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Abstract 
Effects of sputtering power on the deposition rate and microstructure, crystallinity, and electrical properties of Ag films during 
direct current (DC) magnetron sputtering are investigated. Thin films (~ 100 nm) are deposited at sputtering powers of 10, 20, 50, 
100, 200 and 300 W and analyzed by field-emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM) and a four-point probe. The film deposited at a sputtering power of 10 W has the lowest growth 
rate, but the highest crystalline quality, with the lowest full width at half maximum (FWHM) and the lowest resistivity. The film 
deposited at a sputtering power of 200 W has the highest growth rate, and the second best crystalline quality in view of FWHM 
and resistivity. The film deposited at a sputtering power of 50 W has the moderate growth rate, and the worst crystalline qual-
ity in view of FWHM and resistivity. High-resolution TEM observations reveal that films deposited at sputtering powers of 10 
and 200 W have far fewer defects, such as grain boundaries, dislocations and stacking faults than those deposited at a sputtering 
power of 50 W. Such deposition behavior could be explained by sputtering power, which affected the generation of the charged 
nanoparticles. And the high quality of films could be obtained at a high deposition rate, in which charge plays an important role.
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1 Introduction

In general, crystal growth can be described using a terrace-
ledge-kink (TLK) model [1], where the building block is an 
atom, ion or molecule. However, several phenomena are dif-
ficult to explain using the TLK model but can be explained 
by the so-called non-classical crystallization mechanism, 
where the building block is nanoparticles [2–16].

Hwang et al. [7] reported that, for thin film growth by 
chemical vapor deposition (CVD), most films and nanostruc-
tures are grown by charged nanoparticles (CNPs) as building 
blocks. It was reported that the charge plays a very impor-
tant role in the evolution of dense films and nanostructures: 
neutral nanoparticles produce a porous structure, whereas 
CNPs produce a dense structure. For example, Yoon et al. 
[17] compared the deposition behavior of charged silicon 
nanoparticles between electrically floating and grounded 
silicon substrates, and observed that silicon nanowires or 
dense films were grown on the floating substrate, whereas 
a porous structure was grown on the grounded substrate.

Park et al. [18] compared the plasma dewetting kinetics of 
Sn films, deposited by sputtering on a native oxide of silicon, 
between floating and grounded conditions of the surface, 
and observed that the plasma dewetting kinetics were much 
faster in the floating condition than in the grounded one. 
Based on such deposition behavior of CNPs, they suggested 
that charge enhances the atomic mobility of nanoparticles or 
renders them liquid-like. By exploiting the liquid-like prop-
erty of CNPs, Park et al. [19] deposited a fully epitaxial 
silicon film on a silicon wafer at 550 °C under a substrate 
bias of − 1000 V using radio frequency plasma-enhanced 
chemical vapor deposition (RF-PECVD).

Although film growth by CNPs has been studied exten-
sively in CVD, there have been fewer reports on film growth 
by CNPs using physical vapor deposition (PVD) methods, 
such as sputtering. Yoshida et al. [20, 21] reported the con-
cept of film growth by ‘hot cluster epitaxy’ or ‘plasma flash 
evaporation’, where nanoparticles were evaporated by ther-
mal plasma and the condensed clusters contributed to film 
growth. Although they did not mention the role of charge, 
we believe that their clusters were charged. Kwon et al. [22] 
confirmed the generation of Ti CNPs, and their contribu-
tion to film deposition during RF magnetron sputtering. 
Jang et al. [23] also confirmed the generation of negatively 
charged Ag nanoparticles, and their contribution to film 
deposition during DC magnetron sputtering.

This study is an extension of this previous work [23], focus-
ing on the effect of sputtering power on the deposition behav-
ior of films during DC magnetron sputtering. The key finding 
of this study is that most of the sputtered flux is in the form of 
individual atoms under a low sputtering power of 10 W, while 
neutral clusters are generated when the sputtering power is 

20–50 W, and charged clusters when the sputtering power is 
100–300 W.

2  Experiment

Ag thin films were deposited on a p-type Si (100) substrate 
by DC magnetron sputtering. The silicon substrate was 
blown with air to remove dust. After that, it was immersed 
in an ethanol solution and ultra-sonication was conducted 
for 10 min to remove contaminants. The DC magnetron 
sputtering chamber was the same as used in [23]. An Ag 
target 7.62 cm in diameter (99.999% purity) was used. The 
Ag target was connected to a DC power supply (psplasma, 
Inc., SDC1022A, Hwaseong, South Korea), and the distance 
between the target and substrate was fixed at 24 cm. The 
substrate was placed in an electrically floating holder to 
apply the electrical bias. A grounded Cu mesh was installed 
on the substrate holder so that the bias would not affect the 
plasma. The hole size of the grounded mesh was shorter than 
the Debye length of the plasma, to prevent the plasma from 
affecting the substrate, and the area of each square hole was 
150 μm × 150 μm. The deposition of Ag films was started by 
opening, and terminated by closing, the shutter, which was 
installed above the grounded mesh.

The base pressure of the chamber was ~ 3 × 10−6 mTorr, 
and the working pressure was maintained at 10 mTorr using 
Ar gas. The substrate at room temperature was slightly heated 
during sputtering. However, the temperature, measured by 
a thermocouple placed near the substrate, did not exceed 
120 °C even at the highest sputtering power of 300 W. To 
study the effect of sputtering power on the deposition behav-
ior of Ag films, DC sputtering powers of 10, 20, 50, 100, 
200 and 300 W were applied. Since the thin film deposited 
at the sputtering power of 10 W has a very low deposition 
rate, it was difficult to analyze the resistivity by a four-point 
probe and the crystallinity by XRD if the deposition time is 
the same as that of the other sputtering power. Because of 
this problem, we tried to fix the film thickness to 100 nm. To 
achieve this, Table 1 shows deposition times for each sput-
tering power.

In addition, to determine whether charged particles 
contribute to film deposition during sputtering, biases of 
− 300, 0 and + 300 V were applied to the substrate holder 
at plasma powers of 10 and 200 W. Deposition times of 
420 and 20 min were used for the plasma powers of 10 and 
200 W, respectively, to produce films of similar thickness.

The surface and cross-section of the Ag films were 
observed by field-emission scanning electron microscopy 
(FESEM; SUPRA; Carl Zeiss, Oberkochen, Germany) at 
an accelerating voltage of 2 kV. A focused ion beam (FIB; 
SMI3050SE; Seiko Instruments, Chiba, Japan) was used to 
prepare the sample for observation by transmission electron 
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microscopy (TEM; Tecnai F20; FEI, Hillsboro, OR, USA) 
at an accelerating voltage of 200 kV. To examine the crystal-
linity, the deposited Ag films were analyzed by XRD (PANa-
lytical, X’Pert-Pro, Almelo, The Netherlands) at a 2θ scan-
ning range of 30°–80° with a Cu Kα (λ = 1.5418 Å) source. 
To evaluate the electrical property of the film, the resistivity 
was measured using a four-point probe (CMT-SR2000N; 
Materials Development Corporation, Founex, Switzerland).

3  Result and Discussion

Figure 1 shows cross-sectional FESEM images of the Ag 
films deposited on the Si substrates at different sputter-
ing powers. Depending on the sputtering power, it took 
25–700 min to deposit Ag films of ~ 100 nm. The average 
value of the film thickness was obtained by measuring 10 
locations of the cross section using FESEM. The average 
value was presented with an error range of 95% confidence. 
The film growth rate was determined by dividing the meas-
ured film thickness by the deposition time. The dependence 
of the film growth rate on the sputtering power is shown in 
Table 2.

The film growth rate increased with increasing sputtering 
power up to 200 W, although not linearly, and then decreased 
at 300 W. The reason for the decreasing film growth rate at 
a sputtering power of 300 W is re-sputtering caused by the 
high-energy sputtered flux [24].

Figure 2 shows top-view FESEM images of the surface 
morphology of the Ag films deposited on Si substrates for 
different sputtering powers. The grain size for each sputter-
ing power is shown in Table 3.

The grain size was largest at the sputtering power of 10 W, 
and tended to decrease with increasing sputtering power. In 
general, the grain size of thin films is known to be propor-
tional to the crystallinity [25]. Since the grain size decreased 
with increasing sputtering power, the crystallinity of the films 
was expected to decrease with increasing sputtering power. 
To confirm this, the crystallinity of the Ag films was analyzed 
by XRD.

Figure 3 shows the XRD data of Ag films deposited at 
sputtering powers of 10, 20, 50 100, 200 and 300 W in the 
2Ө range of 35°–50°. The peaks at 2θ = 38.11° and 44.27° 
indicate the (111) and (200) orientations of Ag, respectively. 
The crystallinity was examined based on the full width at half 
maximum (FWHM) intensity of the (111) peak, and using the 
Scherrer equation:

where τ is the mean grain size, K is a dimensionless 
shape factor, λ is the X-ray wavelength of Cu Kα1, β is the 
FWHM and θ is the Bragg angle. Equation (1) shows that 
β is inversely proportional to τ. Therefore, the smaller the 
FWHM, the better the crystallinity [26]. Table 4 shows the 
FWHM values of the Ag films deposited at different sput-
tering powers. 

As shown in Fig. 3 and Table 4, the Ag film deposited at 
the sputtering power of 10 W exhibits the highest (111) peak 
intensity and the smallest FWHM value, of 0.36. Notably, the 
film deposited at 200 W, rather than the film deposited at 20 W, 
has the second best crystallinity, with an FWHM value of 0.38, 
while the film deposited at 300 W has the third best crystallin-
ity with a FWHM value of 0.41. The films deposited at 20, 50 
and 100 W have the same FWHM value, of 0.46. However, the 
(111) peak intensity is highest for the film deposited at 100 W, 
which has the fourth best crystallinity.

The Ag film deposited at 10 W was predicted to have the 
highest crystallinity because it had the largest grain size (see 
Fig. 2a). This prediction was confirmed, as this film had the 
lowest FWHM value (see Table 4). However, the prediction 
that the smallest grain sizes identified in the films deposited at 
200 and 300 W in Fig. 2e and f would correspond to the poor-
est crystallinities was not supported; the films deposited at 200 
and 300 W had the second and third lowest FWHM values, 
as shown in Table 4. To determine why the grain size results 
were not in agreement with the FWHM values, the resistivity 
of the deposited films was measured using a four-point probe.

Figure 4 shows the resistivities of the Ag films, which were 
4.93 ± 0.11, 7.61 ± 0.33, 7.89 ± 0.64, 6.2 ± 0.24, 5.83 ± 0.19 
and 6.16 ± 0.19 μΩ cm for sputtering powers of 10, 20, 50 
100, 200 and 300 W, respectively. The bulk resistivity of Ag is 
1.59 μΩ cm. As expected from the FWHM value, the Ag films 
deposited at sputtering powers of 10 and 200 W had the lowest 
and second lowest resistivities, respectively, (4.93 ± 0.11 and 
5.83 ± 0.19 μΩ cm). Therefore, the FWHM value and resistiv-
ity of the film deposited at 200 W were unexpected, consid-
ering the grain size of the film (see Fig. 3e). The increased 
resistivity of 6.16 ± 0.19 μΩ cm for the Ag film at the sput-
tering power of 300 W was due to the damage caused by the 
high-energy sputtered flux [27].

One possible explanation for this disagreement is that the 
grain size presumed from the surface morphology shown in 
Fig. 2 might be different from the actual grain size of the film, 
which should be evaluated by reference to grain boundary 

(1)� =

K�

� cos �

Table 1  Deposition time 
for ~ 100 nm film thickness for 
each sputtering power

10 W 20 W 50 W 100 W 200 W 300 W

Deposition time (min) 700 210 90 50 25 28
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Fig. 1  Cross-sectional FESEM images of Ag films deposited on Si substrates at sputtering powers of a 10 W b 20 W c 50 W d 100 W e 200 W 
and f 300 W

Table 2  The film growth rate 
for each sputtering power

10 W 20 W 50 W 100 W 200 W 300 W

Growth rate (nm/min) 0.14 ± 0.002 0.44 ± 0.01 1.04 ± 0.02 1.93 ± 0.07 3.86 ± 0.06 3.50 ± 0.08

Fig. 2  Top-view FESEM images of the Ag films deposited on Si substrates at sputtering powers of a 10 W b 20 W c 50 W d 100 W e 200 W 
and f 300 W
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observations. To analyze the grain boundaries and film qual-
ity, the Ag films deposited at 10, 50 and 200 W were observed 
by TEM, the samples for which were prepared by FIB.

Figure 5 shows low-magnification TEM images of the Ag 
films deposited at sputtering powers of 10, 50 and 200 W, 
respectively. Figure 5a and c show the single-crystalline region 
without grain boundaries, whereas Fig. 5b shows the poly-
crystalline region with grain boundaries, stacking faults and 
dislocations.

The characteristics are more clearly visible in the high-
resolution TEM and fast Fourier transform (FFT) images 
shown in Fig. 6. The (111) lattice and FFT images in Fig. 6a 
and c confirm that the Ag films were single-crystalline and 
free of defects, with a 3C-Ag face-centered cubic (FCC) 
structure. Although other areas of the Ag films deposited at 
10 and 200 W had some grain boundaries and dislocations, 
they were very infrequent compared to the Ag film deposited 
at 50 W.

The (111) lattice and FFT images in Fig. 6b confirm that 
the Ag film consisted of three grains with different orienta-
tions. The lattice image of the square area designated as ‘1’ 
in Fig. 6b revealed that the lattice was misaligned because 

of stacking faults, in turn, due to a large number of (111) 
dislocations. It should be noted that the (200) peaks in the 
FFT images in Fig. 6a and c are shown as points, whereas 
the (200) and (400) peaks in the FFT images in Fig. 6b are 
shown as lines, indicating elongation of the (200) and (400) 
planes caused by multiple stacking faults at various inter-
vals. The lattice and FFT images of the square area desig-
nated as ‘2’ in Fig. 6b revealed that the 3C (FCC) and 4H 
(hexagonal close-packed (HCP)) stackings coexist, with the 
red triangles and yellow circles in the figure representing the 
HCP and FCC lattices, indicating the presence of stacking 
faults [28]. It should be noted that the 

(

101̄4
)

 peak in the 
FFT image of Fig. 6b is unique to the HCP structure [29]. 
Therefore, grain boundaries, dislocations and stacking faults 
existed in the Ag film deposited at a sputtering power of 
50 W, as shown in Fig. 6b.

Figure 6 indicates that the density of defects such as grain 
boundaries, stacking faults and dislocations in the Ag films 
increases as the sputtering power increases from 10 to 50 W, 
and decreases as the sputtering power increases from 50 to 
200 W. It is intuitive that the defect density increases as the 
sputtering power increases from 10 to 50 W, as Ag clusters 
are expected to be formed during the sputtering process as 
the sputtering power increases. Ag clusters can be directly 
sputtered from the target, or formed in the gas phase via 
collisions among sputtered atoms. However, it is difficult to 
understand why the defect density decreases as the sputter-
ing power increases from 50 to 200 W, because it is expected 
that larger Ag clusters are formed in the sputtering process 
at 200 W compared to 50 W.

One possible explanation is that larger Ag clusters can be 
more easily charged than smaller Ag clusters, because the 
ionization potential and electron affinity of large Ag clusters 
approach the work function of bulk Ag, whereas those of 
smaller Ag clusters, such as dimers and trimers, approach 
the ionization potential and electron affinity of a single Ag 
atom. In other words, the ionization potential and electron 
affinity of larger Ag clusters would be much smaller and 
larger, respectively, than those of smaller Ag clusters. As 
a result, the probability of positive or negative charging of 
larger Ag clusters would be much higher than that of smaller 
Ag clusters. According to the theory of CNPs suggested by 
Hwang [7], charged clusters less than ~ 2 nm in size tend 

Table 3  Grain size of Ag films 
deposited on Si substrates for 
each sputtering power

10 W 20 W 50 W 100 W 200 W 300 W

Grain size (nm) 134 ± 27 87 ± 13 67 ± 8 51 ± 6 47 ± 6 50 ± 4

Fig. 3  XRD data of the Ag films deposited at the sputtering powers 
of 10, 20, 50, 100, 200 and 300 W in the 2θ range of 35°–50°

Table 4  The FWHMs of (111) 
peaks for each sputtering power

10 W 20 W 50 W 100 W 200 W 300 W

FWHM (°) 0.36 0.46 0.46 0.46 0.38 0.41
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to be liquid-like because the bond strength is weakened by 
charge.

From this possibility, the following scenario can be pro-
posed. At a sputtering power of 10 W, the sputtered flux 
would be relatively small and would mostly consist of sin-
gle atoms, producing the Ag film with the highest quality, 
although at an extremely low growth rate. At a sputtering 
power of 50 W, the sputtered flux would be moderate and 
there would be some clusters, which would lead to the gen-
eration of defects such as grain boundaries, stacking faults 
and dislocations; the growth rate would be moderate. At 
a sputtering power of 200 W, the sputtered flux would be 
relatively large and more clusters would be formed, some of 
which would be large enough to be charged. These charged 
clusters would be liquid-like, producing a high-quality film. 
The growth rate of the film would also be relatively high. 
Under some conditions, the quality of a thin film deposited 

at a very high rate may be better than that of a thin film 
deposited at a low rate [30]. At a sputtering power of 300 W, 
the sputtered flux would be large and more clusters would 
be formed than at the sputtering power of 200 W. However, 
since the energy of the sputtered flux is high at this sputter-
ing power, the growth rate of the Ag film is reduced and the 
damage is caused by resputtering, which deteriorates the 
film quality.

According to this scenario, most of the flux at a plasma 
power of 10 W would be neutral, whereas some of the 
flux at a plasma power of 200 W would be electrically 
charged. An intermediate fraction of the f lux would 
be charged at a plasma power of 50 W. If some flux is 
charged, the deposition behavior would be affected by 
the bias applied to the substrate. It is therefore neces-
sary to measure the effect of the charge under a plasma 
power of 200 W. To investigate the charge effect, thin 
films were deposited for 20 min while applying biases of 
+ 300, 0 and − 300 V to the substrate at a plasma power 
of 200 W, and the same experiment was performed at a 
plasma power of 10 W for comparison. Since the deposi-
tion rate was very slow at the plasma power of 10 W, the 
film was deposited for 420 min.

Figure 7 shows Ag films deposited with substrate biases 
of − 300, 0 and + 300 V, respectively, at a sputtering power 
of 10 W. The film thicknesses in Fig.  7 are 64.4 ± 1.1, 
64.4 ± 1.8 and 63.0 ± 2.7 nm, respectively. The thickness of 
the Ag films was not greatly affected by the substrate bias, 
indicating that most of the flux is neutral at the sputtering 
power of 10 W.

At the plasma power of 200 W, however, the thickness 
of the Ag films was affected by the substrate bias, as shown 
in Fig. 8. The Ag films deposited under the substrate biases 
of − 300, 0, and + 300 V had thicknesses of 68.9 ± 2.3, 
77.6 ± 1.4 and 83.5 ± 3.6 nm, respectively. The maximum 
and minimum film thicknesses were observed at substrate 

Fig. 4  Resistivity of the Ag films deposited at the sputtering powers 
of 10, 20, 50, 100, 200 and 300 W

Fig. 5  Low-magnification TEM images of Ag films deposited on Si substrates at sputtering powers of a 10 W b 50 W and c 200 W
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Fig. 6  HRTEM and FFT images 
of Ag films deposited on Si 
substrates at sputtering powers 
of a 10 W b 50 W and c 200 W. 
The triangle mark is a peak of 
4H-Ag HCP and the circle mark 
is a peak of 3C-Ag FCC in FFT 
images

Fig. 7  Cross-sectional FESEM images of Ag films deposited on Si substrates at the electric biases of a − 300 V b 0 V and c + 300 V with a sput-
tering power of 10 W

Fig. 8  Cross-sectional FESEM images of Ag films deposited on Si substrates at the electric biases of a − 300 V b 0 V and c + 300 V with a sput-
tering power of 200 W
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biases of + 300 and − 300 V, respectively. These results indi-
cate that some of the sputtered Ag flux is negatively charged, 
and the percentage of the Ag sputtered flux that is positively 
charged is negligibly small.

The film thickness of 68.9 ± 2.3  nm deposited at 
− 300 V is 11.2% less than that of 77.6 ± 1.4 nm depos-
ited at 0 V, indicating that ~ 11% of the sputtered flux is 
repelled by the bias of − 300 V. The film thickness of 
83.5 ± 3.6 nm deposited at + 300 V is 7.6% larger than 
that of 77.6 ± 1.4 nm deposited at 0 V, indicating that ~ 8% 
of the sputtered flux is attracted by the bias of + 300 V. 
According to these results, roughly 10% of the flux is 
negatively charged.

4  Conclusions

The growth rate and quality of Ag films were affected by 
the sputtering power during deposition by DC magnetron 
sputtering. When the sputtering power is 10 W, most of the 
flux appears to be in the form of individual atoms, producing 
the highest quality film but with the lowest growth rate. At a 
sputtering power of 200 W, a relatively high film quality was 
obtained at the highest film growth rate. The degradation 
of film quality with increasing sputtering power is attrib-
uted to the generation of neutral clusters during sputtering. 
The improvement of film quality with a further increase in 
sputtering power is attributed to the generation of charged 
clusters during sputtering. The most important finding of 
this paper is that the charge plays an important role in the 
deposition of Ag films and that if the fraction of charged 
clusters is increased, the high quality film can be grown at a 
high deposition rate.
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