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Highlights:

What are the main findings?

1. There is a threshold thickness and incident angle below which the film is unaffected by the
shadow effect during DC magnetron sputtering.

2. The later-deposited film causes the earlier-deposited film to be affected by the shadow effect.
3. The shadow effect manifests earlier for films deposited on the insulator SiO2 than for those

deposited on the semiconductor Si.

What is the implication of the main finding?

1. There is no need to worry about the shadow effect when the film deposited by oblique incident
deposition has small thickness or the incident angle is small.

2. The conductivity of the substrate could influence the shadow effect.

Abstract: When depositing films on a complex workpiece surface by magnetron sputtering, the
shadow effect occurs and causes the columnar structure to tilt toward the substrate owing to the
oblique incident angle of the plasma flux, affecting the microstructure and properties of the films.
Improving the surface diffusion could alleviate the shadow effect, whereas changing the energy of the
deposited particles could improve surface diffusion. Different substrate conductivities could affect
the energy of the deposited particles when they reach the substrate. In this study, Si (semiconductor)
and SiO2 (insulator) sheets are mounted on the inner surface of a hemispherical workpiece, and Ti
films with different thicknesses (adjusted by the deposition time) are deposited on the inner surface
of the hemispherical workpiece by direct current magnetron sputtering. The results show that there
is a threshold thickness and incident angle before the films are affected by the shadow effect. The
threshold could be affected by the film thickness, the incident angle, and the conductivity of the
substrate. The threshold would decrease as the film thickness or incidence angle increased or the
conductivity of the substrate decreased. When the film thickness or incident angle does not reach
the threshold, the film would not be affected by the shadow effect. In addition, the film deposited
later would tilt the vertical columnar structure of the film deposited earlier. Owing to the different
conductivities, the shadow effect manifest earlier for Ti films deposited on the insulator SiO2 than for
films deposited on the semiconductor Si when the film thickness is >500 nm.

Keywords: magnetron sputtering; oblique incident deposition; shadow effect; film thickness;
substrate conductivity
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1. Introduction

Magnetron sputtering is a plasma-based surface modification technology with a high
deposition rate, low substrate temperature, and high film–substrate adhesion [1]. It is an
important method for improving the performance and service life of the workpiece [2].
However, when depositing films on a complex workpiece surface, oblique incident deposi-
tion is inevitable. Oblique incident deposition implies the substrate surface and deposition
source (such as a sputtering target) deposited at a certain angle. The shadows would be
cast across the substrate because of the oblique plasma flux with the growth of the random
distribution nuclei. The shadow effect [3] would appear and affect the growth of the film.
Because of the shadow effect, the growth of the columnar crystal in the shadow would
be suppressed. The faster-growing columnar crystals would inhibit the slower-growing
columnar crystals and result in the columnar structure of the film tilted to the substrate. The
shadow effect would be stronger when the incidence angle becomes larger. The shadow
effect can generate pores in the film [4], which may decrease the hardness of the film [5].
However, the shadow effect can also decrease the density of the film [6], which could
influence the corrosion resistance of the films.

According to previous studies, the scattering of deposited particles before reaching
the substrate contributes to the shadow effect, and the scattering is affected by changing
the distance from the target to the substrate or the working pressure. When the distance
between the target and substrate is significant, the shadow effect would be strong [7],
whereas a higher working pressure can suppress the shadow effect [8–10]. Under low
working pressures, the ballistic deposition regime dominates and atoms tend to form an
inclined columnar structure, whereas, under high working pressures, the diffusive regime
dominates and atoms tend to form a vertical columnar structure [10]. Hawkeye et al. [11]
determined that surface diffusion can compete with the shadow effect. The deposited
particles would diffuse from the initial nucleation point to the shadow area due to their
own surface diffusion during the oblique incidence deposition, suppressing the preferred
growth of columnar structure caused by the shadow effect. However, surface diffusion
needs to surmount a certain energy barrier [12], when the shadow effect becomes stronger,
the energy barrier to overcome would be higher [13], so the diffusion would be suppressed.
The high ionization degree of high-power pulsed magnetron sputtering can improve
surface diffusion so that it can efficiently suppress the shadow effect [14–16]. However,
the energy of the deposited particles can affect surface diffusion [17]. The energy of the
deposited particles could be affected by the electric field provided by the bias. The substrate
conductivity would affect the strength of the electric field provided by the bias. Under the
same bias, the substrate conductivity affects the energy of the deposited particles when
they reach the substrate, influencing the surface diffusion and shadow effect. Therefore,
the energy of particles could be increased by changing the conductivity of the substrate,
which could improve the surface diffusion and then suppress the shadow effect.

Notably, the crystal orientation of the film influences surface diffusion [17,18]. It
implies that different orientations of the crystal of the film could promote or suppress
surface diffusion. For the same deposition process, different film thicknesses would affect
the crystal orientation [19,20]. That implies the film thickness could suppress the shadow
effect by influencing the crystal orientation to promote surface diffusion.

In this study, Si (which is a semiconductor) and SiO2 (which is an insulator) with
different conductivity were mounted on the inner surface of a hemispherical workpiece,
and Ti films with different thicknesses (adjusted by the deposition time) were deposited
on this inner surface by direct current (DC) magnetron sputtering. The evolution of the
shadow effect with the film thickness and substrate conductivity was studied. The influence
of the shadow effect on the structure of the Ti films was investigated and discussed.

2. Materials and Methods

Ti films were deposited on the inner surface of a hemispherical workpiece (diameter
100 mm), and the workpiece was installed on a substrate holder with a target-to-substrate
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distance of 60 mm. A rectangular Ti target (135 × 170 mm2) was placed inside the vacuum
chamber. The Si (100) and SiO2 samples (20 × 10 mm2) were mounted on the inner
surface of the hemispherical workpiece (Figure 1). The incident angles of the sample at 90◦,
60◦, 30◦, and 0◦ corresponded to positions at 90◦, 60◦, 30◦, and 0◦ from the center of the
hemispherical workpiece to the perpendicular line of the target. The incident angles and
the target-to-substrate distance of the sample at different positions in the hemispherical
workpiece were different. The sample with a large incidence angle would have a small
target-to-substrate distance, while the sample with a small incidence angle would have a
large target-to-substrate distance.

Figure 1. Schematic of the target, hemispherical workpiece, and sample position.

After the vacuum chamber was pumped to a base pressure of 2.0 × 10−3 Pa, the target
was cleaned by DC magnetron sputtering (DCMS, 2 A) for 10 min, and the substrate was
cleaned by glow discharge with Ar ions (3.6 Pa; applied DC bias voltage, −1500 V) for
25 min. The Ti film was then deposited by DCMS (3 A) with a DC substrate bias (–150 V)
at 0.65 Pa and the film thicknesses were approximately 300, 500, and 1000 nm. The film
thickness would decrease with the increase of incident angle and increase with the decrease
of the target-to-substrate distance. This indicated that the thickness of the deposited film
might not change significantly.

X-ray diffractometer (XRD, Empyrean-XRD, Netherlands) was used to determine
the crystal structure of the films prepared. The anode target of the X-ray diffractometer
was A Cu target (λ = 1.54060 A). The X-ray tube voltage was 40 kV, and the current was
40 mA. The selected scanning range of Ti film was 30◦~45◦. Scanning Electron Microscope
(SEM, JSM-7800F, JEOL, Japan) was used to observe the cross-sectional morphology of the
Ti films. The electronic acceleration voltage was 5 kV, the working distance was 10 mm,
and the magnification was 60 thousand times. The software called ImageJ was used to
semiquantitative analyze the porosity of different films by calculating gray value, and the
porosity of different films was <0.1%.

3. Results and Discussion

In this work, in order to investigate the influence of the crystal orientation and the
energy of the deposited particles on the surface diffusion and shadow effect, the crystal
orientation of the surface would be adjusted by changing the film thickness, and the energy
of the deposited particles would be adjusted by selecting semiconductor and insulator
as substrate. The evolution of the shadow effect with the film thickness and substrate
conductivity would be studied.

3.1. Cross-Sectional Morphology

The cross-sectional morphologies of the Ti films deposited on the Si substrate at
incident angles of 90◦, 60◦, 30◦, and 0◦ with film thicknesses of 300, 500, and 1000 nm
are shown in Figure 2. When the thickness of the Ti film was approximately 300 nm
(Figure 2a), the columnar structures of the samples deposited at different incident angles
were perpendicular to the substrate without the influence of the shadow effect. When the
thickness of the Ti film was approximately 500 nm (Figure 2b), the columnar structures
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of the samples deposited at incident angles of 0◦ and 30◦ were perpendicular to the
substrate, without the influence of the shadow effect. The columnar structures of the
samples deposited at incident angles of 60◦ and 90◦ had oblique angles of approximately
20◦ and 38◦ with the normal line of the substrate, respectively, under the influence of the
shadow effect. When the thickness of the Ti film was approximately 1000 nm (Figure 2c),
the columnar structures of the samples deposited at incident angles of 30◦, 60◦, and 90◦

had oblique angles of approximately 14◦, 22◦, and 46◦, respectively, with the normal line of
the substrate, under the influence of the shadow effect.

Figure 2. Cross-sectional morphology of Ti films deposited on Si substrates with film thicknesses of
300 nm (a), 500 nm (b), and 1000 nm (c).

These results indicate that the threshold of the incident angle, under the influence of
the shadow effect, decreases as the thickness of the Ti film increases. These values are listed
in Table 1. When the film thickness was approximately 300 nm, the samples deposited at
different incident angles were unaffected by the shadow effect. When the film thicknesses
were approximately 500 and 1000 nm, the thresholds of the incident angles affected by the
shadow effect were 60◦ and 30◦, respectively. As the film thickness increased, the threshold
of the incident angles decreased, and the film was more easily affected by the shadow
effect.

Table 1. Incident angle thresholds affected by the shadow effect on the Si substrate.

Sample
Si

300 nm 500 nm 1000 nm

Threshold of incident angle (◦) - 60 30

Further analysis of the samples affected by the shadow effect indicated that with
increasing film thickness, the columnar structure of the film exhibited an unexpected
response. The film deposited later caused the film deposited earlier to be affected by
the shadow effect. In particular, when the film thickness was approximately 300 nm, the
samples deposited at an incident angle of 60◦ were not affected by the shadow effect,
indicating that the thickness threshold of the sample affected by the shadow effect was
>300 nm. However, when the film thicknesses were increased to 500 and 1000 nm, the film
thickness thresholds of the sample under the influence of the shadow effect decreased to
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208 and 153 nm, respectively. This suggests that as the film thickness increases, the film
thickness threshold of the sample affected by the shadow effect decreases.

For the other samples affected by the shadow effect, the film thickness threshold
is listed in Table 2. This threshold decreased with an increase in the film thickness and
incident angle.

Table 2. Film thickness threshold of samples affected by the shadow effect on the Si substrate.

Sample Film Total Thickness (nm)
Si

0◦ 30◦ 60◦ 90◦

Threshold of film
thickness (nm)

300 - - - -
500 - - 208 106

1000 - 153 153 92

The cross-sectional morphologies of the Ti films deposited on the SiO2 substrate at
incident angles of 90◦, 60◦, 30◦, and 0◦ with film thicknesses of 300, 500, and 1000 nm are
shown in Figure 3. When the thickness of the Ti film was approximately 300 nm (Figure 3a),
the columnar structure of the samples deposited at an incident angle of 90◦ was affected by
the shadow effect and exhibited an oblique angle of approximately 35◦ with the normal line
of the substrate because the substrate was SiO2 (insulator). In contrast, when the substrate
was Si with the same film thickness, the columnar structure of the samples deposited at an
incident angle of 90◦ was perpendicular to the substrate without the shadow effect.

Figure 3. Cross-sectional morphology of Ti films deposited on SiO2 substrates with film thicknesses
of 300 nm (a), 500 nm (b), and 1000 nm (c).

When the substrate was SiO2 and the thickness of the Ti film was approximately 500
nm (Figure 3b), the columnar structures of the samples deposited at incident angles of 30◦,
60◦, and 90◦ were affected by the shadow effect and had oblique angles of approximately
13◦, 21◦, and 25◦ with the normal line of the substrate, respectively. In contrast, when
the substrate was Si with the same film thickness, the columnar structure of the samples
deposited at an incident angle of 30◦ was perpendicular to the substrate without the shadow
effect. The columnar structures of the samples deposited on Si at incident angles of 60◦

and 90◦ exhibited oblique angles of approximately 20◦ and 38◦ with the normal line of the
substrate, respectively, under the influence of the shadow effect.
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When the substrate was SiO2 and the thickness of the Ti film was approximately
1000 nm (Figure 3c), the columnar structures of the samples deposited at incident angles
of 30◦, 60◦, and 90◦ were affected by the shadow effect and exhibited oblique angles of
approximately 13◦, 21◦, and 38◦ with the normal line of the substrate, respectively. These
results indicate that the threshold of the incident angles affected by the shadow effect
decreases as the thickness of the Ti film increases when the Ti film is deposited on SiO2.

As summarized in Table 3, when the film thicknesses are 300, 500, and 1000 nm,
the thresholds of the incident angles affected by the shadow effect are 90◦, 30◦, and 30◦,
respectively. As the film thickness increased, the threshold of the incident angle became
smaller, and the film was more readily affected by the shadow effect. In particular, when
the film thickness was approximately 500 nm, the incident angle threshold of the Ti film on
Si affected by the shadow effect was 60◦, whereas that of the Ti film on SiO2 affected by
the shadow effect was 30◦. This indicates that the lower the conductivity of the substrate,
the more readily the prepared Ti film is affected by the shadow effect. The conductivity of
the substrates could influence the energy of the deposited particles, and the energy of the
deposited particles on a substrate with high conductivity would be higher than that on a
substrate with low conductivity under the same bias. Therefore, the difference between
the conductivities of the substrates may affect surface diffusion. As the conductivity of
SiO2 was lower than that of Si, the substrate bias provided a lower electric field strength;
consequently, the energy of the deposited particles could not be increased, and the Ti film
was affected by the shadow effect.

Table 3. Incident angle thresholds affected by the shadow effect on a SiO2 substrate.

Sample
SiO2

300 nm 500 nm 1000 nm

Threshold of incident angle (◦) 90 30 30

As shown in Figure 3, the Ti films deposited on SiO2 affected by the shadow effect are
similar to those deposited on Si. At the beginning of the deposition of samples affected by
the shadow effect, the columnar structure grew perpendicular to the substrate without the
shadow effect. The columnar structure of the film appeared inclined to the normal line of the
substrate when the thickness of the film exceeded the threshold value. The film thickness
thresholds of the samples deposited on SiO2 under the shadow effect are listed in Table 4.
In order to better compare the film thickness thresholds of Ti films on the two substrates,
the vertical growth thickness of columnar structures of films on different substrates is
shown in Figure 4. The results suggest that these thresholds decrease with increasing
film thickness and incident angle. This also indicates that the lower the conductivity of
the substrate, the more readily the prepared Ti film is affected by the shadow effect. In
addition, it was suggested that the film deposited later would cause the film deposited
earlier to be affected by the shadow effect. The reason for this phenomenon has not yet
been determined. According to the research [21], the temperature of the substrate would
increase, which might influence the structure of the deposited film as the thickness of the
film (the deposition time) increases. How temperature would affect the columnar structure
of the film would be explored and reported subsequently.

Table 4. Film thickness thresholds of samples affected by the shadow effect on a SiO2 substrate.

Sample Film Thickness (nm)
SiO2

0◦ 30◦ 60◦ 90◦

Threshold of film
thickness (nm)

300 - - - 0
500 - 140 134 118

1000 - 131 125 109
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Figure 4. Vertical growth thickness of columnar structures of films on different substrates.

3.2. XRD

The XRD patterns of Ti films deposited on Si and SiO2 with different film thicknesses
at different positions are shown in Figure 5. The Ti films on Si and SiO2 at 0◦ exhibited
a preferred (100) orientation with different film thicknesses. At an incident angle of
90◦, the crystal orientation of the Ti films on Si changed with increasing film thickness.
When the film thickness did not exceed the film thickness threshold, the film exhibited
a preferred (100) orientation. The film exhibited a (100)-(101) mixed orientation when
the film thickness exceeded the film thickness threshold. The Ti films deposited on SiO2
exhibited a (100)-(002)-(101) mixed orientation when the film thickness was approximately
300 nm. This is because the film thickness threshold was <300 nm. The Ti films revealed
a (100) preferred orientation when the film thickness was approximately 500 nm and
finally revealed a (100)-(101) mixed orientation when the film thickness was approximately
1000 nm.

The texture coefficient (TC) of the Ti deposited on a different substrate with different
deposition times was shown in Figure 6. When the incident angle was 0◦, the TC of Ti films
on different substrates did not change significantly with time. When the incident angle
was 90◦, TC (100) decreased, and TC (002) and TC (101) increased as the deposition time
increased on Si. As for Ti film deposited on SiO2, TC (100) increased as the deposition time
increased from 3 min to 5 min and decreased as the deposition time increased from 5 min
to 10 min. TC (002) and TC (101) decreased as the deposition time increased from 3 min to
5 min and increased as the deposition time increased from 5 min to 10 min.

During deposition, owing to the sample being parallel to the target (0◦), the deposited
particles continuously bombarded the film vertically, leading to an increase in the strain
energy in the film. With an increase in the film thickness, the strain energy in the film
increased, leading to an increase in the relative diffraction intensity of the Ti (100) crystal
face [22]. At an incident angle of 90◦, the crystal faces of the (002) and (101) planes increased
when the film was affected by the shadow effect. In addition, with increasing film thickness,
the plasma continuously heated the substrate, which led to a gradual increase in the relative
diffraction intensity of the Ti (101) crystal face [23]. Thus, the relative diffraction intensity
of the (101) crystal plane increased with increasing film thickness. The crystal orientation of
the film influences surface diffusion [17,18]. Under the same deposition process, different
film thicknesses would affect the crystal orientation [19,20]. Therefore, the change in
the orientation of the crystal for the film on SiO2 at 90◦ may influence surface diffusion.
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The thickness of the vertical growth of the film on SiO2 at 90◦ with a film thickness of
approximately 300 nm was different from the pattern observed in this study.

Figure 5. XRD patterns of Ti films deposited on Si and SiO2 at 0◦ and 90◦ with different film
thicknesses.

Figure 6. Texture coefficient of the Ti films deposited on Si and SiO2 at 0◦ and 90◦ with different film
thicknesses.
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In this work, Si (semiconductor) and SiO2 (insulator) with different conductivity were
mounted on the inner surface of a hemispherical workpiece, and Ti films with different
thicknesses (adjusted by the deposition time) were deposited on this inner surface by direct
current magnetron sputtering (DCMS). The effect of changes in film thickness and substrate
conductivity on surface diffusion and shadow effect was investigated and discussed.

4. Conclusions

In this study, two types of substrates (Si and SiO2) with different conductivities were
mounted on the inner surface of a hemispherical workpiece, and Ti films with different
thicknesses (adjusted by the deposition time) were deposited on the inner surface by DC
magnetron sputtering. The main results are summarized as follows.

The incident angle threshold of the sample affected by shadow effects decreases as
the thickness of Ti film increased, and the film thickness threshold of the sample affected
by the shadow effect decreases with the increase of the film thickness and the incident
angle. When the film thickness or incident angle is below the threshold, the film would
not be affected by the shadow effect. As such, the Ti film was deposited on Si, and when
the film thickness was <300 nm, the film was not affected by the shadow effect. When the
film thickness is below the threshold, the crystal structure of the film would not be affected
by the shadow effect. When the Ti film is affected by the shadow effect, the TC (002) and
TC (101) would increase while the TC (100) decreases. The film deposited later would tilt
the vertical columnar structure of the film deposited earlier, and this would reduce the
threshold of the thickness and incident angles of the films before being affected by the
shadow effect. Compared with the Ti film deposited on Si substrate, the columnar structure
of Ti film deposited on SiO2 substrate was affected by the shadow effect earlier. This
suggests that the substrates with poor electrical conductivity would be more susceptible to
the shadow effect.
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