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Chapter 1 Introduction 

1.1 Characteristics of Ag 

  Ag is a very ductile, malleable, monovalent metal, with a brilliant white metallic 

luster. Some physical properties is listed in Table 1.1.
1-3)

 As for the chemical properties, 

Ag is very difficult to be oxidized in the atmosphere at room temperature, and a thin 

layer of Ag oxide can not form in the atmosphere until the heating temperature reaches 

200 ºC.
 3)

 However, among the noble metals, the chemical activity of Ag is the highest, 

because it is easy to be corroded by some acid, such as HCl and H2S. 
1, 4)

 

 

 

Atomic number 47 

Atomic weight 107.87 

Melting point 961.9 ºC 

Boiling point 2260 ºC 

Electrical resistivity (293 K) 1.59 μΩ cm 

Thermal conductivity 419 Wm
-1

K
-1

 

Crystal structure face-centered cubic (fcc) 

Interplanar spacing of the close-packed plane (111) 0.29 nm 

 

  Here, we are going to highlight the extreme properties of Ag, which determine the 

superiority of its application in electronic devices and optical devices. One is that Ag 

has the lowest resistivity of any metal. Therefore, the application of Ag thin films in the 

electrode and metallization materials has attracted much attention.
 5-18)

 The other is that 

Ag has the highest reflectance of any metal from the short wavelength region of visible 

to the far IR, and introduce less polarization into an optical system than do other 

metal.
19, 20)

 Thus, Ag thin films are widely employed in various optical applications, 

such as low-emissivity coatings.
 21-27)

 

  Unfortunately, the agglomeration of the Ag thin film (formation of separate parts 

Table 1.1 Some physical properties of Ag. 
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from a continuous film) occurring at high temperature, which loses its superior 

electrical and optical properties, is a severe obstacle for the application of the Ag thin 

films.
 28-33)

 Therefore, the improvement in the thermal stability of the Ag thin film has 

become the key point for the development of Ag thin film in electronics industry. 

 

1.2 Application of Ag thin films in electronic devices 

1.2.1 Application in metallization for ULSI 

  Since the mid-1980s, large-scale integrated circuits (LSI), very large-scale integrated 

circuits (VLSI), and ultralarge-scale integrated circuits (ULSI) have been rapidly 

developing.
 34)

 It follows that the application of metals and metal-like layers, which is 

called metallization, has become more important and stricter than ever.
 35)

  

 

 

 

 

Figure 1.1 shows a schematic cross section of a typical LSI.
 36)

 The metallization in 

LSI application is usually divided in two groups: (1) gate and (2) contact.
 37, 38)

 The 

characteristics of a LSI depend on several parameters of the metallization materials, 

among which the resistance-capacitance (RC) delay time is the most important.
 38~ 40) 

Substrate Gate oxide

Source Drain

Gate metal

Contact metal

Contact metal

Fig. 1.1 Schematic cross section of a typical LSI.
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The higher is the RC value, the lower is the operating speed of the device. The R and C 

are effective total resistance and capacitance of the device at the gate and 

interconnection level. S. P. Murarka has confirmed that the RC value is mainly 

dependent on the sheet resistance of conductor, the permittivity and the thickness of 

insulation layer, as shown in Eq. 1.1,
 38)

 

                                      (1.1) 

where Rs, ε, and t are the sheet resistance of conductor, the permittivity and the 

thickness of insulation layer, respectively. It is clear that the decrease in the thickness of 

insulation layer can increase the RC delay time with the sheet resistance of conductor 

being constant. In other words, the miniaturization of device scaling for the 

development of ULSI will bring about the RC delay time, but the most effective 

solution is to use the metallization materials with low resistivity.  

  In addition, resistance of the metal interconnections and contacts plays other indirect 

undesirable roles.
 35, 38)

 The lower is the resistance, the lower are the heat generation and 

the electromigration. Both of these phenomena are becoming key issues in devices and 

circuits where further miniaturization is pushing current densities upward. Current 

densities are expected to be at least an order of magnitude higher compared to those 

experienced today. They affect both the device performance and their reliability. 

  The above considerations show that, for the best results, the low-resistivity metal 

should be used as the metallization material. Al has been used as metallization materials 

for LSI for a long time, caused by its low resistivity of 2.65 μΩ cm at 293 K, the 

excellent adhesion to insulating substrates, and high oxidation resistance by the ease of 

forming passivation layer. However, it has become apparent that aluminum 

metallization can no longer provide the required performance as it suffers from 

electromigration, stress induced migration, high resistance, and the use of low 

temperature environment.
 37, 41)

 Since the mid-1990s, the trend to replace the 

metallization materials of Al and Al-Cu with Cu has become apparent for ULSI 

applications, because of the lower resistivity of Cu (ρ = 1.67 μΩ cm at 293 K), higher 

resistance to electromigration and stress induced migration, and higher upper limit of 

operating temperature.
 11, 37, 42)

 With the downscaling of ULSI, the demand for the 

resistivity of the metallization materials is going up. Taking into account the arguments 
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supporting from the change from Al to Cu, Ag also appears to be a promising candidate, 

because Ag possesses a higher oxidation resistance and an even lower resistivity than 

Cu, and has high resistance to electromigration and stress induced migration as well as 

Cu.
 37, 43)

 

 

1.2.2 Application in transparent electrodes 

  Transparent conducting oxides (TCOs) are a unique class of material that exhibits 

both high transparency and high conductivity.
 44)

 TCO layers are essential components 

for a large variety of photosensitive electronic devices, mainly acting as transparent 

electrodes in flat panel display, touch screens, thin film solar cells, and electrochromic 

devices.
 45, 46)

  

  At present, tin-doped indium oxide (ITO), dominates the market in high-end 

electronics, and it constitutes the most common usage of indium. This is due to the 

extraordinary combination of optical and electrical properties of ITO: low resistivity (~1 

× 10
-4

 Ω cm) and high optical transmittance (~85%).
 47)

 However, the limited resources 

of indium on earth and the expensive cost of this material lead to the reduction of the 

quantities employed for films fabrication or even the replacement of ITO by other 

materials with equivalent properties. The thickness of ITO thin films used as transparent 

electrodes for optoelectronic devices ranges from 150 nm to 700 nm in general. The 

reduction of the thickness under 150 nm is not possible in the case of single oxide films, 

due to the increase of the sheet resistance with the thickness decrease caused by the 

classical size effect. 

  To solve this problem, it has been proposed that a significant drop in indium 

consumption by reduction of the ITO layer thickness could be obtained by combination 

with intermediate layers of other very thin metal films, namely ITO/metal/ITO 

multilayered structures.
 48-51)

 Ag, of course, has become the first choice for the 

intermediate layer, owing to the lowest resistivity of Ag among all the metals and the 

excellent transmittance of very thin Ag films.
 49, 52)

 Indeed, ITO/Ag/ITO structures have 

allowed the achievement of sheet resistances below 5 Ω/square and a visible 

transmittance above 85% with overall thickness below 100 nm.
 8, 50, 53)
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In addition, other TCO/Ag/TCO structures with less than 100 nm thickness, such as 

ZnO/Ag/ZnO, Al:ZnO/Ag/Al:ZnO, InZnOx/Ag/InZnOx, and InZnSnOx/Ag/ InZnSnOx, 

have also achieved the sheet resistance below 5 Ω/square and the transmittance above 

85%.
 7, 9, 54-56)

 Therefore, the substitution of ITO by alternative TCOs becomes easier by 

using TCO/Ag/TCO structures, because the very thin Ag intermediate layer can 

decrease the overall resistivity even though the resistivity of these TCOs is not as low as 

that of ITO. Figure 1.2 presents the schematic diagrams of ITO and TCO/Ag/TCO. 

 

1.3 Agglomeration of Ag thin film 

1.3.1 Agglomeration behavior of Ag thin film 

The agglomeration behavior of Ag thin film is mainly represented by the formation 

and growth of the voids and hillocks. The severe agglomeration will make the film 

discontinuous, and then significantly change the electrical and optical properties of the 

Ag thin films. The following describes the agglomeration behavior and its effect on the 

electrical resistivity.  

Figure 1.3 shows the SEM images of the Ag (100 nm) film before and after annealing. 

The as-deposited Ag film exhibits a smooth surface. After annealing at 500 °C, a lot of 

small voids and hillocks are formed, and distributed evenly on the surface. With 

increasing the annealing temperature to 600 °C, it is found that the Ag film has been 

suffering from a severe agglomeration. The number of the voids increases, and the size 

becomes larger. Most of the voids have joined with each other to form islands, and 

complete agglomeration has ultimately resulted.  

Substrate

TCO

TCO

Ag intermediate layer

Substrate

ITO

VS

Fig. 1.2 Schematic illustration of ITO and TCO/Ag/TCO.



6 
 

 

 

 

  Then, AFM observation has been carried out to further study the depth of the voids 

and the rms surface roughness of the agglomerated Ag film. Figure 1.4 gives AFM line 

profiles of the voids in the Ag (100 nm) films after annealing at 500 °C and 600 °C. The 

depth of the voids formed at 500 °C and 600 °C is about 40 and 100 nm, respectively. 

The height of the hillocks formed at 500 °C and 600 °C is about 40 and 100 nm, 

respectively. It is suggested that the agglomeration during annealing at 500 °C is not 

dramatic so that the voids are not deep enough to reach to the substrate. However, after 

annealing at 600 °C, the serious agglomeration makes the substrate partially exposed.  

 

 

 

10m

(a) (b) (c)

Fig. 1.3 SEM images of the Ag (100 nm) films before and after annealing. (a) As-deposited 

Ag film, (b) Ag film after annealing at 500 ºC, and (c) Ag film after annealing at 600 ºC.

50 nm

After annealing at 500 ºC

0 21 4 53

Profile length (μm)

H
e
ig

h
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(n
m

)

After annealing at 600 ºC

Fig. 1.4 AFM line profiles of the Ag (100 nm) films after annealing at 500 ºC and 600 ºC. 
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Table 1.2 shows the rms roughness of the surfaces of the Ag (100 nm) film before and 

after annealing. It is indicated that the surface of the Ag film has become rougher owing 

to the development of agglomeration with increasing the annealing temperature. 

 

 

Rms roughness (nm) 

 As-deposited 500 °C 600 °C 

Pure Ag film 4.7 12.2 29.0 

 

  Figure 1.5 shows the change in the resistivity of the Ag (100 nm) film as a function of 

annealing temperature. The resistivity of the Ag film decreases from 2.7 to 1.9 μΩ cm, 

which is close to the bulk resistivity of Ag. This reduction of resistivity is due to the 

still-continuous surface and the improvement in crystallinity. However, the severe 

agglomeration occurring at 600 °C, as show in Fig. 1.3, reduces the conduction area for 

electrons, which leads to the abrupt increase of resistivity. Therefore, in order to make 

good use of the Ag thin films in electronics industry, it is necessary to solve the 

agglomeration problem of Ag thin films. 

 

 

 

Table 1.2 The surface roughness of the Ag (100 nm) films before and after annealing. 

Ag bulk

2.0

3.0

4.0

5.0

R
e
s
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v
it
y
  

( 


c
m

)

6.0

0 200 400 600

Annealing temperature  (C)

100 300 500 700
1.0

Fig. 1.5 Resistivity of the Ag (100 nm) film as a function of annealing temperature. 
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1.3.2 Agglomeration mechanism of Ag thin film 

  The agglomeration mechanism of Ag thin film has been discussed for decades.
 57-66)

 

Although the process of Ag agglomeration is complicated, the key factors in causing the 

agglomeration of Ag thin film are summarized as follows. 

  Firstly, the surface diffusion dominates the occurrence and development of the 

agglomeration of Ag film. Early in the late 1970s and early 1980s, S. K. Sharma 
57-59)

 

presented that hillock growth as a result of thermal stress relaxation by diffusion creep 

and by the surface diffusion of silver atoms, and void growth is a process of achieving a 

minimum energy configuration by surface diffusion. Over the past decades, this 

viewpoint has also been confirmed by other groups. R. Dannenberg
 60, 61)

 used the in-situ 

TEM, in which the heating stage was capable of reaching 1300 °C and stored in high 

vacuum, to observe the microstructural change of Ag thin film with increasing the 

heating temperature. Their results support surface diffusion as the mass transport 

mechanism for grooving, void formation, and grain growth. H. C. Kim
 62)

 worked out an 

activation energy (0.32 ± 0.02 eV) for the onset of agglomeration in Ag thin films on 

SiO2 ramped at a rate of 0.1 °C /s, using an Arrhenius relation in terms of onset 

temperature and film thickness. The value is consistent with the activation energy for 

surface diffusion of Ag in a vacuum, which is believed to be the dominant mechanism 

for agglomeration of Ag thin film. Therefore, the ease of Ag atom migration at high 

temperature causes the ease of Ag agglomeration.  

  Secondly, the poor adhesion of the Ag thin film to the silicon dioxide (SiO2) or glass 

substrate is considered to be another major cause of agglomeration. It is well known that 

the higher is the free energy of oxide formation for the metal films, the stronger is the 

adhesion between the films and the SiO2 or glass substrates.
 67)

 Indeed, Ag with low free 

energy for oxide formation (ΔfG°Ag2O = -11.2 kJ/mol)
 68)

 presents very poor adhesion to 

the SiO2 substrate. T. L. Alford
 62-64)

 has pointed out that the agglomeration is also 

driven by the minimization of the interfacial energy. The interfacial energy could be 

decreased by the improvement of the adhesion at the interface so that the driving force 

of agglomeration would reduce. This viewpoint has been confirmed by other research 

groups.
 65, 69)

 They inserted the highly oxidizable metal as interface layer, such as Al and 

Ti, to improve the adhesion strength of the Ag film to the SiO2 substrate, and then it was 
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observed that the degree of agglomeration was reduced after annealing. Therefore, the 

improvement in the adhesion of the Ag thin film to the SiO2 or glass substrate is helpful 

to improve the thermal stability of the Ag thin film. 

  Thirdly, the existence of non-(111) oriented grains in the Ag films deposited on the 

amorphous SiO2 substrate promotes the growth of (111) oriented grains and the 

disappearance of non-(111) oriented grains at high temperature, followed by the growth 

of hillocks and voids. D. L. Smith
 70)

 has explained that the minimization of total surface 

energy is a driving force for the growth of the grains oriented with the close-packed 

plane. As we know, the close-packed plane of Ag is Ag(111), which has the lowest 

surface energy. Therefore, the atoms from non-(111) oriented Ag grains will be 

transferred to the grains which are oriented with (111) parallel to the substrate. This 

process reduces the energy of the system by reducing the surface energy of the Ag thin 

film, and results in agglomeration. H. C. Kim,
 66)

 Y. Minamide,
 31)

 and Z. Wang,
 65)

 have 

confirmed that highly (111) oriented Ag films obtain much higher thermal stability than 

the Ag films with random orientation. 

 

1.4 Previous solutions to agglomeration suppression  

  Previously, alloying Ag thin films with other metallic elements has ever been a 

popular solution to improve the thermal stability of the Ag thin films.
 29-33, 71-74) 

This is, 

indeed, a effective way to suppress the agglomeration, and the preparation of alloy films 

is simple. Figure 1.6 shows the SEM images of the Ag (100 nm) films alloyed with 

different metal elements after annealing at 600 °C, which are selected from our previous 

data.
 29-31, 75)

 In comparison with the change in surface morphology of the pure Ag film 

as a function of annealing temperature, as shown in Fig. 1.3, it is found that the 

significant improvement in thermal stability of the Ag films has been achieved owing to 

the alloying elements.  

 



10 
 

 

 

 

By the AES or XPS analysis, it has been found that the alloying Al, Nb, and Ti, which 

are easy to be oxidized,
 68)

 formed oxide surface layers to suppress the surface diffusion 

of Ag atoms.
 29-31, 75)

 Especially, the alloying Al also formed oxide interface layer to 

improve the adhesion of the Ag film and SiO2 substrate.
 29)

 By the XRD analysis, it has 

been found that, just like the Ag-Al films prepared by H. C. Kim,
 66)

 the Ag-Cu films 

also shows an extremely high volume fraction of Ag(111) and almost no change in 

crystalline orientation upon annealing.
 30, 31)

 These behaviors are considered to 

contribute to the agglomeration suppression, as discussed in Section 1.3.2.  

  However, a problem caused by alloying elements in Ag films has been discovered. 

Figure 1.7 shows the resistivity of the pure Ag film and the alloy films as a function of 

annealing temperature.
 29-31, 75)

 It is clear that a relative low content of other metals in 

the Ag films can cause an increase in resistivity. This phenomenon is considered to be 

attributed to the impurity scattering effect.
 76, 77)

 In general, the resistivity of an alloy 

film, ρfilm, is described by Eq. 1.2,
 77)

 

                                      (1.2) 

Where ρb is the bulk resistivity of the metal, and ρi is the resistivity caused by impurity 

scattering effect. Therefore, Ag film alloyed with other elements might lose the 

10m

(a) (b)

(c) (b)

Fig. 1.6 SEM images of the films after annealing at 600 ºC. (a) Ag-Al (2.2 at%), 

(b) Ag-Cu (2.1 at%), (c) Ag-Nb (3.9 at%), and (d) Ag-Ti (1.4 at%).
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low-resistivity superiority of Ag. When this solution is adopted, we need to be careful in 

the content of alloying elements to meet the growing requirement of resistivity. 

 

 

 

 

Recently, our group has reported that a multilayered structure of a pure Ag film 

sandwiched between very thin Al layers at the film surface and the interface with the 

SiO2 substrate, namely Al/Ag/Al film, can obtain both high thermal stability and very 

low resistivity simultaneously.
 69, 78)

 Fig. 1.8 shows the SEM image of the Al (1 nm)/Ag 

(95 nm)/Al (1 nm) film after annealing at 600 °C. It is found that this annealed film 

exhibits a very smooth surface, which indicates the agglomeration of Ag film has been 

effectively suppressed. 

 

 

 

Ag bulk

8

10

12

14
R

e
s
is

ti
v
it
y
  

( 


c
m

)

16

0 200 400 600

Annealing temperature  (C)

100 300 500 700
0

Ag-Cu (2.1 at%)

Ag

Ag-Al (2.2 at%)

Ag-Nb (3.9 at%)

Ag-Ti (1.4 at%)

6

4

2

Fig. 1.7 Resistivity of the alloy films as a function of annealing temperature. 

10m

Fig. 1.8 SEM image of the Al (1 nm)/Ag (95 nm)/Al (1 nm) film after annealing at 600 ºC.
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Fig. 1.9 shows the resistivity of the Al (1 nm)/Ag (95 nm)/Al (1 nm) film as a 

function of annealing temperature. The as-deposited Al (1 nm)/Ag (95 nm)/Al (1 nm) 

film shows almost the same low resistivity as the as-deposited pure Ag film, which is 

much lower than the Ag-Al (2.2 at%) alloy film. This is because the main part of Ag in 

the multilayered film has not suffered from the impurity scattering effect. This 

multilayered film exhibits the same degree of lower resistivity after annealing at 500 °C 

and 600 °C, because of its high thermal stability and the improvement in crystallinity of 

Ag. 

 

 

 

 

This idea actually came from the agglomeration suppression mechanism of Ag-Al 

alloy film, as mentioned above. The Al surface layer and interface layer of the 

multilayered film not only improve the thermal stability of the Ag film, but also keep 

the main part of Ag layer chemically pure to maintain its low resistivity. This solution 

has provided a valuable reference for the development of Ag thin film technology. 
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Fig. 1.9 Resistivity of the Ag-Al (2.2 at%) and Al (1 nm)/Ag (95 nm)/Al (1 nm) films 

as a function of annealing temperature. 
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1.5 Purpose of this study 

  Since Al/Ag/Al film has shown excellent thermal stability and extremely low 

resistivity simultaneously, it is expected that some other metals, instead of Al, are also 

capable of achieving this goal with the same strategy. This dissertation focuses on 

improving the thermal stability of the Ag thin films and maintaining their low resistivity 

by modifying the Ag thin films with surface and interface layers, and then concludes the 

categories of metallic elements which are appropriate for the surface layer and interface 

layer of the Ag thin film.  

Firstly, the effects of various metals as surface layer and interface layer on the 

thermal stability and electrical resistivity of the Ag thin films are investigated. The roles 

of various metals will certainly change owing to their different properties. After 

ascertaining their roles and effectiveness in the improvement of thermal stability and the 

maintenance of low resistivity, the appropriate surface layers and interface layers are 

selected, respectively, to compare their properties. Finally, the essential properties for 

appropriate surface layers and interface layers are summarized, and these properties can 

be used to categorize what elements are suitable to the surface layer or interface layer of 

the Ag thin film.  
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Chapter 2 Experimental Procedure 

2.1 Preparation method of specimen 

2.1.1 Film deposition 

  The films were deposited by RF magnetron sputtering apparatus (ANELVA 

L-250S-FH). A Si (001) wafer with a 100-nm-thick thermally grown SiO2 layer was 

used as the substrate, and deposition was carried out without substrate heating during 

sputtering. The targets of Ag (purity 99.99%), Ti (purity 99.9%), Nb (purity 99.9%), Pd 

(purity 99.99%), Ni (purity 99.99%), and W (purity 99.99%) were used for sputtering. 

Figure 2.1 illustrates the internal structure of the sputtering chamber. Because there are 

three available cathodes inside the chamber, it is possible to sequentially prepare a 

double-layer film or a triple-layer film without breaking vacuum. The specific 

deposition condition for each layer has been described in Table. 2.1. The deposition 

procedure is as follows. 

 

 

 

 

Substrate

Substrate holder

Screw of holder

Cathode
Target

30 mm

40 mm

Film (10×10 mm2)

50 mm

Fig. 2.1 Internal structure of sputtering chamber.
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After the system was evacuated to below 1.0 × 10
-5

 Torr by the HiPace 300 turbo 

molecular pump, the substrate and chamber were baked at 450 °C for 6 hours to exclude 

the adsorbed gas.
 79)

 After cooling, gettering sputtering was carried out for 20 min with a 

Ti target to improve vacuum quality.
 80, 81)

 After the evacuation below 1.8 × 10
-7

 Torr, 

the Ar gas was introduced at a flow rate of 0.76 ml/min. Before the film deposition, 

pre-sputtering was implemented for 20 min to clean the surface of the target and 

stabilize the plasma. After pre-sputtering, the shutter was opened for the film deposition 

at room temperature.  

 

 

 Ag Ti Nb Pd Ni W 

RF power (W) 30 20 20 15 100 15 

Ar gas pressure (× 10
-2

 Torr) 1.0 1.0 1.0 1.0 2.8 1.0 

Distance between target and substrate (mm) 55 55 55 55 40 55 

Thickness (nm) 100 1~10 1~10 1~5 1~10 5 

 

2.1.2 Annealing 

Annealing of the films, at 500 or 600 °C, was carried out in a lamp-heating furnace 

under vacuum for 1 h after evacuation below 1.0 × 10
-7

 Torr. The heating rate and 

cooling rate were both set to 10 °C/min. 

 

2.2 Characterization methods 

2.2.1 Film thickness 

2.2.1.1 Thickness of surface layer or interface layer (Multiple reflection 

interference method) 

  The thickness of a thick film can be calculated by multiple reflection interference 

method.
 82)

 Figure 2.2 shows (a) a film masked with an Al reflective layer for thickness 

measurement, and (b) interference fringes observed by the method. The Al reflective 

layer on the sample was deposited by vacuum evaporation. Then, the interference 

Table 2.1 Deposition conditions for the layers of Ag, Ti, Nb, Pd, Ni, and W.
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fringes were observed at the edge of the sample through ANELVA 911-9150 Nanoscope, 

as show in Fig 2.2. The thickness was calculated by Eq. 2.1,
 83)

 

  t = (a / b) ∙ (λ / 2)                       (2.1) 

where a represents the spacing between two neighboring fringes, b represents the shift 

distance of a fringe caused by the step at the film edge, and λ represents the wavelength 

of the monochromatic light (λ = 546 nm), respectively.  

The thickness of the surface layer or interface layer of the Ag film has been 

determined by multiplying the sputtering time by its deposition rate. The deposition rate 

of a film (more than 60 nm in this study) is calculated by dividing the thickness by the 

sputtering time.  

 

 

 

 

2.2.1.2 Thickness of Ag film (XRF) 

  Although the thickness of the Ag film in every multilayered film is fixed to 100 nm 

for deposition according to the deposition rate, the Ag film can not be absolutely the 

same as thick as 100 nm for every deposition. Because the resistivity of the Ag films is 

Sample

Substrate

Reflective Al layer

(a)

(b)

a

b

Observation in nanoscope

Fig. 2.2 Schematic diagram of multiple reflection interference method for 

thickness measurement. (a) an Al layer deposited on a testing film, and (b) 

interference fringes obserbed by the method.
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extra sensitive to the thickness of the Ag films, the thickness of the Ag part in every film 

has to be measured after sputtering in order to ensure the accuracy of the resistivity. 

Since the X-ray Fluorescence Analysis (XRF) is nondestructive testing,
 84)

 and it has 

been reported that the thickness of more than 100 nm thick films can also be accurately 

measured using XRF,
 85)

 XRF has been used to measure the thickness of the Ag films in 

this study.  

  When the X-ray with a certain wavelength irradiates the solid film, the fluorescent 

X-ray with the characteristic wavelength belonging to the element in the film radiates. 

According to the wavelength and intensity of the fluorescent X-ray, the thickness of the 

film that consists of the element can be accurately calculated by the 

fundamental-parameter (FP) method.
 86)

 In this study, the XRF apparatus model is 

BRUKER S8 TIGER, and the analysis conditions have been shown in Table 2.2. The 

concentration of Ag in the Ag parts of the multilayered films is set to 100%, and the 

density of Ag is set to 10.5 g/cm
3
. In the case of our study, Kα radiation was used for the 

measurement of the thickness of the approximately 100-nm-thick Ag films. After XRF 

measurement, the FP quantitative analysis software automatically calculated the 

thickness of the Ag films. The values calculated through XRF analysis have been 

confirmed to be coincident with the values calculated by multiple reflection interference 

method. 

 

 

 Kα 

Target Rh 

Tube voltage 60 kV 

Tube current 50 mA 

Analyzing crystal LiF 220 

Collimator mask Scintillation Counter 

Atmosphere Vacuum 

Analysis mode FP 

 

Table 2.2 Measurement conditions for XRF.
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2.2.2 Surface morphology 

2.2.2.1 Scanning Electron Microscopy (SEM) 

  The surface morphology of the films was firstly observed using SEM (Model: JEOL 

JSM-5800). The basic components of the SEM are the lens system, electron gun, 

electron collector, cathode ray tubes, and the electronics associated with them.
 87)

 Figure 

2.3 shows the schematic diagram of SEM. The SEM focuses an electron beam at a point 

on the surface of the sample, and then measures the resulting electrons with a detector. 

By doing this in a raster pattern across the surface, an image is formed, pixel by pixel. 

The column at the top of Fig. 2.3 mainly consists of the electron gun and lens system, 

where the electron beam is generated and focused. The electron beam coming from the 

column is also called the primary electrons. When the primary electrons impact the 

surface, they generate secondary electrons, backscattered electrons, Auger electrons, 

X-ray and cathode luminescence. In this study, the accelerating voltage was set to 20 

keV, and the magnification varied from 500 × to 10000 × for observation. 

 

 

 

 

2.2.2.2 Atomic Force Microscopy (AFM) 

  The further observation of the surface morphology was carried out using AFM 

(Model: SHIMAZU SPM-9500J3), and then the rms surface roughness of the films was 

figured out. Figure 2.4 shows the schematic diagram of AFM. AFM is a powerful form 

of scanning probe microscopy (SPM) that performs its imaging function by measuring a 

local property of the surface, such as its height. AFM employs a probe or tip that is 

Cathode luminescence

Auger electron

Backscattered electronX-ray

Detector

Secondary electron

Film

Fig. 2.3 Schematic diagram of SEM.
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positioned very close to surface to get these measurements. When the tip is brought into 

proximity of a sample surface, forces between the tip and the sample lead to a deflection 

of the cantilever according to Hooke's law.
 88)

 Depending on the situation, forces that are 

measured in AFM include mechanical contact force, van der Waals forces, capillary 

forces, chemical bonding, electrostatic forces, magnetic forces, etc. Then, the deflection 

is measured using a laser spot reflected from the top surface of the cantilever into an 

array of photodiodes. AFM operates in two modes, namely, contact mode imaging and 

non-contact mode imaging.
 89)

 In this study, the contact mode was selected, where the 

force between the tip and the surface is kept constant during scanning by maintaining a 

constant deflection. 

 

 

 

 

  The rms surface roughness was calculated by Eq. 2.2, 

      
        

 
                       (2.2) 

where Yi represents the height of the measured point at the surface, Y represents the 

average height of all the measured points, and N represents the amount of the measured 

points, respectively. 

Fig. 2.4 Schematic diagram of AFM.

http://en.wikipedia.org/wiki/Force
http://en.wikipedia.org/wiki/Hooke%27s_law
http://en.wikipedia.org/wiki/Van_der_Waals_force
http://en.wikipedia.org/wiki/Capillarity
http://en.wikipedia.org/wiki/Capillarity
http://en.wikipedia.org/wiki/Chemical_bond
http://en.wikipedia.org/wiki/Coulomb%27s_law
http://en.wikipedia.org/wiki/Laser
http://en.wikipedia.org/wiki/Photodiodes
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2.2.3 Electrical resistivity 

  For metals, the basic electrical property is the resistivity, ρ (μΩ cm), of the bulk 

material, which is defined as the resistance, R (μΩ), of a 1-cm
3
-cubic material between 

the opposite faces. With thin films, it is more convenient to think in terms of the 

resistance of a film between the opposite edges, as shown in Fig. 2.5. As we know, the 

relationship between the resistance and the resistivity is shown as Eq. 2.3, 

  
  

 
 

  

  
                      (2.3) 

where ρ is the resistivity of the film, y is the length of the film, A is the cross-sectional 

area of the conduction path, h is the film thickness, and b is the width of the film. If y = 

b, Eq 2.3 becomes  

    
 

 
                         (2.4) 

The resistance of a square of film is known as the “sheet resistance”, Rs, and is given in 

μΩ/square.
 90)

 Therefore, if the film thickness h is known, and the sheet resistance Rs is 

measured, the resistivity ρ of the film will be calculated from Eq. 2.4. 

 

 

 

 

The value of Rs is conveniently measured with the four-point probe. Figure 2.6 shows 

the four-point probe for sheet resistance measurement. In this study, the SiO2 substrate 

is insulating so that the current, I, passes through the film. By measuring the voltage, V, 

with a different pair of probes than the pair used for current flow, the voltage associated 

with current flow through the contacts is removed from the measurement, and only the 

voltage drop across a distance d of film is measured. A correction coefficient, C, is 

added to Eq. 2.5 for the calculation of Rs. 

h

b

II

y

Fig. 2.5 Geometry defining the sheet resistance of a film of thickness h.
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Rs = C ( V / I )                       (2.5) 

As shown in Fig. 2.6, if y and b are much longer than d, C = π/ln2 = 4.53. If the 

relationship of y, b, and d meets with y = b =10d, C is equal to 4.22.
 91)

 In the present 

study, C is 4.22. 

 

 

 

 

2.2.4 Chemical bonding state 

  The chemical bonding state of the surfaces of the Ag films with the surface layers 

was investigated by X-ray photoelectron spectroscopy (XPS). The model of the XPS 

apparatus is PerkinElmer MODEL 1600, and the analysis conditions are listed in Table 

2.3. 

 

X-ray source Monochromatic Al Kα radiation (hν = 1486.6 eV) 

Power 150 W 

Voltage 1.4 kV 

Analysis area Φ 800 μm 

Acceptance angle for signal 65 ° 

Pass energy 23.5 eV 

 

Photoelectron spectroscopy works by directing a beam of monoenergetic photons in 

h

b

y

V

I

d

Fig. 2.6 Four-point probe for sheet-resistance measurement of a film

on an insulating substrate.

Table 2.3 Analysis conditions for XPS.
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the direction of a sample. The photons have certain energy, hν, that when they hit 

electrons in the atoms of the sample, the electrons are ejected from the atoms with 

kinetic energy, Ekin. The electrons ejected are analyzed in the XPS detector by 

measuring electrons kinetic energy, which provides the information to determine the 

chemical bonding state of the elements at the surface, as shown in Eq. 2.6,
 92)

 

Eb = hν – Ekin – φsp                       (2.6) 

where Eb is the bonding energy of bound electron, and φsp is the work function of the 

spectroscope. Figure 2.7 illustrates the schematic representation of X-ray photoelectron 

process. 

 

 

 

 

2.2.5 Adhesion strength 

  Micro-scratch testing was performed to evaluate the adhesion strength of the Ag films 

to the SiO2 substrates using RHESCA CSR-2000 tester at room temperature. Figure 2.8 

shows the schematic diagram of the micro-scratch testing.
 93)

 The cartridge body is 

forced to swing, instead of the stylus being forced to swing as in the playback system. A 

diamond stylus on the free end of the cantilever touches the sample surface and slides, 

following the swing of the cartridge body. The forces working on the stylus are mainly 

elastic restoration force of the cantilever and the friction from the material surface. The 

friction hampers the trailing motion of the stylus, and makes a phase delay to the body 

swing. This difference of the motion between the stylus and the cartridge body 

Eb

2p

2s

1s

X-ray (photon)

Photoelectron 

EF

EV

hν

Ekin

φsp

Fig. 2.7 Schematic diagram of XPS.
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generates a voltage signal in the cartridge. The type of the voltage generation is a 

moving magnet in a fixed coil unit. As the magnitude of the friction increases with 

increasing the stylus load, the stylus motion becomes delayed and the signal grows. 

Finally, the film will be completely peeled by the moving stylus with a specific critical 

load, and the critical load is used to quantify the adhesion strength of film to substrate. 

The measurement conditions of this study are listed in Table 2.4. 

 

 

 

 

 

Radius of the diamond stylus 25 μm 

Spring constant of the stylus 100 g/mm 

Loading speed 2.67 mN/s 

Scratch speed 10 μm/s 

Frequency of the swing 45 Hz 

Amplitude of the swing 100 μm 

 

Vs

X0cosωt

Sensing coil
Cartridge 

body

Magnet

Rubber

Cantilever

Loading

Stylus
Film

Substrate

Fig. 2.8 Schematic diagram of micro-scratch testing.

Table 2.4 Measurement conditions for micro-scratch testing.
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2.2.6 Crystal structure 

  The crystal structure of the films before and after annealing was investigated using 

RIGAKU RINT2000 X-ray diffractometer by the θ-2θ scan method. Figure 2.9 shows 

the schematic diagram of the θ-2θ scan. The θ-2θ scan maintains the same angle θi 

between the sample and detector as the one between the sample and X-ray source during 

scanning. By comparing the JCPDS (Joint Committee on Powder Diffraction Standards) 

cards, the crystal structure can be identified.  

 

 

 

 

  Precision θ-2θ scan was carried out to accurately measure the interplanar spacing and 

the grain size of Ag(111). From the θ-2θ XRD pattern, the interplanar spacing of the 

detected lattice plane can be figured out by the Bragg’s law,
 94)

  

nλ = 2dhklsinθ                          (2.7) 

where λ is the wavelength of the X-ray, dhkl is the interplanar spacing, and θ is the 

incident angle. 

  It is well known that grain size is usually calculated using Scherrer’s formula,
 95, 96)

 as 

shown in Eq. 2.8, 

    
      

      
                        (2.8) 

where D is the grain size (nm), λ is the wavelength of the X-ray (nm), B is the full width 

at half maximum (FWHM) of the broadened diffraction line on the 2θ scale (rad), and θ 

is the diffraction angle (deg). Note that B is an angular width, in terms of 2θ (not θ), and 

not a linear width. In addition, the units for B and θ are different.  

Normal to surface

2θiθi

Film

Fig. 2.9 Schematic diagram of θ-2θ scan.
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  In order to investigate the crystalline orientation of Ag(111), rocking curve 

measurement was also employed. By fixing the detector at the center of the expected 

Bragg reflection, at the angle 2θfixed, and following the diffracted intensity as the sample 

is independently rotated, as shown in Fig. 2.10, a rocking curve is gained. The sharper 

the rocking curve, the higher the crystalline perfection.
 97)

 Thus, FWHM of the rocking 

curve is used to evaluate the crystalline orientation.
 98)

 

 

 

 

 

  The measurement conditions and instrument parameters for the XRD analysis in this 

study are listed in Table 2.5. 

 

 

 Standard θ-2θ scan Precision θ-2θ scan Rocking curve 

Tube Cu Kα Cu Kα Cu Kα 

Tube voltage 40 kV 40 kV 40kV 

Tube current 20 mA 30 mA 20 mA 

Goniometer Wide angle Wide angle Wide angle 

Sampling width 0.020 ° 0.002 ° 0.020 ° 

Scan angle 2θi = 30~75 ° 2θi = 36~40 ° θi = 10~25 ° 

Scan speed 4 °/min 0.4 °/min 2 °/min 

Divergence slit 1 ° 1 ° 0.05 mm 

Scattering slit 1 ° 1 ° 1/2 ° 

Receiving slit 0.3 mm 0.15 mm 0.3 mm 

 

Normal to surface

2θfixedθi

Film

Fig. 2.10 Schematic diagram of rocking curve testing.

Table 2.5 Measurement conditions and instrument parameters for XRD.
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Chapter 3 Effects of Ti Surface Layer and Interface Layer on 

Thermal Stability and Electrical Properties of Ag Thin Film 

3.1 Introduction 

  As mentioned in Chapter 1, we have reported the improvement of the thermal 

stability and the maintenance of the low resistivity of Ag thin films by the modification 

of the film structure, where very thin Al layers are introduced at the top and bottom of 

the Ag films. Because Al with large free energy for Al-oxide formation is easy to be 

oxidized, the oxidation of the Al surface layer can provide a passivation layer to 

suppress the surface diffusion of the Ag film, meanwhile, the oxidation of the Al 

interface layer can improve the adhesive strength between the Ag film and the SiO2 

substrate, which brings about the agglomeration suppression of the Ag film. 

Simultaneously, because Al is difficult to dissolve into Ag, the part of the Ag layer 

keeps pure, in which no impurity scattering occurs. The resistivity of the multilayered 

film maintains very low before and after annealing. In the present chapter, we attempted 

the same strategy using Ti instead of Al, owing to their both large free energies for the 

oxide formation, 
99)

 at -884.5 kJ/mol (TiO2) and -1582.3 kJ/mol (Al2O3), respectively. It 

is expected that a similar effect to that of Al on agglomeration suppression may also 

result using Ti.  

 

3.2 Experimental procedure  

  In order to investigate the effects of the Ti surface layers and interface layers on the 

thermal stability and electrical resistivity of the multilayered Ag films, the films of Ag 

(100 nm), Ti (1~10 nm)/Ag (100 nm), and Ag (100 nm)/Ti (1~10 nm) were deposited 

using RF magnetron sputtering in an Ar atmosphere and then annealed in the 

lamp-heating furnace under vacuum. Then, the triple-layer structure, namely Ti/Ag/Ti 

film, was prepared and annealed to study the combined effects of the Ti surface layers 

and interface layers on agglomeration suppression. The structure of the multilayered 
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films is shown in Fig. 3.1. The preparation conditions, heat treatment conditions, and 

evaluation methods have been described in details in Chapter 2. 

 

 

Ti/Ag                    Ag/Ti                  Ti/Ag/Ti 

 

 

3.3 Ag film with Ti surface layer (Ti/Ag film) 

3.3.1 Surface morphology 

  Generally speaking, the degree of Ag agglomeration can be judged by the amount and 

size of the voids and hillocks and the roughness of the surface through the observation 

of SEM and AFM.
 29-31, 57, 58)

 In this study, the SEM and AFM analyses were used to 

evaluate the thermal stability of the Ag films with Ti surface layers. Figure 3.2 shows 

the SEM images of the Ti (1~10 nm)/Ag films before and after annealing. It is difficult 

to find out the difference in the surface morphology among the as-deposited Ti/Ag films, 

because they are all very flat. Next, the surface morphology of the films after annealing 

at 500 °C is compared. Although the size and amount of the voids at the surface of the 

Ti (1 nm)/Ag film are similar to the Ag single layer film, the hillocks of the Ti (1 

nm)/Ag film are fewer than the Ag film, as shown in Fig 1.3. In other word, the parts of 

this film without voids keep smooth. With increasing the thickness of the Ti surface 

layers to 3 nm and above, the films show similar surface morphology with less voids 

and no hillock, which are better than the Ti (1 nm)/Ag film. After annealing at 600 °C, it 

is observed that Ti (1 nm)/Ag film is agglomerated, though the dewetted area (the 

exposed part of the substrate) is smaller than the Ag film without Ti surface layer. With 

increasing the thickness of the Ti surface layer, the severe agglomeration is suppressed, 

Ag (100 nm)

Ti surface layer

SiO2/Si

Ag (100 nm)

Ti interface layer

SiO2/Si

Ag (100 nm)

Ti surface layer

Ti interface layer

SiO2/Si

Fig. 3.1 Structure of the multilayered films deposited using RF magnetron sputtering. 

(a) Ti/Ag film, (b) Ag/Ti film, and (c) Ti/Ag/Ti film.
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and only small voids are observed in the Ti (3~10 nm)/Ag films. On the whole, the Ti 

(3~10 nm)/Ag films show almost the same smooth surface after annealing.  

 

 

 

 

Figure 3.3 gives the AFM line profiles of the voids in the Ti (3 nm)/Ag films after 

annealing at 500 °C and 600 °C. The depth of the voids formed after annealing at 

500 °C and 600 °C is approximately 10 and 15 nm, respectively. It is illustrated that the 

void did not become much deeper with increasing the annealing temperature from 

500 °C to 600 °C, which indicates the progress of Ag agglomeration was slow. In 

addition, because the thickness of Ag films is about 100 nm, the voids in the Ti (3 

nm)/Ag films have not reached to the substrate surface. Consequently, it is indicated 

10m

As-deposited 500 ºC 600 ºC

Ti(1 nm)/Ag

Ti(3 nm)/Ag

Ti(5 nm)/Ag

Ti(10 nm)/Ag

Fig. 3.2 SEM images of the Ti (1~10nm)/Ag films before and after annealing.
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that the agglomeration of the Ag films is effectively suppressed by the Ti surface layers 

with the thickness of 3 nm and above. 

 

 

 

 

 

Rms roughness (nm) 

     500 °C 600 °C 

Ti (1 nm)/Ag 1.6 2.8 

Ti (3 nm)/Ag 1.5 2.6 

Ti (5 nm)/Ag 1.6 2.7 

Ti (10 nm)/Ag 1.7 2.9 

 

The rms roughness of the surfaces of Ti (1~10 nm)/Ag films after annealing at 500 °C 

and 600 °C, except where there are voids, is listed in Table 3.1. The results suggest that 

the surface of all the Ti/Ag films, except where there are voids, is very flat. Even if the 

annealing temperature was increased from 500 °C to 600 °C, the rms roughness only 

10 nm

After annealing at 500 ºC

0 21 4 53

Profile length (μm)

H
e
ig

h
t 

(n
m

)
After annealing at 600 ºC

10 nm

15 nm

Fig. 3.3 AFM line profiles of the Ti (3 nm)/Ag films after annealing at 500 ºC and 600 ºC. 

Table 3.1 The surface roughness of the Ti (1~10 nm)/Ag films after annealing 

at 500 ºC and 600 ºC. 
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increased to less than 3.0 nm. The improvement in the thermal stability of the Ag films 

has been proved further. 

 

3.3.2 Electrical resistivity 

  Low resistivity is another important feature that is required for the electrodes and 

metallization materials. Figure 3.4 shows the change in the resistivity of the Ag (100 

nm) and Ti (1~10 nm)/Ag films as a function of annealing temperature. The resistivity 

of the as-deposited Ti/Ag films slightly increases from 2.9 to 3.5 μΩ cm with increasing 

the thickness of the Ti surface layer from 1 to 10 nm. The influence of the thickness of 

the Ti surface layers on the resistivity is caused by the much higher resistivity of bulk Ti 

(ρ = 42.0 μΩ cm at 293 K) than that of Ag (ρ = 1.59 μΩ cm at 293 K).
 3)

 However, as 

compared to Fig.1.7, the change in the resistivity of Ti/Ag films with increasing the 

thickness of the Ti surface layer is much smaller than that of the Ag-Ti alloy films with 

increasing Ti content. This is because the Ti surface layers are very thin and the main 

parts of the films for electronic conduction should be pure Ag. Unlike the alloy films, 

the main part of the pure Ag in the multilayered films has not suffered from the impurity 

scattering effect.
 69)

 Thus, It is indicated that the character of low resistivity is not lost by 

coating a thin Ti surface layer. 

After annealing at 500 °C, the resistivity of all the films decreases. This phenomenon 

is considered to be due to no occurrence of serious agglomeration and the improvement 

in the crystallinity of the Ag films, which will be explained in detail in the later section 

of this chapter. In addition, the effect of the thickness of the Ti surface layers on the 

resistivity does not disappear, and is almost the same to that of the as-deposited ones. 

By the way, it has been reported that the surface roughness of the films could influence 

the resistivity.
 100)

 By comparing with the surface roughness (as shown in Table 1.2 and 

Table 3.1) and the resistivity (as shown in Fig. 3.4), the influence of surface roughness 

on the resistivity is scarcely observed in this study. After annealing at 600 °C, the 

resistivity of the Ag (100 nm) single layer film increases remarkably caused by partial 

film dewetting, which reduces the conduction area for electrons. The degree of the 

agglomeration happened in the Ti (1 nm)/Ag film is smaller than that of the Ag single 

layer film, therefore, the increase of the resistivity of the Ti (1 nm)/Ag film is not very 
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abrupt. In contrast, the resistivity of the Ti (3~10 nm)/Ag films remains at a very low 

level after annealing, because void formation was negligible. 

 

 

 

 

  In summary, it is indicated that the thickness of 1 nm for the Ti surface layer is not 

enough to suppress the agglomeration of the Ag films satisfactorily, but 3 nm is quite 

sufficient because of no obvious difference occurring with further increasing the 

thickness of the Ti surface layers. However, the resistivity of the Ti (3~10 nm)/Ag films 

becomes a little higher with increasing the thickness of the Ti surface layers. Therefore, 

from the viewpoints of the surface morphology and the resistivity, it is clearly 

demonstrated that the use of Ti surface layer is helpful to the inhibition of Ag 

agglomeration and the maintenance of low resistivity, and 3 nm is the optimum 

thickness. 

   

3.3.3 Chemical bonding state of the surface 

  In order to explore the mechanism of agglomeration suppression brought by the Ti 

surface layers, the chemical bonding state of the surface was analyzed firstly. Figure 3.5 
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Fig. 3.4 Resistivity of the Ag (100 nm) and Ti (1~10 nm)/Ag films as a function of 

annealing temperature. 
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shows the XPS spectra of the surface of the Ti (3 nm)/Ag film before and after 

annealing at 500 °C. The binding energy for the main peaks of Ti 2p3/2 in both 

as-deposited and annealed samples is 458.7 eV, which is the same as the reference of 

TiO2 (458.8eV).
 101)

 The dissimilarity is that there is a weak peak of 454.0 eV only in 

the as-deposited film, and the peak belongs to the Ti metal according to the reference 

value of 454.1 eV.
 101)

 It is considered that, because the free energy of TiO2 formation is 

very large, the Ti surface layer is easy to be oxidized even at room temperature. It is 

indicated that TiO2 was formed partly by the natural oxidation before annealing, and the 

residual Ti was oxidized completely after annealing at 500 °C.  

 

 

 

 

In addition, it is difficult for Ti to dissolve in Ag at high temperature judging from the 

phase diagram,
 102)

 as shown in Fig. 3.6, so the residual Ti metal at the surface would 

not diffuse to the inside of the film but react with the residual O2 in the furnace during 

annealing. The mechanism of Ag agglomeration has been discussed in Chapter 1. It has 

been confirmed that the agglomeration of the Ag thin films is mainly dominated by 

surface diffusion mass transport.
 60, 61)

 As is well-known, TiO2 has got high thermal 

stability.
 103)

 Just like the role of the Al oxide surface layers in Ag-Al alloy films and 
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Fig. 3.5 Ti 2p XPS spectra for the surfaces of the Ti (3 nm)/Ag films before and after 

annealing at 500 ºC.
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Al/Ag multilayered films,
 29, 66, 69, 104)

 the Ti oxide surface layer is considered to play an 

important role as a passivation layer in suppressing the surface diffusion of Ag atoms, 

which leads to the suppression of Ag agglomeration.  

 

 

 

 

3.3.4 Crystal structure 

  Figure 3.7 shows XRD patterns of the as-deposited Ag (100 nm) and Ti (1~10 

nm)/Ag films. The Ti surface layer is too thin to be detected by the XRD apparatus. All 

the patterns consist of the Ag(111) and Ag(200) peaks, and the peaks of the Ag(111) 

which is the closest-packed plane of fcc crystal structure are extremely strong. Because 

it is difficult to clearly distinguish the differences among these as-deposited films after 

inspecting the intensity (approximately 2000 cps), full width at half maximum (FWHM) 

(approximately 0.22~0.25 °), and position (approximately 38.06 °) of every Ag(111) 

peak, it is considered that the Ti surface layers have little influence on the structure of 

the underlying Ag films during the process of sputtering. 

 

Fig. 3.6 Ag-Ti binary phase diagram. 102)
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Figure 3.8 shows the grain size of Ag(111) in the Ag (100 nm) film and Ti (1~10 

nm)/Ag films as a function of annealing temperature. By annealing at 500 °C, the 
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Fig. 3.7 XRD patterns of the as-deposited Ag (100 nm) and Ti (1~10 nm)/Ag films.
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Ag(111) grains in all the films rapidly grow up, which results in the reduction of grain 

boundaries and defect concentration. This could be used to explain the sharp decline in 

resistivity. After annealing at 600 °C, the Ag(111) grains in the Ag and Ti (1 nm)/Ag 

films continue to grow greatly. On the contrast, the overgrowth of the Ag(111) grains in 

Ti (3~10 nm)/Ag films is restrained, which adequately reflects the effective suppression 

of Ag agglomeration owing to the Ti surface layers with the thickness of 3 nm and 

above. 

  

 

 

 

Interplanar spacing of Ag(111) for the pure Ag (100 nm) and Ti (1~10 nm)/Ag films 

as a function of annealing temperature is shown in Fig. 3.9. Before annealing, the 

interplanar spacing of Ag(111) for the Ag single layer film is a little larger than that of 

the bulk Ag. Then, it is closed to that of the bulk Ag owing to the improvement of the 

crystallinity with increasing the annealing temperature. Because some interplanar 

spacing values for different films are identical, some marks are overlapped and can not 

be seen clearly. By introducing the Ti surface layers, no difference in the change of the 

interplanar spacing is recognized. It is indicated that Ti at the surfaces did not dissolve 

into the Ag parts during annealing, as predicted from the phase diagram (Fig. 3.6). It is 
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Fig. 3.9 Interplanar spacing of Ag(111) for the pure Ag (100 nm) and Ti (1~10 nm)/Ag 

films as a function of annealing temperature.
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also accordant with the resistivity of the Ti/Ag films, which did not suffer from the 

impurity scattering effect, as shown in Fig. 3.4. 

 

3.4 Ag film with Ti interface layer (Ag/Ti film) 

3.4.1 Surface morphology 

Figure 3.10 shows the SEM images of the Ag/Ti (1~10 nm) films before and after 

annealing, and the rms roughness of the parts without voids in the Ag/Ti (1~10 nm) 

films after annealing is shown in Table 3.2. The SEM images of all the as-deposited 

films show their smooth surface. After annealing at 500 °C, the Ag/Ti films except the 

Ag/Ti (1 nm) film still show flat surface. The Ag/Ti (1 nm) film seems slightly rough, 

which is confirmed from the larger roughness value in Table 3.2. 

The annealing temperature of 600 °C promoted the agglomeration of Ag. However, 

the Ag/Ti films have not exhibited very severe agglomeration, as shown Fig. 3.10. 

Although the Ag/Ti (1 nm) film shows some voids at the surface, the voids are not big 

enough to connect with each other and to make the film discontinuous. It is thought that 

1-nm-thick Ti interface layer deposited on the substrate is too thin to become continuous 

so that its influence is not enough. Then, with increasing the thickness of the Ti 

interface layers to 3 nm and above, the amount of voids greatly reduces, and the Ag/Ti 

(3~10 nm) films show the similar surface morphology. From the Table 3.2, it is known 

that, after annealing, the surface roughness decreases with increasing the thickness of 

the Ti interface layers, and that of the Ag/Ti (3~10 nm) films seems the same, which is 

in agreement with the results of the SEM analysis. From the analysis of surface 

morphology, the agglomeration suppression is benefited from the Ti interface layers, 

and 3-nm-thick Ti interface layer is considered to be sufficient. 

On the other hand, it is found that the effect of the Ti interface layer on the thermal 

stability of the Ag film is inferior to that of the Ti surface layer by comparing with the 

results of the previous section. It is suggested that the surface diffusion should be the 

major cause of Ag agglomeration, and the effect of the Ti surface layer is more 

outstanding. Even so, the good effect of the Ti interface layer should not be ignored.  
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Rms roughness (nm) 

 500 °C 600 °C 

Ag/Ti (1 nm) 8.4 8.2 

Ag/Ti (3 nm) 3.3 3.6 

Ag/Ti (5 nm) 3.4 3.4 

Ag/Ti (10 nm) 3.6 3.8 

 

10m

As-deposited 500 ºC 600 ºC

Ag/Ti(1 nm)

Ag/Ti(3 nm)

Ag/Ti(5 nm)

Ag/Ti(10 nm)

Fig. 3.10 SEM images of the Ag/Ti (1~10nm) films before and after annealing.

Table 3.2 The surface roughness of the Ag/Ti (1~10 nm) films after annealing 

at 500 ºC and 600 ºC. 
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3.4.2 Electrical resistivity 

Figure 3.11 shows the electrical resistivity of the Ag (100 nm) and Ag/Ti (1~10 nm) 

films as a function of annealing temperature. The resistivity of all the Ag/Ti (1~10 nm) 

films certainly comes down after annealing at 500 °C, but slightly increases with 

increasing the annealing temperature to 600 °C caused by agglomeration occurring to 

some extent. At the same time, an interesting phenomenon is noticed that the resistivity 

of the as-deposited Ag/Ti (3~10 nm) films is similar and approximately 0.2 μΩ cm 

lower than that of the Ag film. The possible reason will be explained in the following. 

From the results of the resistivity, the good effects of the Ti interface layers on the 

suppression of Ag agglomeration and the maintenance of low resistivity at high 

temperature are appreciated.  

 

 

 

 

3.4.3 Adhesion Strength of Ag/Ti Film to SiO2 Substrate 

The roles of the Ti interface layer are discussed in the following two sections. Ti has 

been offen used as an underlying material to enhance the adhesion of other films to the 

SiO2 substrates,
 105-107)

 resulting from a large affinity for Ti and oxygen, which is 
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Fig. 3.11 Resistivity of the Ag (100 nm) and Ag/Ti (1~10 nm) films as a function of 

annealing temperature. 
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expected to give a good influence on agglomeration suppression of Ag films. In this 

study, the adhesive strength of Ag and Ag/Ti films on the SiO2 substrates was evaluated 

by means of the critical delamination load measurment using the micro-scratch test, and 

the results are shown in Fig. 3.12. By inserting the Ti interface layers with 1 nm and 

above, the adhesion strength increases to about four times stronger than that of the pure 

Ag film on the SiO2 substrate. It is considered that, instead of the weak bonding 

interface of Ag to the SiO2 substrate, the Ti interface layer forms both strong metallic 

bonds to the Ag film and strong covalent bonds with the SiO2 substrate. As discussed in 

Chapter 1, one possible cause for the agglomeration of the Ag films is considered to be 

that the Ag films are less adhesive on the SiO2 or glass substrates, so the improvement 

of the adhesion between the Ag film and the SiO2 substrate should be an important 

reason for the suppression of Ag agglomeration.  

 

 

 

 

3.4.4 Crystal structure 

  Figure 3.13 shows XRD patterns of the as-deposited Ti (60 nm), Ag (100 nm) and 

Ag/Ti (1~10 nm) films. It is interesting that the intensity of Ag(111) peak increases 

0

C
ri
tic

a
l 

d
e
la

m
in

a
ti
o

n
lo

a
d

 (
m

N
)

2 6 10

Thickness of Ti interface layer (nm)

0 4 8

100

300

400

200

500

Fig. 3.12 Critical delamination load of the as-deposited Ag (100 nm) and 

Ag/Ti (1~10 nm) films.
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abruptly with increasing the thickness of the Ti interface layers to 3 nm and above. 

However, the FWHM of these peaks does not distinctly change, which suggests that the 

grain size does not change with changing the thickness of the Ti interface layers. Then, 

it is also found that the Ag(200) peaks disappear with increasing the thickness of the Ti 

interface layers to 3 nm and above. It is indicated that the Ag/Ti (3~10 nm) films display 

preferential orientation of Ag(111).  

 

 

 

 

Then, the FWHM of XRD rocking curve was further investigated to evaluate the 

crystalline orientation of Ag(111) in the as-deposited Ag and Ag/Ti films, as shown in 

Fig. 3.14. Because the Ag and Ag/Ti (1 nm) films are not oriented single-crystal, the 

Ag(111) peak could not be clearly pointed out in Fig. 3.14. The Ag/Ti (3~10 nm) films 

show equally higher crystalline orientation of Ag(111) judging from the much smaller 

FWHM of the peaks in the rocking curves, which leads to the enhancement of the peak 

intensity for Ag(111) in the XRD patterns of θ-2θ scan and the disappearance of 

Ag(200) peaks. 
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Fig. 3.13 XRD patterns of the as-deposited Ag (100 nm) and Ag/Ti (1~10 nm) films.
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The above phenomenon could be explained by the local epitaxial growth of Ag(111) 

on the Ti interface layers. XRD pattern of the pure Ti film deposited on SiO2 substrate 

shows that hexagonal close packed Ti film mainly grew towards <0002> preferentially, 

as shown in Fig. 3.13. It is well known that any three neighboring atoms closely link 

and form an equilateral triangle at the closest-packed plane of hexagonal (hcp) and 

face-centered cubic (fcc) structures. The distances between two neighboring atoms at 

closest-packed Ti(0001) and Ag(111) planes are 0.2944
 108)

 and 0.2888 nm
 2)

, 

respectively, and the mismatch of axial length for Ag(111)/Ti(0001) is only 1.9%. 

Therefore, it might be easy for Ag(111) plane to arrange on the Ti(0001) plane. The 

lattice diagrams of Ti(0001) and Ag(111) are shown in Fig 3.15. The peaks of the Ag 

and Ag/Ti (1 nm) films in the rocking curves are hardly observed, which means the 

poorer preferred orientation of Ag(111). It is considered that 1-nm-thick Ti layer is not 

continuous on the flat SiO2 substrate to affect the growth of the overcoating Ag film. 

Therefore, Ag/Ti (1 nm) exhibits no remarkable improvement of crystalline orientation 

of Ag(111). In contrast, the substrate could be completely covered by the Ti layer with 

the thickness of 3 nm or above judging from the shallower profile depth than the 

thickness of Ti layer, as shown in Fig. 3.16, which contributed to the improvement of 
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Fig. 3.14 XRD rocking curves of the as-deposited Ag (100 nm) and Ag/Ti (1~10 nm) films.



43 
 

crystalline orientation of Ag(111). 

 

 

 

 

 

 

 

  Table 3.3 shows the surface energyies of various crystal planes of Ag. 
109)

 Because 

Ag(111) is the closest-packed plane with minimum surface energy, the structure of the 

Ag film with high orientation of Ag(111) is stable. And the enhancement of Ag(111) 

orientation has been found to be an important factor for the improvement in the thermal 

stability of Ag films, as mentioned in Chapter 1. Therefore, the other role of the Ti 

interface layer is to enhance the orientation of Ag(111). On the other hand, because 

Ti(0001)

0.2954 nm
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Fig. 3.15 Lattice diagrams of Ti(0001) and Ag(111).
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Fig. 3.16 AFM line profiles of the SiO2 substrate and Ti (3 nm) single layer. 



44 
 

there is no significant change in the surface roughness and the grain size of Ag(111), 

and no impurities inside the pure Ag and Ag/Ti films, a remarkable coincidence is found 

that the resistivity of the as-deposited Ag/Ti films decreases with increasing the 

orientation of the close-packed plane of Ag(111). The same phenomenon has been 

observed by other groups, too.
 50, 110-112)

 Arbab
 110)

 argued that this reduction of 

resistivity resulted from less grain boundary scattering effect. Tsuda et al.
 111)

 thought 

that it was attributed to the less crystallographic defect in the highly oriented Ag films. 

We suppose that the electrical conductivity of different crystal planes parallel to the 

substrate is different, and the sheet resistance of the closest-packed plane Ag(111) 

should be the lowest in the crystal Ag film. In conclusion, the improvement of the 

orientation of Ag(111) contributes to the improvement of the thermal stability and the 

reduction of the resistivity, and 3-nm-thick Ti interface layer is competent enough for 

the original aim. 

  

 

Face (hkl) Surface energies (J/m
2
) 

110 1.238 

100 1.200 

111 1.172 

 

Figure 3.17 shows the grain size of Ag(111) in the Ag (100 nm) film and Ag/Ti (1~10 

nm) films as a function of annealing temperature. With inserting the Ti interface layers, 

the growth of the grain size of Ag(111) noticeably slows down after annealing. 

Especially, the effect of the Ti interface layers with 3 nm and above is more remarkable. 

The grain size of the Ag/Ti (3~10 nm) films does almost not change with increasing the 

annealing temperature from 500 °C to 600 °C. It is indicated that the Ti interface layer is 

beneficial to the reduction of the growth rate of the Ag(111) grain, which contributes to 

the agglomeration suppression. 

 

Table 3.3 surface energyies of various crystal planes of Ag. 
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Figure 3.18 shows the interplanar spacing of Ag(111) for the Ag (100 nm) and Ag/Ti 

(1~10 nm) films as a function of annealing temperature. As expected, the existence of 
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Fig. 3.17 Grain size of Ag(111) for the pure Ag (100 nm) and Ag/Ti (1~10 nm) films as a 

function of annealing temperature.
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the Ti interfaces does not influence the interplanar spacing of Ag(111) after annealing. It 

is suggested that there is no Ti diffusion from the interface layer into the upper Ag body 

even after annealing at 600 °C. Therefore, after annealing at a certain temperature, the 

resistivity of the Ag/Ti (3~10 nm) films did not change with increasing the thickness of 

the Ti interface layer, as shown in Fig. 3.11. 

 

3.5 Ti/Ag/Ti triple-layer film 

As discussed above, the thickness of 3 nm has been confirmed to be sufficient for 

both Ti surface layer and Ti interface layer to adequately complete their tasks. Then, the 

contribution of the combination of Ti surface layer and Ti interface layer to the 

improvement of thermal stability and the maintenance of low resistivity is expected.  

 

3.5.1 Surface morphology 

  Figure 3.19 shows the SEM images of the Ti (3 nm)/Ag/Ti (3 nm) film after 

annealing at 500 °C and 600 °C. Only a very few voids forms after annealing at 500 °C, 

and thus the surface appears very smooth. After annealing at 600 °C, the amount of 

voids does not increase, but only the size of some voids become a little bigger. The rms 

roughness of the surface, except where there were voids, does not change after 

annealing at 500 °C and 600 °C, as shown in Table 3.4. They appear very flat. In 

addition, by comparing with the surface morphology of this triple-layer film and the 

double-layer films, it is found that the thermal stability of the Ag films is further 

improved owing to the combined effects of the Ti surface layer and interface layer. 

 

 

 

10m

(a) (b)

Fig. 3.19 SEM images of the Ti (3 nm)/Ag/Ti (3 nm) films after annealing at 500 ºC (a) 

and 600 ºC (b).
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Rms roughness (nm) 

 500 °C 600 °C 

Ti (3 nm)/Ag/ Ti (3 nm) 1.1 1.1 

 

3.5.2 Electrical resistivity 

  The change in the resistivity of the Ti (3 nm)/Ag, Ag/Ti (3 nm), and Ti (3 nm)/Ag/Ti 

(3 nm) films as a function of annealing temperature is shown in Fig. 3.20. The 

as-deposited Ti (3 nm)/Ag/Ti (3 nm) film does not show the same high resistivity as the 

Ti (3 nm)/Ag film although they have the same thick surface layer. This is because the 

Ti interface layer has lowered the resistivity of the triple-layer Ti (3 nm)/Ag/Ti (3 nm) 

film. The resistivity decreases after annealing at 500 °C, and kept the low value after 

annealing at 600 °C, owing to the improvement of the crystallinity and the suppression 

of Ag agglomeration. The resistivity of the Ti (3 nm)/Ag/Ti (3 nm) film after annealing 

at 600 °C shows the lowest value among all the annealed films, which is 2.0 μΩ cm and 

close to the resistivity of the Ag bulk. 

 

 

Table 3.4 Rms roughness (nm) of the surfaces of the Ti (3 nm)/Ag/Ti (3 nm) films 

after annealing at 500 ºC and 600 ºC. 
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Fig. 3.20 Resistivity of the films as a function of annealing temperature. 
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3.6 Summary 

  The Ti nano-surface layers with high free energy of oxide formation are easy to be 

oxidized to form passivation layers, which contribute to the agglomeration suppression 

of the Ag films. 1-nm-thick Ti surface layer is discontinuous, but 3 nm and above are 

confirmed to be sufficient for Ti surface layer to effectively suppress the agglomeration 

of the Ag films. The resistivity of the as-deposited Ti/Ag films slightly increases with 

increasing the thickness of the Ti surface layers owing to the higher bulk resistivity of Ti. 

The resistivity of Ti (3~10 nm)/Ag films decreases after annealing at 500 °C, and 

maintains low after annealing at 600 °C. From the viewpoint of thermal stability and 

electrical resistivity, a 3-nm-thick Ti layer is an appropriate surface layer.  

The Ti interface layers not only improve the adhesion between Ag films and SiO2 

substrates but also induce the growth of (111) single oriented Ag film. Therefore, Ag/Ti 

(3~10 nm) films exhibit low resistivity and relatively good thermal stability.  

Finally, by combining the roles of both the Ti surface layer and interface layer, the 

triple-layer film of Ti (3 nm)/Ag/Ti (3 nm) is superior to the double-layer films in 

achieving both good thermal stability and low electrical resistivity simultaneously. 
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Chapter 4 Effects of Nb Surface Layer and Interface Layer on 

Thermal Stability and Electrical Properties of Ag Thin Film 

and Optimization for Multilayered Structure of Ag Thin Film 

4.1 Introduction 

In the present chapter, Nb nano-layer is selected as the object of study because of its 

similar characteristics to Ti. For example, the Gibbs free energy of formation of NbO2.5 

(ΔfG° = -883.1 kJ/mol) is almost the same to that of TiO2 (ΔfG° = -884.5 kJ/mol);
 68)

 Nb 

is very difficult to dissolve in Ag or react with Ag, so that there is no available phase 

diagram for the Ag-Nb system.
 113)

 These properties are beneficial for the surface layer 

and interface layer to suppress the agglomeration of the Ag film. In addition, the lower 

bulk resistivity of Nb (ρ = 12.5 μΩ cm at 293 K) than that of Ti (ρ = 42.0 μΩ cm at 293 

K) 
3)

 would reduce the influence of the thickness of the surface layers on the sheet 

resistance of multilayered films, so Nb surface layer is considered to be superior to the 

Ti surface layer. Thus, the Nb nano-layers are expected to exhibit good effects as 

surface layers and interface layers of the Ag films. Then, by comparing with the effects 

of the Nb nano-layers and the Ti nano-layers on the thermal stability and the electrical 

properties of the Ag films, optimization for the triple-layer structure with the superior 

surface layer and interface layer is discussed. 

 

4.2 Experimental procedure 

  Firstly, the Nb (1~10 nm)/Ag (100 nm), Ag (100 nm)/Nb (1~10 nm), and pure Nb (60 

nm) films were deposited using RF magnetron sputtering and annealed in a 

lamp-heating furnace to study the usefulness of the Nb surface layers and interface 

layers. Next, the triple-layer structure of Nb (5 nm)/Ag (100 nm)/Nb (3, 5 nm) was 

prepared to investigate the combined effects of both the Nb surface layer and interface 

layer. Finally, by the comparison between the effects of the Nb nano-layers and the Ti 

nano-layers, the Nb (3 nm)/Ag (100 nm)/Ti (3 nm) film was fabricated for the 
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optimization of the triple-layer structure. The structure of all the multilayered films 

deposited in this study is shown in Fig. 4.1.The details of the preparation conditions, 

heat treatment conditions, and evaluation methods have been described in Chapter 2. 

 

    

  (a)                (b)               (c)               (d) 

 

 

4.3 Ag film with Nb surface layer (Nb/Ag film) 

4.3.1 Surface morphology 

The SEM micrographs of Nb (1~10 nm)/Ag films before and after annealing are 

shown in the Fig. 4.2. All of the as-deposited Nb (1~10 nm)/Ag films show very smooth 

surfaces. After annealing at 500 °C, they still show smooth surface morphology, except 

where there are a few small voids and hillocks. After annealing at 600 °C, although the 

Nb (1 nm)/Ag film is agglomerated as severely as the Ti (1 nm)/Ag film, its dewetted 

area is smaller than that of the pure Ag film. It is found that a 1-nm-thick Nb layer is not 

enough to suppress the agglomeration of the Ag film. The morphological stability is 

significantly improved by increasing the thickness of the Nb surface layer to 3 nm or 

above, and the Nb surface layers with the thicknesses of 5 nm and above appears to be 

more effective for agglomeration suppression judging from the number and area of 

voids formed after annealing at 600 °C.  

 

Ag (100 nm)

Nb surface layer

SiO2/Si

Ag (100 nm)

Nb interface layer

SiO2/Si

Ag (100 nm)

Nb surface layer

Nb interface layer

SiO2/Si

Ag (100 nm)

Nb surface layer

Ti interface layer

SiO2/Si

Fig. 4.1 Structure of the multilayered films deposited using RF magnetron sputtering. 

(a) Nb/Ag film, (b) Ag/Nb film, (c) Nb/Ag/Nb film, and (d) Nb/Ag/Ti film.
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Rms roughness (nm) 

 500 °C 600 °C 

Nb (1 nm)/Ag 1.9 5.9 

Nb (3 nm)/Ag 1.7 2.3 

Nb (5 nm)/Ag 1.9 2.3 

Nb (10 nm)/Ag 1.8 2.4 

 

Table 4.1 lists the rms surface roughness of the Nb (1~10 nm)/Ag films after 

10m

as-deposited 500 ºC 600 ºC

Nb(1 nm)/Ag

Nb(3 nm)/Ag

Nb(5 nm)/Ag

Nb(10 nm)/Ag

Fig. 4.2 SEM images of the Nb (1~10nm)/Ag films before and after annealing.

Table 4.1 The surface roughness of the Nb (1~10 nm)/Ag films after annealing 

at 500 ºC and 600 ºC. 
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annealing at 500 °C and 600 °C. The values further show that the agglomeration makes 

the surface roughness of the Nb (1 nm)/Ag film become larger after annealing at 600 °C, 

however, Nb (3~10 nm)/Ag films keep smooth after annealing at 600 °C. By 

comparison of the surface morphological stability of the Nb/Ag and Ti/Ag films, it is 

found that the effects of the Nb surface layers with the thickness of 5 nm and above on 

the agglomeration suppression are slightly better than those of the Ti surface layers 

judging from the smaller size of the voids. 

 

4.3.2 Electrical resistivity 

Figure 4.3 shows the change in the resistivity of Nb (1~10 nm)/Ag films as a function 

of annealing temperature. Unlike the Ag-Nb alloy films studied previously,
 31)

 as shown 

in Fig 1.7, there is no effect of impurity scattering on the resistivity of the Nb (1~10 

nm)/Ag films even after annealing at 600 °C, because of no existence of Ag-Nb solid 

solution or metallic compound in nature.
 113)

 Therefore, the resistivity of the Nb (1~10 

nm)/Ag films is much lower than that of the Ag-Nb alloy films. The resistivity of the 

as-deposited Nb/Ag films increases slightly with increasing the Nb surface layer 

thickness, ranging from 2.8 to 3.0 μΩ cm, only because of a little higher bulk resistivity 

of Nb than that of Ag. However, the change in resistivity with increasing Nb surface 

layer thickness is found to be much smaller than that of Ti/Ag films by comparing with 

the previous results, as shown in Fig. 3.4.
 
This is because the bulk resistivity of Nb is 

much lower than that of Ti as mentioned in Section 4.1. Therefore, it is considered that a 

material with lower bulk resistivity is more appropriate as the surface layers of the Ag 

thin films, such as Nb. 

The resistivity of all the Nb (1~10 nm)/Ag films decreases after annealing at 500 °C, 

owing to the improvement in film crystallinity and the relatively smooth film surface. 

The resistivity of Nb (1 nm)/Ag film increases markedly after annealing at 600 °C, 

because the occurrence of large voids decreases the conduction area of electrons as a 

result of its poor thermal stability. However, the Nb (3~10 nm)/Ag films maintains the 

low resistivity even after annealing at 600 °C, and there is scarcely difference in 

resistivity between the Nb (3 nm)/Ag and Nb (5 nm)/Ag films. Therefore, from the 

standpoint of good morphological stability and low electrical resistivity, 5 nm is thought 
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to be the optimum thickness for the Nb surface layer. 

 

 

 

 

4.3.3 Mechanism of agglomeration suppression caused by Nb surface layer 

Similarly to the roles of aluminum or titanium surface layers on Ag films,
 69, 75, 78)

 the 

formation of the Nb oxide surface layer is considered to be the main cause for the 

suppression of Ag agglomeration. The chemical bonding states of the surface layer on 

the Nb (3 nm)/Ag films before and after annealing at 500 °C were analyzed by XPS, as 

shown in curves (a) and (b) of Fig. 4.4. The binding energy of the main peaks in both 

as-deposited and annealed samples is 207.4 eV, which is equal to the reference value of 

Nb 3d5/2 in Nb2O5 (207.5 eV).
 114)

 A few lower valence Nb oxides, such as NbO2 and 

NbO, are also detected in the samples.
 114, 115)

 In addition, a weak peak belonging to the 

Nb metal
 114)

 only exists in the as-deposited film. The above results illustrate that most 

of Nb was oxidized by the natural oxidation before annealing, and the residual Nb was 

completely oxidized by the oxygen molecules adsorbed on the surface and the residual 

oxygen in the furnace during annealing. The Nb oxide surface layer is considered to 

contribute to preventing the drastic migration of Ag atoms during annealing, which 
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Fig. 4.3 Resistivity of the Ag (100 nm) and Nb (1~10 nm)/Ag films as a function of 

annealing temperature. 
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results in the agglomeration suppression.  

 

 

 

 

In order to make clear whether the Nb surface layer in metallic state can effectively 

suppress the agglomeration of the Ag film, series of extra experiments were executed. 

Firstly, a 60-nm-thick Nb film was prepared and annealed in the lamp-heating furnace 

under vacuum to investigate the morphological stability of the Nb thin film. Its SEM 

image is shown in Fig. 4.5. The result shows that the Nb film after annealing at 600 °C 

for 1 hour exhibits a quite smooth surface without any void or hillock. Here, we 

introduce a concept that cohesive energy is the amount of energy required to break the 

atoms of a solid into isolated atomic species,
 116)

 which is one of the important physical 

quantities to quantify the thermal stability of the materials.
 116-118)

 It is considered that 

the excellent thermal stability of the pure Nb film is attributed to the much larger 

cohesive energy of Nb (730 kJ/mol) than that of Ag (248 kJ/mol),
 119)

 which suggests the 

Nb atoms are much more difficult to separate from each other than Ag atoms at high 

temperature. On the basis of the above physical parameter, it is likely that the Nb metal 
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Fig. 4.4 Nb 3d XPS spectra for the surfaces of the films. (a) As-deposited Nb (3 nm)/Ag 

(100 nm) film, (b) Nb (3 nm)/Ag (100 nm) film annealed at 500 ºC in the lamp-heating 

furnace, and (c) Nb (3 nm)/Ag (50 nm) film annealed at 450 ºC in the sputtering chamber.
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surface layer would have the same effect on agglomeration suppression as the Nb oxide 

surface layer, and oxidation might not be necessary for the Nb surface layer to suppress 

the agglomeration of the Ag film. 

 

 

 

 

Next, the additional experiment was designed to confirm the feasibility of the surface 

layer in metallic state in suppressing the agglomeration of the Ag film. The films of Ag 

(50 nm) and Nb (3 nm)/Ag (50 nm) were deposited at room temperature. After 

deposition, in order to prevent the oxidation of the thin Nb layer in air before annealing, 

the substrate was not taken out but consecutively heated at 450 °C (the extreme 

temperature of the heater) for 1 hour in the sputtering chamber with the evacuation of 

below 1.8 × 10
-7

 Torr. For comparison, another Nb (3 nm)/Ag (50 nm) film was 

normally deposited and exposed to air before annealing at 450 °C in the lamp-furnace. It 

is well known that the temperature of agglomeration occurrence decreases with 

decreasing Ag film thickness.
 62, 120)

 Because the annealing temperature was set to 

450 °C owing to the limitation of the heater in the sputtering chamber, Ag film thickness 

was fixed to 50 nm to induce agglomeration. Curve (c) in Fig. 4.4 shows that there is a 

large amount of Nb metal in the surface layer of the Nb (3 nm)/Ag (50 nm) film after 

annealing in the sputtering chamber. The existence of Nb oxide peaks in the curve is 

considered to be the result of natural oxidation by exposure to air before XPS analysis. 

Therefore, it is considered that this Nb surface layer was mainly in metallic state during 

annealing. 

Figure 4.6 shows the SEM images of the Ag (50 nm) and Nb (3 nm)/Ag (50 nm) 

films directly annealed in the sputtering chamber, and another Nb (3 nm)/Ag (50 nm) 

10m

Fig. 4.5 SEM image of the Nb (60 nm) film after annealing at 600 ºC.
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film taken out of the chamber and annealed in the lamp-heating furnace. The Ag (50 

nm) film is completely agglomerated after annealing at 450 °C. In contrast, the other Ag 

films with the Nb metal and Nb oxide surface layers, respectively, exhibit almost the 

same high thermal stability. It is indicated that the Nb surface layer in metallic state is 

also capable of suppressing the agglomeration of the underlying Ag film. Therefore, no 

matter what the state of Nb is, the Nb surface layer is found to be very effective for 

agglomeration suppression. 

 

 

 

 

4.3.4 Crystal structure 

  Figure 4.7 shows XRD patterns of the as-deposited Nb (1~10 nm)/Ag films. All of 

Nb (1~10 nm)/Ag films show nearly the same XRD patterns as the pure Ag films. There 

is no distinct difference in the intensity, full width at half maximum, and position of the 

Ag(111) peaks. Just like the Ti surface layer, the deposition of Nb surface layer is 

confirmed to have no influence on the crystal structure of the underlying Ag films. 

 

10m

(a) (b) (c)

Fig. 4.6 SEM images of the films after annealing at 450 ºC. (a) Ag (50 nm) film annealed 

in the sputtering chamber, (b) Nb (3 nm)/Ag (50 nm) film annealed in the sputtering 

chamber, and (c) Nb (3 nm)/Ag (50 nm) film annealed in the lamp-heat furnace.
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In order to determine the degree of Ag(111) grain growth in the Nb/Ag films, the 

grain size of Ag(111) in Ag (100 nm) film and Nb (1~10 nm)/Ag films as a function of 
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Fig. 4.7 XRD patterns of the as-deposited Ag (100 nm) and Nb (1~10 nm)/Ag films.
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annealing temperature was compared. The result is shown in Figure 4.8. It is clear that 

the overgrowth of the Ag(111) grains during annealing could suppressed by the Nb 

surface layers with the thickness of 3 nm and above. It is considered that the efficient 

suppression of the surface diffusion, owing to the Nb surface layers, has resulted in 

slowing down the mass transport, which limits the grain growth. 

   

 

 

 

Then, the interplanar spacing of Ag(111) in the Nb/Ag films as a function of 

annealing temperature was investigated to make sure whether solution or reaction 

occurred between the Nb surface layers and the Ag films. As shown in Fig. 4.9, it is 

found that the interplanar spacing of Ag(111) for the Nb (1~10 nm)/Ag films barely 

change with increasing the annealing temperature as well as the Ag film. Therefore, as 

expected, the Nb surface layers have not dissolved in the Ag films. 

  In conclusion, the Nb surface layers show the similar effects on agglomeration 

suppression as the Ti surface layers, but the effect of the Nb surface layer on the 

resistivity is smaller than that of the Ti surface layer. Thus, Nb nano-layers are 

considered to be more appropriate for the surface layer of the Ag films. In addition, a 

5-nm-thick Nb surface layer is proved to be optimum judging from the balance of good 
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59 
 

thermal stability and low resistivity. 

 

4.4 Ag film with Nb interface layer (Ag/Nb film) 

4.4.1 Surface morphology 

  Figure 4.10 shows the SEM images of the Ag/Nb (1~10 nm) films before and after 

annealing. The surfaces of all the as-deposited films appear to be very flat. After 

annealing at 500 °C, the surfaces of all the films seem much rougher. However, it is 

difficult to find the existence of the voids in any Ag/Nb film. After annealing at 600 °C, 

the Ag/Nb (1~10 nm) films show high thermal stability because of the much fewer and 

smaller voids than the annealed Ag single layer film. Among the Ag/Nb (1~10 nm) 

films, the Ag/Nb (1 nm) film shows more voids than others, and Ag/Nb (3~10 nm) films 

exhibit nearly the same good surface morphology. Therefore, it is considered that a 

1-nm-thick Nb interface layer is not enough to effectively suppress the agglomeration of 

the Ag films, but the Nb interface layer with 3 nm and above could greatly improve the 

thermal stability of the Ag films. However, as compared with Fig. 3.10, the size of the 

voids with diameter of approximately 6 nm in the Ag/Nb (3~10 nm) films is a little 

larger than that of the Ag/Ti (3~10 nm) films (approximately 3 nm of their diameter).It 

is suggested that the effect of the Ti interface layers is slightly better than that of the Nb 

interface layers. 

 



60 
 

 

 

 

In addition, the rms roughness of the Ag/Nb (1~10 nm) films after annealing at 

500 °C and 600 °C was investigated using AFM, as shown in Table. 4.2. From the 

comparison with Table 4.1, it is found that the Ag/Nb (3~10 nm) films are much rougher 

than the Nb (3~10 nm)/Ag films, which indicates that the role of Nb surface layers in 

agglomeration suppression is more important than that of the Nb interface layers. On 

the other hand, according to the comparison with the Ti interface layer, as shown in 

Table 3.2, Ag/Nb (3~10 nm) films are a bit rougher than the Ag/Ti (3~10 nm) films. 

Therefore, the Ti nano-layer appears to be more suitable for the interface layer caused 

by its better effects on the improvement of the thermal stability of the Ag films. 

 

10m

as-deposited 500 ºC 600 ºC

Ag/Nb(1 nm)

Ag/Nb(3 nm)

Ag/Nb(5 nm)

Ag/Nb(10 nm)

Fig. 4.10 SEM images of the Ag/Nb (1~10nm) films before and after annealing.
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Rms roughness (nm) 

 500 °C 600 °C 

Ag/Nb (1 nm) 5.4 5.2 

Ag/Nb (3 nm) 3.9 5.5 

Ag/Nb (5 nm) 4.2 5.4 

Ag/Nb (10 nm) 3.7 5.6 

 

 

4.4.2 Electrical resistivity 

Figure 4.11 shows the change in the resistivity of Ag/Nb (1~10 nm) films as a 

function of annealing temperature. The resistivity of the as-deposited Ag/Nb (1 nm) film 

shows almost the same resistivity to the as-deposited Ag film. However, the resistivity 

of the as-deposited Ag/Nb (3~10 nm) films is a little lower than that of the as-deposited 

Ag film, which is the same as the phenomenon described in Section 3.4.2. But the 

resistivity of the Ag/Nb (3~10 nm) films is a little higher than that of the Ag/Ti (3~10 

nm) films, as shown in Fig. 3.11. The reason for the above phenomenon will be 

discussed in the next section.  

After annealing at 500 °C, the resistivity of all the Ag/Nb (1~10 nm) films decreases 

due to their continuous surfaces and the improvement in the crystallinity. After 

annealing at 600 °C, the resistivity of the Ag/Nb (1~10 nm) films increased slightly to 

2.2~2.4 μΩ cm owing to the slight agglomeration, and is higher than that of the 

corresponding Ti/Ag films (2.1~2.2 μΩ cm). Overall, the Nb interface layer is useful to 

achieve the low resistivity after annealing, but is a little inferior to the Ti interface layer. 

 

Table 4.2 The surface roughness of the Ag/Nb (1~10 nm) films after annealing 

at 500 ºC and 600 ºC. 
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4.4.3 Adhesion strength of Ag/Nb film to SiO2 substrate 

  Nb possesses a large affinity to oxygen as well as Ti. Therefore, Nb interface layers 

have been also considered to be useful for the improvement of the adhesion between the 

films and the SiO2 substrates. The critical delamination load of the as-deposited Ag/Nb 

films was investigated by the micro-scratch testing, and the result is shown in Fig. 4.12. 

It shows that the critical delamination load increases to approximately four times larger 

than that of the Ag film deposited on the SiO2 substrate after inserting a Nb interface 

layer with the thickness of 1 nm or above. The result represents the promotion of the 

adhesion between the Ag films and the SiO2 substrates owing to the Nb interface layers, 

and it is considered to be one of the causes for the improvement in the thermal stability 

of the Ag films. 
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Fig. 4.11 Resistivity of the Ag (100 nm) and Ag/Nb (1~10 nm) films as a function of 

annealing temperature. 
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4.4.4 Crystal structure 

  Figure 4.13 shows XRD patterns of the as-deposited Nb (60 nm), Ag (100 nm) and 

Ag/Nb (1~10 nm) films. The Ag/Nb (1 nm) film shows the similar XRD pattern to the 

Ag film having both Ag(111) and Ag(200) peaks. However, the intensity of the Ag(200) 

peak reduces with increasing the thickness of the Nb interface layer, and it disappeares 

completely with the Nb interface layer of 3nm and above, followed by the enhancement 

in the intensity of the Ag(111) peak. It is indicated that Nb interface layers with the 

thickness of 3 nm and above have significantly affected the atomic arrangement of the 

overcoating Ag films, and the Ag/Nb (3~10 nm) films show single orientation of Ag 

(111). The change in the intensity of the Ag(111) and Ag(200) of the Ag films with 

increasing the Nb interface layers is quite similar to that of the Ag/Ti films, as compared 

with Fig. 3.13. However, it was found that the Ag(111) peak intensity of the Ag/Nb 

(3~10 nm) films is lower than that of the Ag/Ti (3~10 nm) films.  
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Then, the crystalline orientation of Ag(111) in the as-deposited Ag and Ag/Nb films 

was investigated using XRD rocking curve measurement, as shown in Fig. 4.14. The 

peaks for the Ag and Ag/Nb (1 nm) films are not outstanding. The Ag(111) peaks of the 
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Fig. 4.13 XRD patterns of the as-deposited Ag (100 nm) and Ag/Nb (1~10 nm) films.
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Ag/Nb (3~10 nm) films abruptly become narrow and high, and the FWHM for those 

peaks are almost the same, but larger than that of the Ag(111) peaks in the Ag/Ti (3~10 

nm). It is indicated that a 1-nm-thick Nb interface layer is not sufficient to completely 

change the crystalline orientation of the overlying Ag film, in contrast, the Nb interface 

layers with 3 nm and above can improve the crystalline orientation of Ag(111), but the 

effect is less than that of the Ti interface layers.  

As the one cause for the agglomeration suppression, the improvement in the 

crystalline orientation of Ag(111) owing to the Nb interface layers have contributed to 

the improvement in the thermal stability of the Ag films. Meanwhile, the reduction of 

the resistivity of the as-deposited Ag/Nb (3~10 nm) films is also thought to be attributed 

to the improvement in the crystalline orientation of Ag(111). On the other hand, 

although the improvement in the adhesion of the Ag/Nb films is almost the same as the 

Ag/Ti films, the crystalline orientation of Ag(111) of the Ag/Ti (3~10 nm) films is 

higher than that of the Ag/Nb (3~10 nm) films, and thus the effect of the Nb interface 

layer on the thermal stability and resistivity are less than that of the Ti interface layer. 

  Next, the mechanism of the change in the crystalline orientation of Ag(111) caused by 

the Nb interface layer is discussed. The Nb (60 nm) film displays the single peak of 

Nb(110), which is the closest-packed plane of the Nb body-centered cubic (bcc) 

structure, as shown in Figure 4.13. Whereas, the Ag films has fcc structure, and its 

closest-packed plane is Ag(111). The epitaxial growth of fcc(111) on bcc(110) has been 

reported, though the atomic arrangement of the (110) plane is different to that of the 

(111) plane. 
121, 122)

  

Theoretical models using the rigid lattice approximation predict the epitaxial 

relationship between fcc(111) and bcc(110).
 123-125)

 Experimental investigations have 

usually found the predicted orientation,
 126)

 i.e., either the Nishiyama-Wassermann 

(NW)
 127, 128)

 or the Kurdjumov-Sachs (KS)
 129)

 epitaxial relationship, as shown in Fig. 

4.15. Calculations of the interface energy, as a function of the atomic diameter ratio dbcc 

/ dfcc, in the rigid lattice approximation, have found that the minima appears at those 

ratios where parallel atomic rows of the two lattice planes have exactly the same 

distance. For the NW case, the optimal ratio is at dbcc / dfcc =        = 0.866 or dbcc / dfcc 

=         = 1.061, whereas for the KS case it is at dbcc / dfcc =         = 0.919. For 
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atomic diameter ratios close to one of the minima, one usually takes on the 

corresponding orientation.
 126)

 Because the atomic diameters of Nb and Ag are 0.286 nm 

and 0.289 nm, respectively,
 130)

 and dbcc / dfcc = 0.286 / 0.289 = 0.990 is closed to both 

1.061 and 0.919, Ag(111) on Nb(110) is possible to grow in the way of NW or/and KS 

orientation. Therefore, the Nb interface layers have improved the crystalline orientation 

of Ag(111) of the Ag/Nb films. On the other hand, any three neighboring atoms form an 

equilateral triangle at the close-packed plane of Ti(0002) and Ag(111), as shown in Fig. 

3.15, whereas three neighboring atoms form an isosceles triangle with a differently long 

base at the the closest-packed plane of Nb(110), as shown in Fig. 4.15. The overlap of 

Ag(111) on Ti(0002) is more coincident than that of the Ag(111) on Nb(110), so it is 

easier for Ag atoms to arrange in way of (111) plane on Ti(0002) than Nb(110) under 

the same deposition conditions. Consequently, the Ti interface layers are more effective 

in improving the crystalline orientation of Ag(111) of the Ag films, as compared with 

Fig. 3.14 and Fig. 4.14. 

 

 

 

 

  Figure 4.16 shows the grain size of Ag(111) in Ag/Nb (1~10 nm) films as a function 

of annealing temperature. It is found that the introduction of the Nb interface layers 

restrains the overgrowth of the Ag(111) grains, which contributes to the agglomeration 

suppression.  
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Fig. 4.15 NW and KS epitaxial relationship of fcc(111)/bcc(110) interface.
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Figure 4.17 shows the interplanar spacing of Ag(111) for Ag/Nb (1~10 nm) films as a 

function of annealing temperature. The interplanar spacing of Ag(111) after annealing 

30

40

50

60

90

70

0 200 400 600

Annealing temperature  (C)

100 300 500 700

G
ra

in
 s

iz
e
 o

f 
A

g
(1

1
1

) 
(n

m
) 80

Ag/Nb(3 nm)

Ag

Ag/Nb(1 nm)

Ag/Nb(5 nm)

Ag/Nb(10 nm)

Fig. 4.16 Grain size of Ag(111) for the Ag (100 nm) and Ag/Nb (1~10 nm) films as a 

function of annealing temperature.
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hardly changes even after annealing at 600 °C by inserting the Nb interface layers. It is 

indicated that, just like the Nb surface layers, the Nb interface layers and the Ag layers 

do not react or form solid solution. 

 

4.5 Nb/Ag/Nb triple-layer film 

  The results above have shown that the 5-nm-thick Nb surface layer and the Nb 

interface layer with the thickness of 3 nm or above are able to suppress the 

agglomeration of the Ag films effectively. In this section, we discuss the thermal 

stability and the electrical resistivity of the triple-layer structure of Nb/Ag/Nb films.  

 

4.5.1 Surface morphology 

  Figure 4.18 shows the SEM images of the Nb (5 nm)/Ag/Nb (3 nm) and Nb (5 

nm)/Ag/Nb (5 nm) films after annealing at 500 °C and 600 °C. It is observed that the 

surface morphology of the Nb (5 nm)/Ag/Nb (3 nm) and Nb (5 nm)/Ag/Nb (5 nm) films 

after annealing at 500 °C or 600 °C is almost the same. It is further proved that the Nb 

interface layers with the thickness of 3 nm and above show the similar effect on the 

improvement in thermal stability of the Ag films. After annealing at 500 °C, the 

Nb/Ag/Nb films exhibit smooth surfaces, except a few small voids. After annealing at 

600 °C, a very few voids become a little larger, but the surfaces are basically kept very 

flat. After comparing to the surface morphology of the Nb/Ag (Fig. 4.2) and Ag/Nb (Fig. 

4.10) double-layer films after annealing, it is found that the Nb/Ag/Nb triple-layer films 

show better thermal stability due to the fewer and smaller voids. Therefore, the 

combined effect of the Nb surface layer and interface layer is approved. 
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4.5.2 Electrical resistivity 

  The resistivity of the Nb (5 nm)/Ag/Nb (3 nm) and Nb (5 nm)/Ag/Nb (5 nm) films as 

a function of annealing temperature is shown in Fig. 4.19. It is found that the Nb (5 

nm)/Ag/Nb (3 nm) and Nb (5 nm)/Ag/Nb (5 nm) films hold almost the same low 

resistivity before and after annealing. After annealing at 500 °C or 600 °C, their 

resistivity decreases to approximately 2.1 μΩ cm, owing to the good result of 

agglomeration suppression. 

 

500 ºC 600 ºC

Nb(5 nm)/Ag/Nb(3 nm)

Nb(5 nm)/Ag/Nb(5 nm)

10m

Fig. 4.18 SEM images of the Nb (5 nm)/Ag/Nb (3 nm) and Nb (5 nm)/Ag/Nb (5 nm) films 

after annealing at 500 ºC and 600 ºC.
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4.6 Optimization for triple-layer structure 

  On the basis of the previous discussion, it has been discovered that Nb and Ti 

nano-layers are more suitable for surface layer and interface layer of the Ag film. The 

5-nm-thick Nb surface layer and 3-nm-thick Ti interface layer have been confirmed to 

be sufficient for the improvement in the overall performance of the Ag films. Therefore, 

the Nb (5 nm)/Ag/Ti (3 nm) multilayered film has been prepared in this study. Although 

the Nb/Ag/Nb and Ti/AgTi films exhibit good surface morphology and low resistivity 

after annealing, the triple-layer structure of Nb/Ag/Ti is expected to display better 

effects on the improvement in thermal stability and the maintenance of the low 

resistivity.  

The morphological stability and electrical resistivity of the Nb (5 nm)/Ag/Ti (3 nm), 

Nb (5 nm)/Ag/Nb (5 nm), and Ti (3 nm)/Ag/Ti (3 nm) films were evaluated and 

compared. Figure 4.20 shows the SEM images of the Nb (5 nm)/Ag/Ti (3 nm), Nb (5 

nm)/Ag/Nb (5 nm), and Ti (3 nm)/Ag/Ti (3 nm) films after annealing at 600 °C, and Fig. 

4.21 gives the resistivity of these triple-layer films as a function of annealing 

temperature. It is found that the Nb (5 nm)/Ag/Ti (3 nm) film shows the highest 
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Fig. 4.19 Resistivity of the Nb (5 nm)/Ag/Nb (3 nm) and Nb (5 nm)/Ag/Nb (5 nm) films 

as a function of annealing temperature. 
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morphological stability and the lowest resistivity in all the triple-layer films. Nb (5 

nm)/Ag/Ti (3 nm) is confirmed to be the best combination. Therefore, it is considered 

that Ag films with different materials of more appropriate surface and interface layers 

could obtain a higher thermal stability and a lower electrical resistivity than Ag films 

with the same materials of surface and interface layers. 
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(a) (b) (c)

Fig. 4.20 SEM images of the triple-layer films after annealing at 600 ºC. 

(a) Nb (5 nm)/Ag (100 nm)/Ti (3 nm), (b) Nb (5 nm)/Ag (100 nm)/Nb (5 nm), 

and (c) Ti (3 nm)/Ag (100 nm)/Ti (3 nm) films.
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Fig. 4.21 Resistivity of the Nb (5 nm)/Ag/Nb (5 nm), Ti (3 nm)/Ag/Ti (3 nm), and 

Nb (5 nm)/Ag/Ti (3 nm) films as a function of annealing temperature. 
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4.7 Summary 

The morphological stability of the Nb/Ag films is a little better than that of the Ti/Ag 

films. The Nb surface layer with lower bulk resistivity has smaller influence on the 

sheet resistance of the multilayered Ag film than the Ti surface layer. Therefore, the Nb 

surface layer is superior to the Ti surface layer. From the standpoint of thermal stability 

and electrical resistivity, the 5-nm-thick Nb layer is found to be an appropriate capping 

layer. In addition, it is confirmed that the Nb surface layer, regardless of the chemical 

state of metal or oxide, effectively suppresses the agglomeration of Ag film during 

annealing. 

As well as the Ti interface layers, the Nb interface layers with the thickness of 3 nm 

and above could improve the adhesion of the Ag films on SiO2 substrates and the 

crystalline orientation of Ag(111), which contribute to the low resistivity and relatively 

good thermal stability. However, the effect of the Nb interface layers is less than the Ti 

interface layers. Therefore, the Ti nano-layer is considered to be more appropriate for 

the interface layer.  

The combined effect of the Nb surface layer and Nb interface layer on achieving both 

good thermal stability and low electrical resistivity has been approved. However, it is 

confirmed that the triple-layer structure of Nb (5 nm)/Ag/Ti (3 nm) is superior to Nb (5 

nm)/Ag/Nb (5 nm) and Ti (3 nm)/Ag/Ti (3 nm) films. It is indicated that the different 

materials of more appropriate surface and interface layers could bring about a higher 

thermal stability and a lower electrical resistivity in Ag films than the same materials of 

surface and interface layers. 
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Chapter 5 Effects of Pd Surface Layer and Interface Layer on 

Thermal Stability and Electrical Properties of Ag Thin Film 

5.1 Introduction 

  Since the Nb surface layer in metallic state was proved to be effective in suppressing 

the agglomeration of the Ag films, the further study on the effects of various surface 

layers in metallic state on thermal stability and electrical properties of the Ag film has 

attracted more attentions. Pd with very low free energy of formation of oxide (ΔfG°PdO = 

-55.4 kJ/mol)
 68)

 and low cohesive energy (730 kJ/mol) 
119)

, was selected as surface layer 

in this study.  

On the other hand, we want to investigate whether the crystalline orientation of 

Ag(111) can be improved by a Pd interface layer, owing to Pd with the same 

face-centered cubic crystal structure as Ag. In addition, we also want to confirm that the 

Pd interface layer would have little influence on the adhesion of the Ag film to the SiO2 

substrate, caused by the poor affinity of Pd to oxygen. 

However, it is well known that Ag and Pd can form complete solid solution at high 

temperature, as the Ag-Pd binary phase diagram is shown in Fig. 5.1.
 131)

 Therefore, it is 

not sure that the multilayered structure of the Ag films with the Pd surface layers or 

interface layers can improve their thermal stability, and maintain the low resistivity. 

This chapter focuses primarily on describing the effect of high temperature solid 

solution on the thermal stability and resistivity of the Pd/Ag and Ag/Pd films. In 

addition, the effects of other properties of Pd are also discussed in some detail. 
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5.2 Experimental procedure  

  The Pd (60 nm), Pd (1~5 nm)/Ag, and Ag/Pd (1~5 nm) films were deposited using 

RF magnetron sputtering, and then annealed under vacuum. The structure of the 

multilayered films is shown in Fig. 5.2. The preparation conditions, heat treatment 

conditions, and evaluation methods have been described in Chapter 2. 

 

           

(a)                      (b) 

 

 

Fig. 5.1 Ag-Pd binary phase diagram. 131)

Ag (100 nm)

Pd surface layer

SiO2/Si

Ag (100 nm)

Pd interface layer

SiO2/Si

Fig. 5.2 Structure of the multilayered films deposited using RF magnetron sputtering. 

(a) Pd/Ag film, and (b) Ag/Pd film.
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5.3 Ag film with Pd surface layer (Pd/Ag film) 

5.3.1 Surface morphology  

The surface morphology of the Pd (1~5 nm)/Ag films before and after annealing were 

observed using SEM, as shown in the Fig. 5.3. The surfaces of as-deposited Pd/Ag films 

are very smooth as well as the as-deposited Ti/Ag and Nb/Ag films, as compared with 

Fig. 3.2 and Fig 4.2. However, after annealing at 500 °C, all the films exhibit similarly 

rough surfaces with a large amount of voids and hillocks. After annealing at 600 °C, the 

surfaces of all the Pd (1~5 nm)/Ag films shows growth of voids and hillocks, but they 

are still better than that of the Ag film. In addition, it is found that the surface 

morphology of the Pd/Ag films is not improved remarkably with any thickness of the 

Pd surface layer.  

 

 

 

 

The rms roughness of the surfaces of the Pd (5 nm)/Ag films after annealing at 

500 °C and 600 °C was measured using AFM, and they were 8.4 nm and 20.1 nm, 

10m

Pd(1 nm)/Ag

Pd(3 nm)/Ag

Pd(5 nm)/Ag

as-deposited 500 ºC 600 ºC

Fig. 5.3 SEM images of the Pd (1~5 nm)/Ag films before and after annealing.
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respectively. The rough surfaces similar to those of the agglomerated Ag films further 

indicate the poor effect of the Pd surface layer on agglomeration suppression. These 

results demonstrate that the thermal stability of the Ag films is hardly improved 

satisfactorily by covering a Pd surface layer. 

 

5.3.2 Electrical resistivity 

  The change in the resistivity of the Pd/Ag films as a function of annealing 

temperature is shown in Fig. 5.4. Although the resistivity of the as-deposited Pd (1~5 

nm)/Ag films increases slightly with increasing the thickness of the Pd surface layer, 

they show the low values below 3.0 μΩ cm. As compared with Fig 3.4, the thickness of 

the Pd surface layer has smaller influence on the resistivity of the as-deposited Ag films 

than the Ti surface layer. It is considered that the surface layer with low bulk resistivity, 

such as Pd (ρ = 10.8 μΩ cm at 293 K) and Nb (ρ = 12.5 μΩ cm at 293 K), is more 

appropriate for the maintenance of the low resistivity of the as-deposited Ag film.  
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Fig. 5.4 Resistivity of the Ag (100 nm) and Pd (1~5 nm)/Ag films as a function of 

annealing temperature. 
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After annealing at 500 °C, all the Pd/Ag films show higher resistivity than the Ag 

single layer film, and the resistivity of the Pd/Ag films increases regularly with 

increasing the thickness of the Pd surface layer. After annealing at 600 °C, all the Pd/Ag 

films exhibit much higher resistivity, though they do not show the resistivity as high as 

that of the Ag film, owing to the slight improvement in the thermal stability. And the 

resistivity of the Pd/Ag films also increases regularly with increasing the thickness of 

the Pd surface layer. The increase of the resistivity of the Pd (1~5 nm)/Ag films with 

increasing the annealing temperature and the thickness of the Pd surface layer is 

considered to be mainly dependent on the Pd atoms dissolved in the Ag films, which 

cause the impurity scattering effect. The details about solid solution are described in the 

following. 

 

5.3.3 Chemical bonding state of the surface 

  The chemical bonding state of the surface of the Pd (5 nm)/Ag film before and after 

annealing at 500 °C was investigated using XPS, as shown in Fig. 5.5. It is found that 

the positions of the main peaks do not shift after annealing, and the binding energy of 

Pd 3d5/2 is 335.1 eV, which is the same as the reference value for Pd in metallic state.
 132)

 

It is indicated that the Pd surface layer has not been oxidized before and after annealing, 

which is corresponding to the low Gibbs free energy for Pd oxide formation. Although 

we have already confirmed that some surface layer in metallic state can effectively 

suppress the agglomeration of the Ag film, such as Nb, it has been found that the Pd 

surface layer in metallic state is not very useful.  

On the other hand, according to the further observations from Fig. 5.5, the obvious 

reduction of the intensity of the peaks after annealing at 500 °C illustrates the reduction 

of the amount of Pd at the surface, which ought to be caused by the solution of Pd in Ag 

film. The formation of the Ag-Pd solid solution would impair the ability of the Pd 

surface layer to agglomeration suppression, and increase the resistivity of the Ag film. 
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5.3.4 Morphological stability of Pd 

Figure 5.6 shows the SEM image of the Pd (60 nm) film before and after annealing at 

600 °C. It is interesting that, although the Pd film does not agglomerate as severely as 

the pure Ag film, the much rougher surface than that of the annealed Nb film, as 

compared with Fig. 4.5 of the previous chapter, shows the poor morphological stability 

of Pd. The poor morphological stability weakens the capability of the Pd surface layer 

to suppress the surface diffusion of the Ag atoms.  
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Fig. 5.5 Pd 3d XPS spectra for the surfaces of the Pd (5 nm)/Ag films before and after 

annealing at 500 ºC.

10m

(a) (b)

Fig. 5.6 SEM images of the as-deposited Pd (60 nm) film (a) and the 

one after annealing at 600 ºC (b).
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By comparison with the cohesive energy of Ag, Nb, and Pd and their morphological 

stability, as shown in Fig. 1.3, Fig. 4.5, and Fig. 5.6, respectively, the relationship 

between the cohesive energy and the morphological stability could be made clear. The 

cohesive energy of Pd (376 kJ/mol) is a little higher than that of Ag (248 kJ/mol), but 

much lower than that of Nb (730 kJ/mol). 
119)

 Correspondingly, the morphological 

stability of Pd is better than that of Ag, but much worse than that of Nb. Therefore, it is 

considered that a surface layer in a metallic state with low cohesive energy is difficult to 

keep flat and continuous at high temperature, which is useless to suppress the 

agglomeration of Ag. This point would be helpful to select suitable materials for the 

surface layers of the Ag films.  

 

5.3.5 Solid solubility of Pd in Ag film 

In order to study the solid solubility of Pd in Ag as a function of annealing 

temperature, the interplanar spacing of Ag(111) for the pure Ag (100 nm) and Pd (1~5 

nm)/Ag films before and after annealing is investigated using XRD, as shown in Fig. 

5.7. The interplanar spacing of Ag(111) for the as-deposited pure Ag and Pd (1~5 

nm)/Ag films is almost the same. However, the sharp decrease of the interplanar spacing 

of Ag(111) in the Pd/Ag films is observed with increasing the annealing temperature 

and the thickness of the Pd surface layers. Because Pd has the same face-centered cubic 

structure as Ag, and the interplanar spacing of Pd(111) (0.225 nm)
 133)

 is smaller than 

that of Ag(111) (0.236 nm)
 2)

, the decrease of the interplanar spacing of Ag(111) 

indicates that the Pd surface layers has been largely dissolved into the Ag films. 
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For binary systems forming a continuous series of solid solutions, the lattice 

parameter (asolid solution) can be calculated from Vegard’s law:
 134)

 

asolid solution = xPdaPd + (1 - xPd) aAg                 (5.1) 

where xPd is the mole fraction of Pd, aPd is the lattice parameter of Pd, and aAg is the 

lattice parameter of Ag, respectively. The concentration of Pd dissolved in Ag after 

annealing at 500 ºC and 600 ºC has been calculated from Eq. 5.1. As shown in Table 

5.1, after annealing, the concentration of Pd increases significantly with increasing the 

thickness of the Pd surface layer.  

 

 

Pd concentration (at.%) 

 500 °C 600 °C 

Pd (1 nm)/Ag 1.8 1.8 

Pd (3 nm)/Ag 6.4 7.3 

Pd (5 nm)/Ag 10.0 11.8 
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Fig. 5.7 Interplanar spacing of Ag(111) for the Ag (100 nm) and Pd (1~5 nm)/Ag films as a 

function of annealing temperature.

Table 5.1 Concentration (at. %) of Pd dissolved in Ag for the Pd (1~5 nm)/Ag films after 

annealing at 500  ºC and 600 ºC. 
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The formation of the solid solution induces the large decrease of the amount of Pd at 

the surface, and further lowers the performance of the Pd surface layers in 

agglomeration suppression. Meanwhile, it is clear that the change of the resistivity for 

the Pd/Ag films is in substantial agreement on the change of the Pd concentration in 

the Ag films after annealing, as compared with Fig. 5.4 and Table 5.1. The effect of 

solid solution on resistivity seems to be the main factor for the change in the resistivity 

of the Pd/Ag films as a function of annealing temperature.  

 

5.4 Ag film with Pd interface layer (Ag/Pd film) 

5.4.1 Surface morphology 

Figure 5.8 shows the SEM images of the Ag/Pd (1~5 nm) films before and after 

annealing. All of the as-deposited films show very flat surface. After annealing at 

500 °C, a lot of small voids and hillocks form, which make the surfaces very rough. 

The rms roughness of the Ag/Pd (5 nm) film after annealing at 500 °C was 8.2 nm, 

which is the same as the Pd (5 nm)/Ag film after annealing at 500 °C. After annealing 

at 600 °C, the development of the agglomeration brings about the growth of the voids 

and hillocks. In addition, it is difficult to observe any improvement in thermal stability 

with increasing the thickness of the Pd interface layer. Although the Ag/Pd (1~5 nm) 

films have not agglomerated as seriously as the pure Ag film after annealing at 600 °C, 

the effect of the Pd interface layer on agglomeration suppression is much worse than 

the Ti and Nb interface layers, as compared with Fig. 3.10 and Fig. 4.10.  
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5.4.2 Electrical resistivity 

Figure 5.9 shows the electrical resistivity of the pure Ag (100 nm) and Ag/Pd (1~5 

nm) films as a function of annealing temperature. The as-deposited Ag/Pd (1~5 nm) 

films show almost the same resistivity to the as-deposited pure Ag film. After 

annealing at 500 °C, the resistivity of Ag/Pd (1 nm) film reduces, but is a little higher 

than that of the pure Ag film. After annealing at 600 °C, the resistivity of all the Ag/Pd 

(1~5 nm) films continue to increase remarkably. As expected, the resistivity of the 

Ag/Pd films increases significantly with increasing the thickness of the Pd interface 

layer and the annealing temperature, and the change in the resistivity of the Ag/Pd 

films is nearly the same as that of Pd/Ag films. Therefore, it is considered that the poor 

thermal stability of the Ag/Pd films and the high solid solubility of Pd in Ag have 

strong influence on the resistivity of the Ag/Pd films. 
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Ag/Pd(1 nm)

Ag/Pd(3 nm)

Ag/Pd(5 nm)

as-deposited 500 ºC 600 ºC

Fig. 5.8 SEM images of the Ag/Pd (1~5 nm) films before and after annealing.
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5.4.3 Adhesion strength of Ag/Pd film to SiO2 substrate 

The adhesion strength of the as-deposited pure Ag (100 nm) and Ag/Pd (1~5 nm) 

films on the SiO2 substrates was evaluated using micro-scratch test, and the results are 

shown in Fig 5.10. It is found that the adhesion is not enhanced at all by inserting a Pd 

interface layer. It is considered to be related to the poor adhesion of Pd on SiO2.
 135)

 It 

is well known that the interfacial bonding will be weak if the film and substrate 

materials have such different bonding character (covalent, ionic, or metallic) that they 

do not easily bond to each other.
 136)

 As mentioned above, Pd is difficult to be oxidized 

as well as Ag, owing to their low free energy of formation of oxide. Therefore, unlike 

the Ti interface layer, the Pd interface layer hardly forms strong covalent bonds to the 

SiO2 substrate. The poor adhesion of the Ag/Pd films on the SiO2 substrates is one of 

the reasons for their poor thermal stability. 

 

 

Ag bulk

2.0

3.0

4.0

R
e
s
is

ti
v
it
y
  

(


c
m

)

5.0

0 200 400 600

Annealing temperature  (C)

100 300 500 700
1.0

Ag/Pd(3 nm)

Ag

Ag/Pd(1 nm)

Ag/Pd(5 nm)

6.0

Fig. 5.9 Resistivity of the Ag (100 nm) and Ag/Pd (1~5 nm) films as a function of 

annealing temperature. 
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5.4.4 Crystalline orientation of Ag(111) for Ag/Pd film 

  The crystalline orientation of Ag(111) for the as-deposited Ag/Pd (1~5 nm) films 

was investigated using XRD rocking curve analysis, as shown in Fig. 5.11. With 

inserting the Pd interface layers, the peaks of Ag(111) are still not clearly observed in 

the patterns. It is indicated that the crystalline orientation of Ag(111) is not improved 

by the Pd interface layers under the deposition conditions of this study, though both Ag 

and Pd are in fcc structure, and the mismatch of the interplanar spacing of Ag(111) and 

Pd(111) is 4.9%,
 2, 133)

 which is not very large. 
137)

 Consequently, the Pd interface layer 

scarcely influences the crystalline orientation of Ag(111) of the overlying Ag films, 

which is not helpful for agglomeration suppression. 
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Fig. 5.10 Critical delamination load of the as-deposited Ag (100 nm) and 

Ag/Pd (1~5 nm) films.
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5.4.5 Solid solubility of Pd in Ag film 

  Finally, the investigation of the interplanar spacing of Ag(111) for the Ag/Pd (1~5 

nm) films before and after annealing was carried out by XRD analysis, as shown in Fig. 

5.12. The as-deposited Ag/Pd (1~5 nm) films exhibit almost the same interplanar 

spacing of Ag(111) as that of the as-deposited pure Ag film. However, the sharp 

reduction in the interplanar spacing of Ag(111) of the Ag/Pd films is also observed 

with increasing the thickness of the Pd interface layers and the annealing temperature, 

and the changing trend is almost the same as that of Pd/Ag films.  
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Fig. 5.11 XRD rocking curves of the as-deposited Ag (100 nm) and Ag/Pd (1~5 nm) films.
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The concentration of the dissolved Pd in Ag for the Ag/Pd films after annealing at 

600 °C has been calculated on the basis of Vegard’s law, and the results is listed in 

Table 5.2. The dissolved Pd atoms make little contribution to agglomeration 

suppression, and remarkably increase the resistivity because of the impurity scattering 

effect. 

 

 

Pd concentration (at.%) 

 500 °C 600 °C 

Ag/Pd (1 nm) 2.7 2.7 

Ag/Pd (3 nm) 7.3 8.1 

Ag/Pd (5 nm) 10 11.8 
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Fig. 5.12 Interplanar spacing of Ag(111) for the Ag (100 nm) and Ag/Pd (1~5 nm) films 

as a function of annealing temperature.

Table 5.2 Concentration (at. %) of Pd dissolved in Ag for the Pd (1~5 nm)/Ag films after 

annealing at 500  ºC and 600 ºC. 
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5.5 Summary 

  The poor morphological stability of the Pd film is attributed to its low free energy 

for the oxide formation and low cohesive energy, which lower the capability of the Pd 

surface layer to suppress the agglomeration of the Ag film. The ease of the formation 

of solid solution with Ag decreases the effect of the surface layer on the agglomeration 

suppression, and remarkably increases the resistivity after high temperature heat 

treatment. Therefore, Pd is not appropriate for the surface layer of the Ag film. 

  Both the adhesion of the Ag film to the SiO2 substrate and the crystalline orientation 

of Ag(111) are not improved by inserting a Pd interface layer, which lead to no obvious 

improvement in thermal stability of the Ag films. After annealing, the dissolved Pd 

atoms in Ag coming from the interface layer make the resistivity increase abruptly. 

Therefore, Pd is also not suitable for the interface layer of the Ag film. 
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Chapter 6 Effects of Ni Surface Layer and Interface Layer on 

Thermal Stability and Electrical Properties of Ag Thin Film 

6.1 Introduction 

  Previously, the usefulness of Ag-Ni alloy films in agglomeration suppression has 

been reported by our group.
 32)

 However, the impurity scattering effect causes a 

significant increase of the resistivity. Therefore, the fabrication of multilayered structure 

of the Ag film with Ni surface layer or/and interface layer is proposed. Ag-Ni is 

representative of an insoluble binary alloy system, as shown in Fig. 6.1,
 138)

 and the 

resistivity of bulk Ni (ρ = 6.84 μΩ cm at 293 K) is relatively close to that of bulk Ag (ρ 

= 1.59 μΩ cm at 293 K),
 3)

 which is advantageous for Ni as the surface layer of the Ag 

film. However, it is worth noting that, unlike Ti and Nb, Ni with very low free energy of 

formation of NiO (ΔfG° = -211.7 kJ/mol)
 68)

 is difficult to form oxide passivation 

surface layer. Although Nb surface layer in metallic state has been confirmed to 

effectively suppress the agglomeration of the Ag film, and the cohesive energy of Ni 

(428 kJ/mol) is higher than that of Ag (248 kJ/mol),
 119)

 it is questionable whether the Ni 

metallic surface layer could effectively suppress the agglomeration of the Ag film as 

well as the Nb metallic surface layer.  

On the other hand, both Ni and Ag crystals belong to fcc structure,
 139)

 and the bulk 

interplanar spacing of Ni(111) and Ag(111) is 0.2034 and 0.2359 nm, respectively.
 2, 140)

 

Although the mismatch of the interplanar spacing between Ag(111) and Ni(111) is 

approximately 18%, the possibility for the epitaxial growth of Ag(111) on the interface 

layer of Ni(111) has been confirmed by some research groups. 
141-144)

 Therefore, the 

enhancement of the orientation of Ag(111) owing to the Ni interface layer has been ever 

expected in this study, which would improve the thermal stability and lower the 

resistivity.  

To reveal the effects of the Ni surface layer and interface layer on the thermal 

stability and the electrical resistivity of the Ag film, the Ni/Ag and Ag/Ni films were 

prepared for investigation in this chapter. 
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6.2 Experimental procedure 

  The Ni (60 nm), Ni (1~5 nm)/Ag and Ag/Ni (1~5 nm) films were deposited using RF 

magnetron sputtering. Because the magnetic Ni was more difficult to form plasma than 

ordinary metal in magnetron sputtering,
 145)

 the sputtering power and Ar gas pressure 

were raised to 100 W and 2.8 × 10
-2

 Torr, respectively, and the distance between the Ni 

target and substrate was shortened to 40 mm. Then, annealing was carried out under 

vacuum. Finally, various evaluations were carried out as before. The structure of these 

double-layer films deposited in this study is shown in Fig. 6.2. 

 

        

(a)                    (b) 

 

Fig. 6.1 Ag-Ni binary phase diagram. 138)

Ag (100 nm)

Ni surface layer

SiO2/Si

Ag (100 nm)

Ni interface layer

SiO2/Si

Fig. 6.2 Structure of the multilayered films deposited using RF magnetron sputtering. 

(a) Ni/Ag film, and (b) Ag/Ni film.
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6.3 Ag film with Ni surface layer (Ni/Ag film) 

6.3.1 Surface morphology 

  Figure 6.3 shows the SEM image of the Ni (1~10 nm)/Ag films before and after 

annealing. The surfaces of all the films are as smooth as the surfaces of the Ag films 

with other surface layers showed in previous chapters. However, after annealing at 

500 °C, all the Ni (1~10 nm)/Ag films show almost the same rough surfaces owing to 

the formation of many small voids and hillocks after annealing at 500 °C.  

 

 

 

 

With increasing the annealing temperature to 600 °C, the Ni (1~10 nm)/Ag films 

show further growth of the voids and hillocks. Specifically, the diameter of the voids at 
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Fig. 6.3 SEM images of the Ni (1~10 nm)/Ag films before and after annealing.
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the surface of the Ni (1 nm)/Ag film varies from about 3 nm to 7 nm, which are much 

larger than the voids in other Ni/Ag films. It is considered that the 1-nm-thick Ni 

surface layer is too thin to form continuous protective layer for agglomeration 

suppression. When the thickness of the Ni surface layers is increased to 3 nm and above, 

the surface morphology becomes better judging from the smaller voids. However, even 

with a 10-nm-thick Ni surface layer, there are still a large amount of small voids and 

hillocks occurred.  

The rms surface roughness of the Ni (5 nm)/Ag films after annealing at 500 °C and 

600 °C were measured using AFM, which were 4.5 nm and 13.3 nm, respectively. The 

rough surfaces of the annealed Ni (5 nm)/Ag films further indicate the poor effect of the 

Ni surface layer on agglomeration suppression. 

Because the Ni (1~10 nm)/Ag films have not agglomerated as severely as the pure Ag 

film, the agglomeration of the Ag films is considered to be suppressed to some extent 

owing to the Ni surface layers. However, as compared with the effects of the Ti and Nb 

surface layers, as shown in Fig. 3.2 and Fig. 4.2, the thermal stability of the Ag films is 

not effectively improved using the Ni surface layers. 

 

6.3.2 Electrical resistivity 

  Figure 6.4 shows the change in the resistivity of the Ag (100 nm) and Ni (1~10 

nm)/Ag films as a function of annealing temperature. It is found that the resistivity of 

the as-deposited Ni (1~10 nm)/Ag films is almost the same, and close to that of the 

as-deposited Ag film. It is considered that the Ni surface layer has little influence on the 

resistivity of the as-deposited Ag film due to its low bulk resistivity. The resistivity of 

the Ni (1~10 nm)/Ag films decreases to approximately 2.1 μΩ cm after annealing at 

500 °C, owing to the improvement in the crystallinity of the Ag films, no occurrence of 

serious agglomeration, and difficulty in the formation of solid solution. After annealing 

at 600 °C, the resistivity of the Ni (1 nm)/Ag film rises to 3.0 μΩ cm, caused by its 

poorer morphological stability than other Ni/Ag films, as shown in Fig. 6.3. Because of 

some improvement in the morphological stability with increasing the thickness of the Ni 

surface layers, the resistivity of the Ni (3~10 nm)/Ag films rises to only approximately 

2.3 μΩ cm. However, as discussed in the previous chapters, the Ti (3~10 nm)/Ag and 
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Nb (3~10 nm)/Ag films can obtain the lower resistivity after annealing at 500 °C and 

600 °C, which suggests that the Ni surface layer is less effective on the maintenance of 

the low resistivity after annealing. 

 

 

 

 

6.3.3 Chemical bonding state of the surface 

  The chemical bonding state for the surface of the Ni (5 nm)/Ag films before and after 

annealing at 500 °C was investigated by using XPS, and the XPS spectra are shown in 

Fig. 6.5. The spectra show that the main peaks of Ni 2P3/2 and Ni 2P1/2 for both the 

as-deposited Ni (5 nm)/Ag film and the annealed Ni (5 nm)/Ag film are the same, and 

the binding energies are 852.6 eV and 869.8 eV, respectively, which are the same as the 

reference values for the Ni in metallic state.
 132)

 The as-deposited Ni (5 nm)/Ag film 

exhibits two small peaks, and the binding energies for them are 856.0 eV and 861.1 eV, 

which belong to Ni2O3 and NiO, respectively, according to the reference values.
 115, 132)

 

As compared to the peak intensity for Ti oxide and Nb oxide in the XPS spectra for the 

as-deposited Ti (3 nm)/Ag film and Nb (3 nm)/Ag film, the peak intensity for the Ni 

oxide is very weak, so it could be said that the Ni surface layer is difficult to be oxidized. 
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Fig. 6.4 Resistivity of the Ag (100 nm) and Ni (1~10 nm)/Ag films as a function of 

annealing temperature. 



94 
 

Then, it is found that these small peaks for Ni oxide disappeared after annealing. It has 

been reported that the oxides Ni3O4, Ni2O3 and NiO exist only at high oxygen pressure.
 

146)
 F. Maglia et al. have confirmed that the decomposition of 30~40-mg-weighty NiO 

single crystal can be achieved in a vacuum at temperatures as low as 330 °C without 

using reducing agent, and at temperature below 500 °C the decomposition proceeds 

immediately.
 147)

 Therefore, it is considered that the small amount of Ni oxide in the 

surface layer has completely decomposed during vacuum heat treatment in this study. 

The above results indicates that the Ni (5 nm)/Ag film has mainly remained in metallic 

state during annealing. 

 

 

 

 

  On the other hand, figure 6.5 shows that the peak intensity for metal Ni reduces after 

annealing, which is representative of a reduction in the amount of Ni at the surface. It is 

well known that it is difficult for Ni and Ag to form solid solution, which is also proved 

in section 6.3.5. In addition, Fig. 6.4 shows that there is no impurity scattering effect on 

the resistivity of the Ni (1~10 nm)/Ag films after annealing at 500 °C. it means Ni 

atoms have not entered deep into the Ag layer. Therefore, it is considered that the 

interdiffusion of Ni and Ag atoms only occurred in a small region around the interface 
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Fig. 6.5 Ni 2p XPS spectra for the surfaces of the Ni (5 nm)/Ag films before and after 

annealing at 500 ºC.
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between the Ni surface layer and the Ag film. Then, the concentration of Ni at the 

surface was decreased, which leads to the reduction of the peak intensity for metal Ni. 

As a result of the above analysis, the Ni surface layer mainly remains in the metallic 

state during annealing, and Ni oxide at the surface of the Ag films would have little 

effect on agglomeration suppression, owing to the ease of thermal decomposition for Ni 

oxide in a vacuum, so metal Ni is responsible for the change in the thermal stability of 

the Ag films. In addition, it is considered that the interdiffusion between the metal Ni 

and Ag occurs in a very small region during annealing. The diffusion decreases the 

amount of Ni at the surface layer, which would weaken the role of the Ni surface layer 

in suppressing the agglomeration of Ag.  

 

6.3.4 Cohesive energy and morphological stability of Ni 

  In this section, a reason for the inapplicability of the metallic Ni surface layer for 

agglomeration suppression is studied from the relationship between cohesive energy and 

morphological stability of Ni.  

  

 

 

 

Figure 6.6 shows the SEM image of the Ni (60 nm) film before and after annealing at 

600 °C. The as-deposited Ni film is very smooth. After annealing at 600 °C, it displays 

scraggly surface with many small voids and hillocks, although it is not agglomerated as 

severely as the pure Ag film. The low cohesive energy of 428 kJ/mol is confirmed not to 

be high enough for metal to avert the agglomeration completely at the annealing 

temperature of 600 °C, though the higher cohesive energy of Ni (428 kJ/mol) than that 

10m

(a) (b)

Fig. 6.6 SEM images of the as-deposited Ni (60 nm) film (a) and the one after 

annealing at 600 ºC (b).



96 
 

of Ag (248 kJ/mol) leads to the better morphological stability of Ni. It is indicated that 

the low cohesive energy of Ni leads to the easy migration of Ni atoms at high 

temperature and a poor morphological stability, which is disadvantageous for 

agglomeration suppression. 

 

6.3.5 Crystal structure 

Figure 6.7 shows XRD patterns of the as-deposited Ag (100 nm) and Ni (1~10 

nm)/Ag films. The Ni (1~10 nm)/Ag films show almost the same crystal structure as the 

Ag film, which are consist of the main peak of Ag(111) and the sub-peak of Ag(200). 

The intensity, FWHM, and position of the Ag(111) peaks basically remain unchanged 

with increasing the thickness of the Ni surface layers. Therefore, the deposition of Ni 

surface layer has no influence on the crystal structure of the underlying Ag films. 

 

 

 

In order to confirm that no solid solution formed in the Ni/Ag films, the interplanar 

spacing of Ag(111) in the Ag (100 nm) and Ni (1~10 nm)/Ag films as a function of 

annealing temperature was investigated, as shown in Fig. 6.8. It is found that the 

interplanar spacing of Ag(111) for all the Ag and the Ni (1~10 nm)/Ag films shows 

almost the same value before and after annealing, and thus the different marks almost 
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Fig. 6.7 XRD patterns of the as-deposited Ag (100 nm) and Ni (1~10 nm)/Ag films.
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coincide with each other. The result accounts for the inexistence of Ag-Ni solid solution 

in the Ni/Ag films, and it is consistent with the expectation in the previous sections. 

 

 

 

 

6.4 Ag film with Ni interface layer (Ag/Ni film) 

6.4.1 Surface morphology 

  In order to evaluate the effects of the Ni interface layers on the thermal stability of the 

overlying Ag films, the change in the surface morphology of the Ag/Ni (1~10 nm) films 

was investigated using SEM analysis, and the images are shown in Fig. 6.9. As expected, 

the as-deposited Ag/Ni (1~10 nm) films show very smooth surface. After annealing at 

500 °C, the surfaces of all the Ag/Ni (1~10 nm) films become rougher with the 

existence of a large amount of small voids and hillocks. It seems that there is no 

significant difference in the surface morphology of the Ag/Ni films after annealing at 

500 °C with increasing the thickness of the Ni interface layer. After annealing at 600 °C, 

many voids in the Ag/Ni (1 nm) film become larger with their diameter increasing to 

3~5 nm caused by further agglomeration. With increasing the thickness of the Ni 

interface layer to 3 nm and above, there is no obvious change in the surface morphology, 
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Fig. 6.8 Interplanar spacing of Ag(111) for the Ag (100 nm) and Ni (1~10 nm)/Ag films 
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except that the voids become a little smaller. 

 

 

 

 

As compared with the severely agglomerated Ag film after annealing at 600 °C, some 

improvement in the thermal stability of the Ag films owing to the Ni interface layer 

could be recognized. However, in comparison with the effect of the Ti and Nb interface 

layers, as shown in Fig. 3.10 and Fig. 4.10, the Ni interface layer has less effect on the 

agglomeration suppression. The causes are analyzed in later sections. 

 

6.4.2 Electrical resistivity 

  Figure 6.10 shows the change in the resistivity of the Ag (100 nm) and Ag/Ni (1~10 
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Fig. 6.9 SEM images of the Ag/Ni (1~10 nm) films before and after annealing.
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nm) films as a function of annealing temperature. The resistivity of the as-deposited 

Ag/Ni (1~10 nm) films shows almost the same value to that of the as-deposited Ag film. 

It is apparent that, unlike the Ti and Nb interface layers, the introduction of the Ni 

interface layers has no influence on the resistivity of the Ag films. After annealing at 

500 °C, the resistivity of all the films decreases to about 2.0 μΩ cm. This is because the 

crystallinity of the Ag films has been improved, and the small voids caused by 

agglomeration have not made the films discontinuous.  

 

 

 

 

However, after annealing at 600 °C, the resistivity of all the Ag/Ni (1~10 nm) films 

increases to approximately 3.0 μΩ cm, owing to their common poor morphological 

stability with many large voids occurrence. However, the resistivity of the Ag/Ni (1~10 

nm) films after annealing at 600 °C does not reach to the high value of the annealed 

pure Ag film, caused by a certain degree of improvement in agglomeration suppression 

by inserting the Ni interface layers, as mentioned in the above section. 
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6.4.3 Adhesion strength of Ag/Ni film to SiO2 substrate 

  Figure 6.11 shows the change in the critical delamination load for the as-deposited 

Ag/Ni (1~10 nm) films deposited on SiO2 substrates as a function of the thickness of the 

Ni interface layers. The results show that the adhesion strength becomes four times 

stronger than that of the pure Ag film with inserting a 1-nm-thick Ni interface layer, and 

the adhesion strength continues to increase to about six times stronger than that of the 

pure Ag film with increasing the thickness of the Ni interface layers to 3 nm and above. 

The great improvement in the adhesion contributes to the agglomeration suppression, so 

the Ag/Ni films have not agglomerated as severely as the pure Ag film after annealing.  

 

 

 

 

  It has been reported previously that the Ni interface layer has good effect on the 

improvement in the adhesion of the metal film and SiO2 substrate.
 148)

 Although Ni with 

low Gibbs free energy for oxide formation is difficult to be oxidized, the Gibbs free 

energy for NiO formation is less than zero, which ensures the possibility of NiO 

formation. The sputtered Ni atoms are given enormous energy by RF magnetron 

sputtering.
 149)

 It is likely that, in the moment of the collision of the sputtered Ni atoms 
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with the SiO2 substrate, the bond between Ni and O is formed. Moreover, the power for 

sputtering Ni was increased to 100 W, and it is much larger than the sputtering power 

for Ti and Nb, hence the degree of the reaction between Ni and SiO2 is higher, which 

leads to the larger adhesion strength for the Ag/Ni (3~10 nm) films on SiO2 substrates 

than that for the Ag/Ti and Ag/Nb films. 

 

6.4.4 Crystal structure 

  Figure 6.12 shows XRD patterns of the as-deposited Ni (60 nm), Ag (100 nm) and 

Ag/Ni (1~10 nm) films. The as-deposited pure Ni film mainly show the orientation of 

Ni(111). However, the Ag/Ni films do not show the single orientation of Ag(111), and 

the position and intensity of the peaks for Ag(111) and Ag(200) does not change with 

increasing the thickness of the Ni interface layers. It is indicated that the Ni interface 

layers have no influence on the crystal structure of the overlying Ag films in this study. 

 

 

 

 

The crystalline orientation of Ag(111) in the as-deposited Ag and Ag/Ni films was 

further evaluated by XRD rocking curve test, as shown in Fig. 6.13. Because there is no 
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sharp peak for Ag(111) in any curve, the crystalline orientation of Ag(111) has not been 

improved by the Ni interface layers. It has been reported that the epitaxial growth is 

very dependent on substrate temperature, degree of vacuum, and especially lattice 

mismatch.
 137)

 Since the lattice constant of Ag is 18% over that of Ni, a very strict 

deposition condition is required. Therefore, under the experimental condition of this 

study, it is impossible for the Ni interface layers to enhance the crystalline orientation of 

Ag(111). Owing to the combined effects of the enhancement in the adhesion strength 

and crystalline orientation of Ag(111), the Ag/Ti films have shown much higher thermal 

stability than the Ag/Ni films. 

 

 

 

 

  In order to make sure whether solid solution formed in the Ag/Ni (1~10 nm) films, 

the interplanar spacing of Ag(111) in the Ag/Ni films as a function of annealing 

temperature was investigated, as shown in Fig. 6.14. It is found that the interplanar 

spacing of Ag(111) for the Ag/Ni (1~10 nm) films scarcely changes with increasing the 

annealing temperature as well as the pure Ag film. Therefore, as expected, the Ni 

interface layers have not formed a solid solution with the Ag films. Consequently, it is 

difficult for Ni atoms in the interface layer to dissolve in the Ag film to disturb the 
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growth of Ag grains and to increase the resistivity of the Ag film. 

 

 

 

  

0.235

0.236

0.237

0 200 400 600

Annealing temperature  (C)

100 300 500 700
0.234

Ag/Ni(3 nm)

Ag

Ag/Ni(1 nm)

Ag/Ni(5 nm)

Ag bulk

In
te

rp
la

n
e

r
s
p

a
c
in

g
 o

f 
A

g
(1

1
1

) 
(n

m
)

Ag/Ni(10 nm)

Fig. 6.14 Interplanar spacing of Ag(111) for the Ag (100 nm) and Ag/Ni (1~10 nm) films 

as a function of annealing temperature.



104 
 

6.6 Summary 

  The Ni surface layer remains in metallic state during annealing caused by the low free 

energy for Ni oxide formation. However, the morphological stability of metal Ni is poor 

owing to its low cohesive energy, which is disadvantageous for suppressing the 

agglomeration of the Ag films. Therefore, the effect of the Ni surface layer is less than 

those of the Ti and Nb surface layers. 

  The Ni interface layers can improve the adhesion of the Ag films to the SiO2 

substrates, which contributes to the improvement in the thermal stability of the Ag films. 

However, the Ni interface layers can not induce an epitaxial growth of Ag(111) in this 

study. Therefore, the effect of the Ni interface layers on the improvement in the thermal 

stability of the Ag films is inferior to the Ti interface layers. Caused by the relatively 

poor thermal stability of the Ag/Ni films, the resistivity of the Ag/Ni films rises to 3.0 

μΩ cm after annealing at 600 °C. 
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Chapter 7 Appropriate Surface Layer and Interface Layer for 

Structure-Modification of Ag Thin Film 

7.1 Introduction 

On the basis of the results of the previous chapters, it is possible to make clear what 

categories of the metal are appropriate for the surface and interface layers of the Ag 

films to improve the morphological stability of the Ag thin films as well as maintain 

their low resistivity. The properties and the effects of various surface and interface 

layers have been made a comparison, and then the essential properties for the metal 

materials suited as surface layer or interface layer of the Ag thin film are summarized in 

this chapter. 

 

7.2 Appropriate surface layers 

7.2.1 Comparison of surface layers 

  The primary role of the surface layer is to inhibit the surface diffusion of the Ag films 

during annealing, which contributes to the agglomeration suppression. Therefore, good 

morphological stability is essential for the surface layers. We compare the 

morphological stability of the pure metal films with the thickness of about 60 nm, which 

have been described in the previous chapters. Figure 7.1 shows the SEM images and the 

rms surface roughness of the 60-nm-thick Ag, Pd, Ni, Ti, and Nb films after annealing at 

600 °C in a vacuum. The agglomerating level of the Ag film is the highest among all the 

films. Although the Pd and Ni films did not agglomerate as severely as the Ag film, the 

Pd and Ni films with the similarly irregular and rough surface show poor morphological 

stability. However, the Ti and Nb films show very smooth surface morphology after 

annealing.  
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  Next, the effects of different surface layers on the thermal stability of Ag thin films 
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(rms roughness: 2.5 nm) (rms roughness: 1.4 nm)

Ag Pd Ni

Ti Nb

Fig. 7.1 SEM images and rms roughness of the 60-nm-thick Ag, Pd, Ni, Ti, and Nb films 

after annealing at 600 ºC.
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Fig. 7.2 SEM images and rms roughness of Ag (100 nm) films with various surface 

layers (5 nm) after annealing at 600 ºC. (a) Pd, (b) Ni, (c) Ti, and (d) Nb. 
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are compared. Figure 7.2 shows the SEM images and the rms surface roughness of the 

Pd (5 nm)/Ag, Ni (5 nm)/Ag, Ti (5 nm)/Ag, and Nb (5 nm)/Ag films after annealing at 

600 °C. It is clear that the morphologically stable Ti and Nb are appropriate for the 

surface layers of the Ag films because of the effective suppression of the Ag 

agglomeration. On the contrary, the Pd and Ni surface layers are found to be less 

effective in agglomeration suppression. 

  The reasons for the above results are discussed according to the analysis of the 

properties of different metals. The important properties of metals which were used as 

surface layers of the Ag films are listed in Table 7.1.
 3, 68, 119, 150)

 These properties are 

considered to be closely related to the improvement of thermal stability and the 

maintenance of low resistivity of the Ag film according to the analysis in the previous 

chapters.  

 

 

 Ag Pd Ni Ti Nb 

Cohesive energy (kJ/mol) 248 376 428 468 730 

Gibbs free energy of formation  

of oxide (kJ/mol) 

-5.6 

(AgO0.5) 

-55.4 

(PdO) 

-211.7 

(NiO) 

-884.5 

(TiO2) 

-883.1 

(NbO2.5) 

Maximum solid solubility in Ag (at.%)  100 0.3 5 0 

Bulk resistivity at 293 K (μΩ cm) 1.59 10.8 6.84 42.0 12.5 

 

 

Firstly, it is easy to understand that the formation of solid solution with Ag would 

reduce the thickness of the surface layer, and then weaken the effect of the surface layer 

on agglomeration suppression. Because Pd can form complete solid solution with Ag, 

the Pd surface layer can not adequately suppress the agglomeration of the Ag film. Next, 

as compared with Fig. 7.2 and Table 7.1, it is discovered that the metal with low Gibbs 

free energy for oxide formation and low cohesive energy shows poor morphological 

stability, which is disadvantageous for agglomeration suppression. It has been 

confirmed that the metal thin films with low Gibbs free energy for oxide formation, 

such as the Pd and Ni, is difficult to be oxidized by natural oxidation, and remains in the 

Table 7.1 Properties of Ag, Pd, Ni, Ti, and Nb.
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metallic state during vacuum heat treatment. Therefore, there are no thermally stable 

passivation layers formed to protect their surfaces. In addition, the low cohesive energy 

results in the ease of the migration of atoms at high temperature, which promotes the 

agglomeration. Therefore, those metal films with low Gibbs free energy for oxide 

formation and low cohesive energy are not stable at high temperature, and they are not 

suitable for the surface layers to protect the Ag film from agglomeration. According to 

the references 68) and 119), it is interesting that those metals with low Gibbs free 

energy for oxide formation generally do not present high cohesive energy. 

  As shown in Table 7.1, the cohesive energy of Ti is not very high, however, the Ti 

nano-surface layer has been proved to be very easy to form the thermally stable oxide 

passivation layer even before annealing, owing to its large free energy for oxide 

formation. The passivation layer contributes to maintain the good surface morphology 

of the Ag film at high temperature. Therefore, just like Al,
 69)

 Ti with large free energy 

for oxide formation is also appropriate for the surface layer of the Ag film. It is worth 

noting that the Nb surface layer in either metallic state or oxide state can effectively 

suppress the agglomeration of the Ag film, which has been confirmed in Chapter 4. 

Table 7.1 shows that Nb has both large free energy for oxide formation and high 

cohesive energy. It is suggested that the Nb surface layer, regardless of the chemical 

state of metal or oxide, can keep stable at high temperature, which is beneficial to 

agglomeration suppression. In conclusion, the metals with large Gibbs free energy for 

oxide formation or high cohesive energy are suitable for the surface layers of the Ag 

films. 

  Low resistivity is another important feature for the modified Ag films with surface 

layers. The effects of different surface layers on the resistivity of Ag thin films are 

compared. Figure 7.3 shows the resistivity of the Pd (5 nm)/Ag, Ni (5 nm)/Ag, Ti (5 

nm)/Ag, and Nb (5 nm)/Ag films as a function of annealing temperature. The resistivity 

of the as-deposited Pd/Ag, Ni/Ag, and Nb/Ag films is very close to that of the 

as-deposited Ag film. As conjunction with Table 7.1, it is apparent that the surface 

layers with low bulk resistivity have little influence on the resistivity of as-deposited 

films. The resistivity of the Pd/Ag film increases remarkably with increasing the 

annealing temperature caused by the impurity scattering effect owing to the dissolved 
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Pd atoms. After annealing at 600 °C, the Ti/Ag and Nb/Ag films keep the same level of 

low resistivity of the films after annealing at 500 °C. On the contrary, the Pd/Ag and 

Ni/Ag films show high resistivity. It is clear that, after annealing, the maintenance of the 

low resistivity is attributed to the improvement in the thermal stability of the Ag films 

with the appropriate surface layers.  

 

 

 

 

7.2.2 Prediction of appropriate surface layer 

The properties mentioned in Table 7.1 are considered to be useful to predict the 

suitable metal surface layers for the Ag films. As a result of the analysis in the above 

section, the surface layer with large free energy for oxide formation or high cohesive 

energy, and low solid solubility in Ag could effectively prevent the underlying Ag film 

from agglomeration and keep the low resistivity during annealing. Based on the 

investigation of these properties for all the metals throughout periodic table of elements, 

the metals which have been encircled in the periodic table, as shown in Fig. 7.4, are 

supposed to be capable of acting as good surface layers for the improvement in the 
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Ti (5 nm)/Ag (100 nm), and Nb (5 nm)/Ag (100 nm) films as a function of annealing 

temperature. 
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thermal stability of the underlying Ag films. In addition, among these candidates, the 

ones with low bulk resistivity have an advantage on reducing the influence on the low 

sheet resistance of the Ag film. 

 

 

 

 

7.2.3 Verification of the prediction 

  W is selected as the surface layer of the Ag film to verify the correctness of the 

prediction in the last. This is because Ag-W system has been found to exhibit practically 

complete immiscibility in both liquid and solid states,
 151)

 and W possesses large free 

energy for oxide formation (ΔfG°WO3 = -764 kJ/mol),
 68)

 high cohesive energy (859 

kJ/mol),
 119)

 and low bulk resistivity (ρ = 5.3 μΩ cm at 293 K).
 3)
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7.2.3.1 Experimental procedure 

  The experimental procedure is similar to that of Chapter 4. The pure W (60 nm) and 

W (5 nm)/Ag (100 nn) films were prepared using RF magnetron sputtering. The 

as-deposited films were preserved in an air desiccator before annealing. Annealing was 

conducted at 500 or 600 °C in a lamp-heating furnace for 1 h after evacuation to below 

1.0×10
-6

 Torr. In addition, a W (5 nm)/Ag (50 nm) film was deposited using RF 

magnetron sputtering at room temperature. After deposition, the substrate was not taken 

out from the sputtering chamber, but sequentially heated to 450 °C (the extreme 

temperature of the heater fixed to the sputtering chamber) and kept for 1 hour in the 

evacuation of below 1.8 × 10
-7

 Torr. Then, the surface morphology of the films was 

observed by SEM and AFM to evaluate the thermal stability of the W/Ag films, and the 

electrical resistivity was measured by the four-point probe method.  

 

7.2.3.2 Results and discussion 

  Figure 7.5 shows the SEM images of the W (60 nm) film after annealing at 600 °C, 

and the W (5 nm)/Ag (100 nm) films before and after annealing. After annealing at 

600 °C, the W film still shows very smooth surface morphology. The result of AFM 

analysis shows that the rms value of the annealed W film is as small as 1.8 nm. 

Therefore, the good morphological stability of W could be used to confirm the 

viewpoint that the morphological stability is closely related with free energy for oxide 

formation and cohesive energy.  

The Ag film with 5-nm-thick W surface layer exhibited flat surface before annealing, 

and only some small voids formed after annealing at 500 °C. Even after annealing at 

600 °C, the W (5 nm)/Ag (100 nm) film showed good surface morphology. The rms 

surface roughness of the W (5 nm)/Ag (100 nm) films after annealing at 500 °C and 

600 °C has been measured to be 1.7 nm and 1.9 nm, respectively. Therefore, the 

excellent effect of the W surface layer on the improvement in the thermal stability of the 

Ag films is confirmed. In this case, the formation of W oxide passivation layer is 

considered to play the leading role in suppressing the agglomeration of the Ag film. 
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  Figure 7.6 shows the SEM images of the Nb (5 nm)/Ag (50 nm) and W (5 nm)/Ag 

(50 nm) films after annealing in sputtering chamber at 450 ºC. The W (5 nm)/Ag (50 

nm) film shows a significant improvement in thermal stability as well as the Nb (5 

nm)/Ag (50 nm) film. As described in Chapter 4, the evacuation of below 1.8 × 10
-7

 

Torr can prevent the metal thin film from oxidation in the sputtering chamber, even if 

the temperature is increased to 450 °C. Therefore, it is considered that, just like the Nb 

surface layer, the W surface layer kept in metallic state during annealing in sputtering 

chamber, and effectively suppressed the agglomeration of the Ag film. 
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(a) (b)

(c) (d)

Fig. 7.5 SEM images of (a) W (60 nm) film after annealing at 600 ºC, (b) as-deposited W

(5 nm)/Ag (100 nm) film, (c) W (5 nm)/Ag (100 nm) film after annealing at 500 ºC, and

(d) W (5 nm)/Ag (100 nm) film after annealing at 600 ºC.

10m

(a) (b)

Fig. 7.6 SEM images of the (a)  Nb (5 nm)/Ag (50 nm) and (b) W (5 nm)/Ag (50 nm) films 

after annealing in sputtering chamber at 450 ºC.
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Figure 7.7 shows the resistivity of the Ag (100 nm) and W (5 nm)/Ag (100 nm) films 

as a function of annealing temperature. The resistivity of the as-deposited W (5 nm)/Ag 

film is almost the same as that of the as-deposited Ag film, which is attributed to the 

low bulk resistivity of W. After annealing at 500 °C, the resistivity of the W (5 nm)/Ag 

film drops to appropriately 2.0 μΩ cm, mainly owing to the improvement in the 

crystallinity of Ag. The resistivity of the W (5 nm)/Ag film after annealing at 600 °C is 

maintained as low as 2.0 μΩ cm, because of the agglomeration suppression caused by 

the W surface layer. 

 

 

 

 

7.2.4 Summary 

  It is considered that the metals with high cohesive energy or large free energy of 

formation of oxide, and low solid solubility in Ag are appropriate as the surface layers 

of the Ag films for agglomeration suppression. In addition, the surface layers with low 

bulk resistivity have little influence on the sheet resistance of the multilayered films. 

Moreover, the results of using W as the surface layer of Ag film have successfully 

verified the correctness of the above hypothetical theory. 
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annealing at 600 ºC.
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7.3 Appropriate interface layers 

7.3.1 Comparison of interface layers 

  Figure 7.8 shows the SEM images and the rms roughness of the Ag/Pd (5 nm), Ag/Ni 

(5 nm), Ag/Nb (5 nm), and Ag/Ti (5 nm) films after annealing at 600 °C. By comparison, 

it is found that the largest voids are formed in the Ag/Pd (5 nm) film after annealing at 

600 °C, and thus the Ag/Pd (5 nm) film shows the worst surface morphology. Although 

the size of the voids occurring at the Ag/Ni (5 nm) film is less than a quarter of the size 

of the voids in the annealed Ag/Pd (5 nm), there are many voids distributed at the 

surface of the Ag/Ni (5 nm). The Ni interface layer can not effectively suppress the 

agglomeration of the Ag film. The surface morphology of the Ag films after annealing 

at 600 °C is improved by introducing the Ti or Nb interface layer. Especially, when the 

Ti interface layer is inserted, the voids become much fewer and smaller, and the rms 

surface roughness of the annealed Ag/Ti (5 nm) film is the lowest.  

 

 

 

 

  Based on the analysis of the previous chapters, it has been considered that there are 

10m
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(rms roughness: 9.2 nm) (rms roughness: 9.1 nm)

(rms roughness: 3.4 nm) (rms roughness: 5.4 nm)

Fig. 7.8 SEM images and rms roughness of Ag (100 nm) films with various interface 

layers (5 nm) after annealing at 600 ºC. (a) Pd, (b) Ni, (c) Ti, and (d) Nb. 
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two important roles for the interface layer in improving the thermal stability of the Ag 

films. One is to improve the adhesion of the Ag film to the SiO2 substrate, and the other 

is to enhance the crystalline orientation of Ag(111).  

Figure 7.9 shows the critical delamination load of the as-deposited Ag/Pd (5 nm), 

Ag/Ni (5 nm), Ag/Nb (5 nm), and Ag/Ti (5 nm) films, which is used to evaluate the 

adhesion of the Ag films to the SiO2 substrates. The Ti, Nb, and Ni interface layers 

greatly improve the adhesion between the Ag films and the SiO2 substrates. However, 

the Pd interface layer had no effect on the adhesion strength of the Ag film. Indeed, the 

film adhesion correlates well with the free energy for oxide formation.
 67)

 The novel 

metals such as Ag and Pd have weak oxides, while Ti, Nb, and Ni have strong ones. 

Therefore, the Ti, Nb, or Ni interface layer could form both strong metallic bonds to the 

Ag film and strong covalent bonds to the SiO2 substrate, and then improve the adhesion 

of the Ag film to the SiO2 substrate and decrease the interfacial energy. On the other 

hand, the larger adhesion of the Ag/Ni film than those of the Ag/Ti and Ag/Nb films is 

considered to be caused by the higher sputtering power for the deposition of the Ni 

interface layer, as explained in Chapter 6 in detail. 

 

 

 

800

600

400

200

0

C
ri
tic

a
l 

d
e
la

m
in

a
ti
o

n
lo

a
d

 (
m

N
)

(a) (b) (c) (d) (e)
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Figure 7.10 shows (a) XRD patterns and (b) XRD rocking curves for Ag(111) of the 
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as-deposited Ag(100 nm), Ag/Pd (5 nm), Ag/Ni (5 nm), Ag/Nb (5 nm), and Ag/Ti (5 

nm) films. It is found that the Ag/Nb (5 nm) and Ag/Ti (5 nm) films show the single 

orientation of Ag(111), in contrast, the Ag/Pd (5 nm) and Ag/Ni (5 nm) films exhibit the 

orientations of Ag(111) and Ag(200) as well as the Ag film. The FWHM of the XRD 

rocking curves is used to evaluate the crystalline orientation of the Ag films. The 

smaller FWHM is, the higher crystalline orientation of Ag(111) is. Therefore, it is found 

that the Ag/Ti (5 nm) and Ag/Nb (5 nm) films show very high crystalline orientation of 

Ag(111), in particular, the Ag/Ti (5 nm) exhibits the highest one.  

There are three base types of crystal structures for metals, which are face-centered 

cubic (fcc), body-centered cubic (bcc), and hexagonal close-packed (hcp).
 139)

 Ag, Pd, 

and Ni belong to fcc structure, Ti belongs to hcp structure, and Nb belongs to bcc 

structure. Although Pd and Ni have the same crystal structure as Ag, the mismatch of 

lattice constant is too large for Pd(111) or Ni(111) of the interface layers to improve the 

crystalline orientation of Ag(111) under the deposition condition of this study. The 

closest-packed planes of fcc(111) and hcp(0002) show the same atomic arrangement 

that any three neighboring atoms closely link and form an equilateral triangle. As 

calculated in Chapter 3, the mismatch of axial length for Ag(111) and Ti(0002) is only 

1.9%, and hence it is easy for Ag(111) to arrange on Ti(0002). Therefore, the Ag/Ti film 

shows high crystalline orientation of Ag(111). On the other hand, because the atomic 

arrangement on the closest-packed planes of fcc(111) and bcc(110) is different, it is 

difficult for fcc(111) to arrange on bcc(110) unless they meet well with the 

Nishiyama-Wassermann (NW) or Kurdjumov-Sachs (KS) relationship, which has been 

described in detail in Chapter 4. As a result, the Nb interface has some effect on the 

improvement in the crystalline orientation of Ag(111). 

  Figure 7.11 shows the resistivity of the Ag/Pd (5 nm), Ag/Ni (5 nm), Ag/Nb (5 nm), 

and Ag/Ti (5 nm) films as a function of annealing temperature. Generally speaking, the 

introduction of the interface layer would not affect the resistivity of the overcovering Ag 

film before annealing. However, it has been found that the resistivity of the as-deposited 

films, such as the Ag/Nb (5 nm) and Ag/Ti (5 nm) films, decreases slightly with 

enhancing the crystalline orientation of Ag(111). The Ag/Pd (5 nm) film shows a 

significant increase of the resistivity with increasing the annealing temperature, owing 
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to the impurity scattering effect caused by the formation of Ag-Pd solid solution. 

Because the Ag/Ni (5 nm), Ag/Nb (5 nm), and Ag/Ti (5 nm) films kept very continuous 

and the crystallinity of the Ag films became better after annealing at 500 °C, their 

resistivity reduces abruptly. After annealing at 600 °C, the resistivity of the Ag films 

with various interface layers changes with the effects of the interface layers on 

agglomeration suppression. The Ag/Ti (5 nm) and Ag/Nb (5 nm) films exhibit the 

lowest resistivity after annealing at 600 °C. 

 

 

 

 

7.3.2 Summary 

  The appropriate interface layers of the Ag films, such as the Ti nano-layer, not only 

improve the adhesion of the Ag films to the SiO2 substrates, but also enhance the 

crystalline orientation of Ag(111), which are useful for the improvement in the thermal 

stability of the Ag films. In addition, the improvement in the crystalline orientation of 

Ag(111) can lead to a slight reduction in the resistivity of the Ag films.  
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Fig. 7.11 Resistivity of the Ag (100 nm), Ag (100 nm)/Pd (5 nm), Ag (100 nm)/Ni (5 nm), 
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temperature. 
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Chapter 8 Research Summary and Conclusion 

  The general objective of this research work was to suppress the agglomeration of the 

Ag thin film and maintain its characteristic low resistivity simultaneously, by modifying 

the structure of Ag thin film with nano-surface layer and/or nano-interface layer. This 

dissertation has described the effects of Ti, Nb, Pd, and Ni as the surface layer or the 

interface layer on the thermal stability and the electrical resistivity of the Ag thin films, 

and concluded what categories of metallic materials are suitable for them. In this 

chapter, each chapter is summarized, and this research is concluded. 

 

8.1 Research summary 

In Chapter 1, the eager expectation of applying the Ag thin films in electronic devices, 

the problem about the agglomeration of the Ag thin film, and the mechanism and 

previous solution of Ag agglomeration have been described in detail.  

  Although the previous solution of alloying Ag films with other metallic elements has 

improved the thermal stability of the Ag films, the low resistivity was often sacrificed 

caused by the impurity scattering effect. Therefore, the structural modification of the Ag 

film with extra thin surface layer and interface layer is expected to achieve both high 

thermal stability and low resistivity simultaneously.  

  In Chapter 3, the effects of Ti surface layer and interface layer on the thermal stability 

and electrical properties of the Ag thin film have been discussed. The Ti surface layer 

with the thickness of 3 nm has been confirmed to suppress the agglomeration of the Ag 

film effectively and maintain the low resistivity after annealing at high temperature. The 

Ti nano-surface layer can easily form passivation layer by natural oxidation, which 

contributes to effectively suppressing the surface diffusion of the underlying Ag film. Ti 

is difficult to form solid solution with Ag, which leads to no impurity scattering effect. 

In addition, the minimum thickness of 3 nm is thin enough and the nano-layer does not 

affect the resistivity of the body part of Ag. The Ti interface layers with the thickness of 

3 nm and above not only improve the adhesion between Ag films and SiO2 substrates, 

but also induce the growth of (111) single oriented Ag film, which is considered to be 
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preferable to improve the thermal stability of the Ag films. Finally, the triple-layer film 

of Ti (3 nm)/Ag/Ti (3 nm) has been confirmed to be superior to the double-layer films, 

owing to the combined effect of the Ti surface layer and interface layer. 

In Chapter 4, the effects of Nb surface layer and interface layer and the comparison 

with Ti layers have been discussed. The Nb nano-layer is also easy to form oxide 

passivation layer by natural oxidation, which is beneficial to the agglomeration 

suppression. Moreover, the Nb nano-layer in metallic state has been confirmed to have 

extremely high morphological stability, and it can suppress the agglomeration of the Ag 

film effectively. The Nb surface layer with low bulk resistivity has very small influence 

on the sheet resistance of the multilayered Ag film. Therefore, the Nb surface layer is 

superior to the Ti surface layer, and 5-nm-thick Nb layer has been proved to be an 

appropriate surface layer. The Nb interface layers with the thickness of 3 nm and above 

could improve both the adhesion of the Ag films on SiO2 substrates and the crystalline 

orientation of Ag(111), which contributes to the improvement in the thermal stability. 

However, the effect of the Nb interface layers is poorer than the Ti interface layers.  

Finally, although the combined effect of the Nb surface layer and interface layer has 

been approved, the triple-layer structure of Nb (5 nm)/Ag/Ti (3 nm) has been confirmed 

to be superior to Nb (5 nm)/Ag/Nb (5 nm) and Ti (3 nm)/Ag/Ti (3 nm) films in 

achieving both good morphological stability and low electrical resistivity. It is indicated 

that the different materials of more appropriate surface and interface layers can promote 

a higher thermal stability and a lower resistivity than the same materials of surface and 

interface layers. 

  In Chapter 5, the effects of Pd surface layer and interface layer have been discussed. 

The ease of the formation of Ag-Pd solid solution leads to the significant increase of the 

resistivity after annealing at high temperature. The Pd surface layer shows poor 

morphological stability owing to its low free energy of formation of oxide and low 

cohesive energy, so it has little influence on the agglomeration suppression. The Pd 

interface layer can not improve the adhesion of the Ag film to the SiO2 substrate and the 

crystalline orientation of Ag(111), which result in no obvious improvement in thermal 

stability. Therefore, Pd is not suitable for the surface layer and the interface layer of the 

Ag film. 
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  In Chapter 6, the effects of Ni surface layer and interface layer on the thermal 

stability and electrical properties of the Ag thin film have been discussed. The Ni 

surface layer remains in metallic state during annealing due to the low free energy for 

Ni oxide formation. The morphological stability of the metal Ni film is poor owing to 

the low cohesive energy of Ni. Therefore, the Ni surface layers have failed to 

adequately suppress the agglomeration of the Ag films. The Ni interface layer can 

improve the adhesion of the Ag film to the SiO2 substrate, but can not enhance the 

crystalline orientation of Ag(111). Therefore, the effect of the Ni interface layer on the 

improvement in the thermal stability of the Ag films is inferior to the Ti and Nb 

interface layers. 

  In Chapter 7, it has been confirmed that the metals with large cohesive energy or 

large free energy of formation of oxide, low solid solubility in Ag, and low bulk 

resistivity are appropriate as the surface layers of the Ag films. The appropriate interface 

layers of the Ag films should not only improve the adhesion of the Ag films to the SiO2 

substrates, but also enhance the crystalline orientation of Ag(111), such as the Ti 

interface layer. 

 

8.2 Conclusion 

  This dissertation has presented a better solution of modifying the Ag film with both 

appropriate surface layer and interface layer for obtaining high thermal stability and low 

resistivity simultaneously. So far, Nb (5 nm)/Ag/Ti (3 nm) has been confirmed to be the 

optimum film structure caused by the combined effect of the most appropriate surface 

layer and interface layer in this study. More importantly, this dissertation has also 

proposed a theoretical basis for the efficient selection of the appropriate surface layer 

and interface layer of the Ag film.  
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