (a) −70 V (b) 0 V
and (c) +30 V.

In the case of +30 V, a 92 nm thick Ti film was deposited although no NPs were observed as
shown in Figure 2e. If neutral NPs did not exist, the Ti film would be deposited only by neutral atoms
and should have the highest crystallinity and density under the bias condition of +30 V. On the other
hand, if neutral NPs were not observed because of their invisibly small size as discussed above, the
Ti film would be deposited by the invisibly small neutral Ti NPs as well as atoms and should have
low crystallinity and density. The invisibly small NPs might be more appropriately called clusters.
Jeon et al. [28] reported that the film deposited by a high fraction of neutral clusters showed a rough
surface morphology with a porous structure whereas the film deposited by a high fraction of charged
clusters showed a smooth morphology with a dense structure during thermal evaporation of copper.
Therefore, it is necessary to analyze the crystallinity and density of films deposited at −70 V, 0 V and
+30 V to distinguish whether the film grows mainly by neutral atoms or clusters.

Figure 5 shows XRD data of the films deposited at −70 V, 0 V and +30 V. In Figure 5, the films
deposited at −70 V and 0 V mainly showed XRD peaks with (100) and (002) orientations of Ti,
respectively. The different orientations of the deposited films would have come from the different
incident energy of sputtered species into each substrate. Kwon et al. [39] stated that different incident
energy of positively charged NPs affected the microstructure of the deposited films on floating and
grounded substrates during Ti RF sputtering. According to the results of Kwon et al., Ti films tended
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to grow in the (100) orientation when the incident energy of positively charged NPs was high, but
grew in the (002) orientation when their incident energy was low. In this experiment, at −70 V and 0 V,
positively charged NPs could be incident into the substrate after they passed through the grounded
mesh. In the case of −70 V, the positively charged NPs would be accelerated by the substrate bias
when they came into the substrate after passing through the grounded mesh. Therefore, their incident
energy was relatively high, and the film was expected to grow in the (100) orientation. On the other
hand, in the case of 0 V, the positively charged NPs would not be accelerated by the substrate bias
since the electrical potential of the substrate and the grounded mesh was the same. Here, their incident
energy was relatively low, and the film was expected to grow in the (002) orientation. However, the
film deposited at +30 V did not show any clear XRD peak, which indicates that the film had a high
fraction of an amorphous phase or nano-sized crystallites. This result implies that not only neutral
atoms but also neutral clusters contributed to the growth of the film deposited at +30 V.
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Figure 5. XRD data of the Ti films deposited at the electric biases of −70 V, 0 V and +30 V.

This possibility is further supported by Figure 6a–f, which show respectively low and high
magnification HRTEM images of the films deposited at −70 V, 0 V and +30 V. In Figure 6d–f, the films
deposited at −70 V and 0 V show lattice fringe images of the higher contrast and more ordered shaped
FFT images in the right bottom inset than that deposited at +30 V. The film deposited at +30 V shows
blurred lattice fringes as marked by the ovals in Figure 6f.
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Coatings 2020, 10, 443 7 of 10

Moreover, as shown in Figure 7a–c, diffraction pattern images show that the films deposited at
−70 V and 0 V had clear diffraction patterns, whereas that deposited at +30 V had an obscure and
scattered pattern. Considering the analysis of XRD, HRTEM and diffraction pattern images, it can be
concluded that the films deposited at −70 V and 0 V had higher crystallinity than that deposited at
+30 V. Therefore, as mentioned above, it is highly probable that the film deposited at +30 V should grow
not only by neutral atoms but also by neutral clusters. To verify this possibility further, the density of
the films was analyzed.
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Figure 7. Diffraction pattern images of the Ti films at the electric biases of (a) −70 V (b) 0 V and (c) +30 V.

Figure 8 corresponds to the first 0.7 degrees of XRR graphs of the films deposited at −70 V, 0 V and
+30 V, which show the critical angle of the films at the inflection point of the graphs. The critical angle
of the films deposited at −70 V, 0 V and +30 V were 0.31◦, 0.28◦ and 0.25◦, respectively. The density of
the film was theoretically calculated using the following equation,

αC ≈

√
r0λ2

π
NA

(Z + f ′)
A

ρ (1)

where αc is the critical angle, r0 is the classical electron radius, λ is the wavelength of CuKα1, NA is
Avogadro’s number, Z is the atomic number of Ti, f ′ is the real part of the dispersion coefficient, A is
the atomic weight of Ti and ρ is the density of the films [40]. Theoretically calculated densities of films
deposited at −70 V, 0 V and +30 V were 4.974, 4.058 and 3.499 g/cm3, respectively.
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Table 1 shows the summarized characteristics of the films. It is noted that the film deposited at
+30 V showed the lowest crystallinity and density. Considering these results, it is confirmed that the
deposition of the film at +30 V was contributed by not only neutral atoms but also neutral clusters.
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Therefore, the small neutral NPs were expected to land on the substrate although they were not
observed by TEM due to their small size. Neutral atoms would also deposit on the substrate, but it
seems that they did not significantly improve the film quality. If the film at +30 V was deposited solely
atom by atom, it should have an extraordinarily high crystallinity and density, which may exceed the
properties of the films deposited at −70 V and 0 V.

Table 1. Characteristics of the Ti films with thickness, crystallinity, the calculated density and the
measured critical angle by XRR at the electric bias of −70 V, 0 V and +30 V.

Substrate Bias (V) −70 0 +30

Thickness (nm) 180 146 92
Critical angle (degree) 0.31 0.28 0.25

Calculated density (g/cm3) 4.974 4.058 3.499
Crystallinity high high low

However, the high crystallinity and density of the film deposited at −70 V were attributed mainly
to the positively charged NPs. When the positively charged NPs came down through the grounded
mesh, they were accelerated toward the negatively biased substrate and consequently formed a
dense film.

Furthermore, the liquid-like property of the positively charged NPs could play an important role
in forming crystalline and dense films. According to the result of Jung et al. [24], the charge carried by
NPs weakens the bond strength of NPs and makes the NPs ‘liquid-like’. Using the liquid-like property
of charged NPs, they produced a homoepitaxial silicon film using hot-wire CVD. Youn et al. [25]
also emphasized the critical role of the charge carried by NPs in the formation of crystalline silicon
nanowires and dense silicon films using CVD. This explanation that the charge weakens the bond
strength is supported by the ab initio calculation. [28]

Similarly, due to the acceleration of the positively charged NPs to the substrate by the bias of
−70 V, the film deposited at −70 V has better crystallinity and higher density than those deposited at
0 V and +30 V. Therefore, charged NPs played an important role in growing the highly crystalline and
dense film at room temperature in the RF sputtering process.

4. Conclusions

This study investigated the effect of charged NPs on the film growth in PVD process based on
non-classical crystallization. Charged Ti NPs were spontaneously generated during RF sputtering and
their deposition behavior was affected by the substrate bias. Positively charged Ti NPs were captured
on amorphous carbon membranes at various substrate biases and analyzed by TEM. The Ti film
deposited at −70 V had the highest thickness, crystallinity and density whereas the Ti film deposited at
+30 V had the lowest ones. Based on these results, it is suggested that charged NPs produce films of
higher crystallinity and density than neutral NPs in PVD process.
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