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Abstract: Magnetron sputtered Ag nanofilms were coated on TiO2 layers deposited on SiO2/Si substrates. The films were then post-

annealed to a maximum temperature of 500 0C at different time and temperature intervals according to the chosen number of 

annealing steps to produce non-hillock dewetted Ag nanoparticles. The annealing steps ranged from one to four. The cumulative 

annealing time was fixed at 30 minutes. The changes of particle distribution, morphological and structural properties of the non-

hillock dewetted particles with the number of annealing steps were investigated. Scanning electron microscope (SEM) and X-ray 

Diffraction (XRD) machine were employed for the films morphological and structural analysis respectively. The population of the 

dewetted particles increased with the increase in the number of annealing steps. However, the dewetted areas and particle sizes 

decreased with the increase in the number of annealing steps. Higher densities of dewetted particles on the nanoscale were only possible 

at higher numbers of annealing steps. The highest circularity of the dewetted particles was recorded by the sample that was annealed in 

two equal steps. There wasn’t any significant difference among the particle crystal structures of films annealed at different steps. The 

XRD patterns were mainly from metallic Ag for films annealed at higher number of steps. The sample annealed in one step had XRD 

peaks from both Ag and TiO2.   
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1. Introduction 
 

Tuning the catalyst particle size has been established as one 

of the most promising approaches to tailor its functional 

properties for catalytical applications [1]. Consequently, the 

preparation of uniformly sized catalytic nanoparticles is now 

considered as the most important step toward best 

performance of catalysts. Among mostly common metals for 

catalytical applications is Ag as evidenced by a number of 

published works [2]-[5]. Dewetting of Ag thin films on oxide 

substrates through thermal annealing in different atmospheres 

stands as the versatile, low cost and fast technique for 

producing nanoparticles. However, the production of uniform 

Ag nanoparticles has always been reported to be an uphill 

task due to the hillock formation of the Ag particles.  

 

Hillock formation in Ag thin films during annealing has been 

reported by many researchers [2], [3], [6], [7]. The term 

“hillock” is always referred to elevated individual grains, 

which protrude substantially above the average thickness of 

polycrystalline thin film [8]. Various mechanisms, including 

interfacial diffusion, surface diffusion and grain boundary 

diffusion have been proposed for hillock growth in the metal 

films. Essentially, hillocks are formed by mass transportation 

along grain boundaries and surfaces driven by the relaxation 

of compressive stress [6].  The formation of hillocks has been 

taking place irrespective of the annealing atmospheres. The 

hillock morphologies have been reported to remain 

unchanged even after annealing for many hours [3]. 

Compressive stresses, which are the main cause of hillock 

formation, have been reported to be originating from the big 

difference of the thermal coefficient of expansions of the Ag 

films with the substrates [3]. One of the common substrates 

for Ag depositions is silicon (Si) whose thermal coefficient 

expansion is 3 x 10
-6

 m/mK, far less than that of Ag thermal 

coefficient expansion (18 x 10
-6

 m/mK) [3]. To minimize, the 

compressive stress and produce particles with useful 

morphological applications, such as in catalysts, Ag ought to 

be deposited on a layer with higher thermal coefficient of 

expansion. TiO2 layer is a potential candidate due to the fact 

that its thermal coefficient of expansion (9 x 10
-6

 m/mK) is 

about three times that of Si, which reduces to a great extent 

the thermal expansion difference with Ag. However, there is 

little literature addressing on this problem. The tuning of 

particle sizes and shapes through annealing sequences hasn’t 

been reported in literature to the best of my knowledge 

 
In the current work we report on the formation and 

population of dewetted non-hillock Ag nanoparticles through 

stepwise annealing in argon atmosphere at a maximum 

temperature of 500 
o
C for a cumulative time of 30 minutes. 

We attribute the achievement to the favourable thermal 

conditions resulting from stepwise annealing and the 

inclusion of TiO2. Production of populated non-hillock 

formation is crucial for catalytical applications.  

 

2. Materials and Methods 
 

The chamber of the sputtering machine (LA440S Von 

Ardenne Enlargentechnik GMBH) was evacuated to a base 

pressure of 2 x 10
-7

 mbar before introducing the argon gas at 

80 sccm flow rate. The RF power was fixed at 200 W. Then a 

100 nm pure TiO2 was deposited using RF sputtering on a 

100 nm SiO2/Si substrate. The substrate size was 15 x 15 

mm
2
. Subsequently, a 30 nm metallic Ag target (purity 

99.9999 %) was sputtered using the DC mode. The deposited 

Ag/TiO2 nanofilms were then annealed using the thermal 

annealing system (Eurotherm-Nabertherm) in argon 

atmosphere, for a cummulative time of 30 minutes per 

sample at a fixed maximum temperature of 500
o
 C stepwise 

in steps ranging from one to four as detailed in Table 1.  
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Table 1: The detailed annealing sequences for Ag/TiO2 

samples 
Sample No. of 

steps 

Temperature/Time 

(a) One 500 oC/30 mins 

(b) Two 250 oC/15 mins 500 0C/15 mins 

(c) Four 

(A) 

125oC/ 

7.5 mins. 

250oC/ 

7.5 mins 

375oC/ 

7.5 mins 

500oC/ 

7.5 mins 

(d) Four 

(B) 

300 oC/ 

15 mins. 

366 oC/ 

5 mins 

433 oC/ 

5 mins 

500oC/ 

7.5 mins 

(e) Four 

(C) 

100oC/ 

5 mins. 

200 oC/ 5 

mins 

300 oC/ 5 

mins 

500 oC/ 

15 mins 

 

The argon flow rate during annealing was fixed at 20 sccm. 

Prior to annealing, the chamber was purged with argon at a 

flow rate of 40 sccm for one hour. The film morphologies 

were investigated by a high-resolution scanning electron 

microscopy (SEM, Hitachi S-4800) in which the SEM images 

were recorded using mixed signals from secondary electrons 

(SE) and back scattered electrons (BSE), in order to get the 

images with both high contrast and high resolution. The 

SIEMENS D 5000 theta-theta diffractometer machine with 

Cu Kα radiation of λ = 1.5405 nm was employed for the 

Bragg Brentano X-ray diffraction (BBXRD) data collection. 

The ImageJ free software was used to analyze the 

distribution of the dewetted particles.  

 

3. Results and Discussion 
 

3.1 SEM Results 

 

Figure 1 shows the 5 µm x 5 µm scale SEM images for the 

magnetron sputtered Ag/TiO2 samples annealed at different 

number of steps at a fixed maximum temperature of 500
o
 C 

for a total time of 30 minutes as detailed in Table 1. The in-

set SEM images are the higher magnification images for the 

respective images. It is clear from the results that the density 

of dewetted particles was increasing with the increase of the 

annealing steps.   

 

  
 

  

 
Figure 1: SEM images for Ag/TiO2 nanofilms annealed at 

500 
o
C stepwise in (a) One step (b) Two equal steps (c) Four 

steps (A) (d) Four steps (B) (e) Four steps (C) [details in 

Table 1]. 

 

It is interesting to see that the samples, which were annealed 

in special sequences, i.e., four steps (B) and four steps (C) 

resulted into higher densities than the sample annealed in 

four equal steps (four steps (A)).  The implication is that 

short durations of annealing have a positive sequence to the 

density of the dewetted particles. There is also a decrease in 

particle sizes as observed from the SEM images with the 

increase in the number of annealing steps. The larger 

particles in the film annealed in one step is possibly due to 

the coalescence of small particles, which merge to form one 

larger nanoparticle. The driving force of this phenomenon is 

simply the natural tendency to reduce the total interfacial 

energy of the system. During particle coalescence, entire 

nanoparticles can migrate on the substrate surface and 
coalesce if motion yields overall system-energy reduction 

resulting into a size distribution that is usually skewed toward 

larger particles [9]. 

 

3.2 Particle distribution analysis 

 

In the particle distribution analysis, the 50 µm x 50 µm SEM 

images were used instead of 5 µm x 5 µm images. For each 

sample, SEM images taken from four different positions were 

taken and the number of dewetted particles and particle 

surface areas were computed using ImageJ software. The 

particles were assumed to be spherical in shape. Thereafter, 

their mean values were calculated and the results are 

discussed in sections 3.2.1. 

 

3.2.1 The number of dewetted particles and dewetted 

area 

The variation of the average number of dewetted particles 

and dewetted areas with the number of annealing steps is 

shown in Figure 2. In general the particles density varies 

inversely with the dewetted area as expected. This is showing 

consistency of the results, since the two tend to have a similar 

dewetting trend as reported elsewhere [10].  The number of 

dewetted particles increased by a factor of almost 8 from a 

sample annealed in one step to a sample annealed in four 

steps (A). This suggests that, increasing the number of 

annealing steps favours more dewetted particles.  The highest 

population of the dewetted particles was recorded by the 

sample that was annealed in four steps (C), annealed for 5 

minutes at 100 
o
C, 5 minutes at 200 

o
C, 5 minutes at 300 

o
C 

and 15 minutes at 500 
o
C.  Comparing the samples annealed 

in four steps (A) and four steps (C), one can notice that the 

number of dewetted particles increased by a factor of almost 

8.  
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Figure 2: Variation of the number of dewetted particles and 

dewetted areas with the stepwise annealing of Ag/TiO2 

nanofilms annealed at 500 
o
C (a) One step (b) Two equal 

steps (c) Four steps (A) (d) Four steps (B) (e) Four steps (C) 

[details in Table 1]. 

 

This indicates that annealing for short intervals of time at the 

initial stages and thereafter for longer times at the final stages 

has a positive influence on the number of dewetted particles.  

 

Regarding the changes of dewetted areas with the annealing 

steps, the dewetted areas (in percentage) are generally high 

(above 75 %) with the exception of samples (d) and (e), 

which have very low percentages of dewetted areas. This is 

due to the large numbers of dewetted particles from the two 

samples, which occupy more space.  

 

3.2.2 Particle size and uniformity 

 

The variation of the average particle sizes with the samples is 

shown in Figure 3.  
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Figure 3: The variation of average particle size with the 

annealing steps for Ag/TiO2 nanofilms annealed at 500 
o
C (a) 

One step (b) Two equal steps (c) Four steps (A) (d) Four 

steps (B) (e) Four steps (C) [details in Table 1 

 

There is a decrease in the average particle sizes with the 

increase in the number of annealing steps down to 29.6 nm of 

sample (e) from 126.7 nm of sample (a). Short intervals of 

annealing times and temperatures seem to be favouring 

merging of small particles, a situation which is always 

observed during prolonged annealing. It is likely that at 

higher numbers of annealing steps the dewetting process is 

dominated by Ostwald ripening, in which the particles are not 

in contact and the reduction of surface energy drives the mass 

transport. Both nanoparticles exchange atoms resulting into 

smaller nanoparticles losing atoms and thereby becoming 

smaller while the large ones gain atoms and thus become 

even bigger. Generally, Ostwald ripening results in a size 

distribution that is usually skewed toward smaller particles 

[9].  

 

The uniformity in terms of particle sizes for this case is 

reflected by the heights of the error bars. It is evident from 

the figure that the particle size uniformity generally increases 

with the increase in the number of annealing steps, with the 

best uniformity being recorded by sample (e). The average 

particle radius of sample (e), which is 29.6 nm is almost 

equal to the original film thickness of Ag, i.e., 30 nm. This 

reflects that the film consists of columnar grains of uniform 

morphology as has always been the case [10].  A further 

particles distribution analysis is presented in Table 2 in 

which a comparison of the number of particles in three 

different size zones is presented. The results are from the 

representative SEM images for the samples.   

 

Table 2: Particle distribution summary according to their 

sizes in three different zones from 50 um x 50 um 

representative SEM images 
 Particle surface area/particle size range  

Sample 0 < A ≤ 0.0315  

(sq. μm) 

0 < r ≤ 50 (nm) 

0.0315 <A ≤ 

0.1256 (sq. 

μm) 50 < r  ≤ 

100 (nm) 

A > 0.1256 

(sq. μm) 

r > 100 
(nm) 

Total 

number of 

particles 

(a) 41 193 309 543 

(b) 440 517 413 1370 

(c) 1702 1550 535 3787 

(d) 21741 2780 79 24600 

(e) 27133 1651 225 29009 

 

The graphical analysis per sample of the number of particles 

in each range in Table 2 is as shown in Figure 4, where the 

vertical summation for each sample sums to 100 %. The 

results show that sample (a) has the highest percentage of 

particles with radii greater than 100 nm. It has also above 35 

% of particles in the size zone 50-100 nm. However, it has 

the lowest percentage of the 0-50 nm particle sizes. Sample 

(b) has almost balanced percentages ranging approximately 

from 30- 35 of particle sizes from all three zones. So, 

annealing two times leads to almost equal percentages of 

particles from all of the three zones. Annealing in four equal 

steps (sample (c)), lead to almost equal percentages of 

particles in the 0-50 nm and 50-100 nm zones. The two zones 

make more than 85 % of the total number ofparticles in 

sample (c). On the other hand, both samples (d) and (e) are 

dominated by the 0-50 nm zone particle sizes representing 

more than 90 % of the total number of particles. Particles 

falling on other zones represent only a small percentage. 
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Figure 4: Percentage analysis of particle sizes per sample for 

the three zones as per Table 2 for the Ag/TiO2 nanofilms 

annealed at 500 
o
C stepwise (a) One step (b) Two equal steps 

(c) Four steps (A) (d) Four steps (B) (e) Four steps (C) 

[details in Table 1] 

 

It can therefore be concluded that achievement of highest 

percentages of nanoparticles in the dewetting process of 

Ag/TiO2 is only possible when higher numbers of annealing 

steps are applied.   

 

The changes of particle circularities with the number of 

annealing steps were also studied. 

 
Figure 5: The changes of the particle circularity of the 

dewetted particles with the number of annealing steps for the 

Ag/TiO2 nanofilms annealed at 500 
o
C stepwise (a) One step 

(b) Two equal steps (c) Four steps (A) (d) Four steps (B) (e) 

Four steps (C) [details in Table 1] 

 

Circularity, which is a measure of how spherical are the 

particles, has two extreme numbers 1 and 0 representing a 

perfect circle and an elongated polygon respectively. The 

result is as shown in Figure 5. It can be observed from the 

results that highest circularity is recorded by the sample that 

was annealed in two steps. The lowest circularity is coming 

from the sample that was annealed in only one step. 

Annealing in four steps gives comparable values of the 

circularity, but less than the sample annealed in two steps.  

 

3.3 XRD Results 

 

The BBXRD patterns for the Ag/TiO2 samples annealed at 

different number of annealing steps are shown in Figure 6.  

 
Figure 6: BBXRD patterns for Ag/TiO2 nanofilms annealed 

at 500 
o
C stepwise (a) One step (b) Two equal steps (c) Four 

equal steps (A) (d) Four steps (B) (e) Four steps (C) [details 

in Table 1 

 

All the samples are characterized by the highest intensity 

from the reflection of (111) orientation at 2𝜃 = 38.09
o
 

coming from metallic Ag [11]. Additionally, they displayed 

XRD patterns with common metallic Ag peaks at 2𝜃 = 44.23
o
 

and 81.56
o
 with orientations (200) and (222) respectively 

[12]. The peak at around 33
o
 observed in samples annealed in 

one and two steps is possibly coming from the substrate (Si 

(100)) [13]. The sample annealed in only one step has an 

anatase peak at 2𝜃 = 55.6
o
 (JCPDS 78-2486). It is likely that 

Ag underwent diffusion into TiO2 during the annealing 

process as the heating process was constant and continuous 

for 30 minutes. Diffusion of Au into TiO2 was reported 

elsewhere [13] when annealing was done at 400 
o
C. There is 

no such a peak to samples annealed in more than one step, 

presumably implying that stepwise annealing in higher 

number of steps reduces the diffusion of metallic Ag into 

TiO2. 

 

4. Conclusion 
 

Ag/TiO2 nanofilms were successfully prepared by magnetron 

sputtering and annealed stepwise to obtain non-hillock 

dewetted Ag particles in argon atmosphere for a fixed 

maximum temperature of 500 
o
C and cumulative time of 30 

minutes.  The number of annealing steps has a profound 

influence on the population and size of the dewetted 

particles.  

 

The population of the dewetted particles increased with the 

increase in the number of annealing steps. However, the 

dewetted areas and particle sizes decreased with the increase 

in the number of annealing steps. Higher densities of 

particles on the nanoscale were only possible at higher 

numbers of annealing steps. The highest circularity of the 

dewetted particles was recorded by the sample that was 

annealed in two equal steps. There wasn’t any significant 

difference among the particle crystal structures of films 

annealed at different steps. The XRD patterns for films 

annealed for more than one step were mainly from metallic 
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Ag. However, the film that was annealed in one step only had 

the anatase peak too.  
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