
I. Introduction

Thin films deposited by sputtering generally possess an open- 
voided columnar structure depending on the deposition conditions 
such as substrate temperature and discharge pressure [1–3]. The open- 
voided structures determine the film properties, such as electrical 
resistivity, film stress, and refractive index. Accordingly, it is necessary 
to understand the dependence of the resultant film structure and its 
properties on the film deposition conditions for optimizing the film 
properties that can satisfy the device-fabrication requirements for 
industrial applications. From this viewpoint, the structure zone model 
(SZM) was proposed by Thornton [4–6] by considering the depen-
dence of the film structure and properties on the discharge pressure 
and homologous substrate-temperature that is based on the structure 
model for vacuum-evaporation-deposited thin films [7]. The SZM was 
established by superimposing the film texture on the internal structure 
of thick metal films (thickness >1 μm), where the film texture re-
presents the film structures formed as a result of the aggregation of 
atoms or clusters on the substrate surface, mainly in the range of a few 
tens to hundreds of nanometers. The internal structure in the model is 
the crystallographic structure formed within the aggregated film-texture.

Since the initial proposal of the SZM by Thornton, the structure 
and properties of thin films have been widely discussed on the basis of 
this model [8–12]; however, a systematic evaluation describing the 
changes in film structure and properties as a function of homologous 
substrate-temperature irrespective of the thin-film materials is yet to 
be conducted. In this context, Kusano reported that the structure and 
properties of group-IV thin-metal films [13] and oxide films [14] 
could both be categorized as functions of homologous substrate- 
temperature using the SZM, which is applicable to thin metal and 
oxide films with approximately several hundred of nanometers thick-

nesses.
In this review, the applicability of the SZM for the metal and 

oxide thin films is demonstrated in terms of the dependence of film 
structure and properties on the discharge pressure and homologous 
substrate-temperature.

II. Structure Zone Model

The SZM exhibits film structure and properties as functions of 
discharge pressure and homologous substrate- temperature, represented 
by Tsub/Tm, where Tsub denotes the substrate temperature and Tm 
denotes the melting point of the deposited thin-film material. The 
resultant values are categorized into four zones as shown in Fig. 1: 
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Figure 1. Structure zone model representing the effects of homologous substrate 

temperature and Ar discharge-gas pressure on the structure of metal films deposited 

by magnetron sputtering (Thornton [6], Copyright 1974, American Vacuum Society).
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Zone 1, Zone T, Zone 2, and Zone 3 [4–6].
In Zone 1, the thin-film texture is an open-voided tapered 

fibrous structure, which is resulted from the low-angle oblique in-
cidence of the thermalized particles and the limited diffusion of ada-
toms on the substrate surface. The former is the result of the collision 
between the sputtered particles and discharge-gas particles during the 
transportation of the sputtered particles from the target surface to the 
substrate, which is constitutional in the sputter-deposition, and the 
latter is the result of the low substrate temperature. As a result of the 
limited surface diffusion of adatoms, the crystallographic structure is 
amorphous. The area of Zone 1 versus Tsub/Tm (Fig. 1) is wider at high 
discharge pressures because the scattering of the sputtered particles 
due to discharge-gas particles is highly likely at high discharge pre-
ssures. The Zone 1 can be observed at Tsub/Tm < 0.1 or 0.2 at discharge 
pressures < 0.5 Pa and at Tsub/Tm < 0.4 at the discharge pressure of 4 
Pa. 

In Zone T, the film texture changes into wider columns with flat 
surfaces. This is due to the further promotion of the thermally en-
hanced surface diffusion owing to an increase in the substrate tem-
perature by the energetic particle bombardment. In other words, the 
Zone T structure forms due to the manifestation of the interaction 
between the thermally enhanced surface diffusion and the bombard-
ment of the energetic particles. The promoted diffusion fills the space 
between columns and the bombardment makes the column surface 
flat. However, the surface and bulk diffusions are still limited because 
of the relatively low substrate-temperature, resulting in the amor-
phous crystallographic structure in the columns. For the vacuum- 
evaporation-deposited thin films, the Zone 1 is expected to be ob-
served as predicted by the SZM. The Zone T can be observed at 0.1 or 
0.2 < Tsub/Tm < 0.3 – 0.35 for discharge pressures < 0.5 Pa and at 0.4 < 
Tsub/Tm < 0.5 – 0.55 for the discharge pressure of 4 Pa.

In Zone 2, the thermal surface and grain-boundary adatom 
diffusions increase with an increase in substrate temperature, which, 
in turn, widens the columns and reduces the spaces between the 
columns further. The enhanced surface diffusion, compared with the 
reconstruction by energetic-particle bombardment, significantly pro-
motes crystallographic growth in the columns, resulting in a higher 
crystallinity. The columns grow with a preferred orientation based on 
the deposition conditions and materials. In Zone 2, the film properties 
are comparable with those of the bulk material mainly because of the 
thin spaces between the columns. The high rates of thermal surface 
and grain-boundary diffusions reduce the effect of discharge pressure 
on the film texture. The Zone 2 can be observed at 0.3 – 0.35 < Tsub/Tm 

< 0.7 for discharge pressures < 0.5 Pa and at 0.5 – 0.55 < Tsub/Tm < 0.7 
for the discharge pressure of 4 Pa.

In Zone 3, the enhanced bulk and boundary adatom diffusions 
dominate the formation of the film texture and internal structure. As a 
result, the spaces between the column boundaries narrow and the 
internal thermal crystallization of the columns occurs, resulting in 
near-equiaxed and highly crystallized internal-structures, especially at 
high Tsub/Tm. In Zone 3, the discharge pressure has negligible effect on 
the film texture formation. Therefore, the boundary between Zone 2 
and Zone 3 is essentially independent of the discharge pressure. The 
Zone 3 can be observed at 0.7 < Tsub/Tm for the entire discharge-gas 
pressure range. 

The existence of Zone T between Zone 1 and Zone 2 is a special 
feature associated with the SZM for the sputter-deposited thin films 
and not the vacuum-evaporation-deposited thin films. In Thornton's 

first two papers [4,5], the effect of energetic-particle bombardment on 
the structure of Zone T was not well addressed. In the later reports 
[15,16], he discussed the energy transferred to the substrate by the 
energetic-particle bombardment in the sputter-deposition, which was 
also addressed in his study on the sputter-deposited films [6]. Generally 
speaking, except for Messier et al. [9], the effects of energetic-particle 
bombardment on film structure and properties have not been dis-
cussed in the existing literature [8,10,11].

For industrial applications, a low substrate temperature is favor-
able in order to reduce the processing costs as well as to meet the 
substrate's heat-tolerance limitations; however, when the substrate 
temperature is increased, the deposition process approaches thermal 
equilibrium, resulting in favorable film properties, such as low stress, 
high refractive index, and low resistivity. For obtaining a high density 
of the thin films deposited onto a substrate at low temperatures, the 
discharge pressure should be lower than 1 Pa, as suggested by the 
SZM. In other words, thin films are deposited under Zone T condi-
tions at low ranges of Tsub/Tm in industrial applications. Therefore, it 
is extremely important to understand the mechanism of thin-film 
deposition in Zone T for most industrial applications.

III. Structure and Properties of Sputter-Deposited 

Metal and Oxide Thin Films

In this section, the effects of discharge pressure and homologous 
substrate-temperature on the film structure and properties will be 
reviewed by referring to the previously reported data [13,14,17,18]. 
Accordingly, the appropriateness and applicability of the SZM is 
demonstrated for metal and oxide thin films deposited by sputtering.

1) Effects of Discharge-pressure

At low homologous substrate temperatures, the dominant factor 
affecting film structure is the discharge pressure. Figure 2 shows the 
cross-sectional scanning electron microscopy (SEM) images of the Ti 
thin films deposited by magnetron sputtering at discharge pressures of 
0.5, 1.0, 1.5, and 2.0 Pa without heating the substrate, i.e., at Tsub/Tm of 
approximately 0.15 [17]. The cross-sectional SEM images describe the 

Figure 2. Cross-sectional SEM images of Ti thin films deposited by magnetron 

sputtering at discharge pressures of 0.5, 1.0, 1.5, and 2.0 Pa without heating the 

substrate. Tsub/Tm is approximately 0.15 (Oya and Kusano [17]).
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change from a Zone T structure to a Zone 1 structure. Obviously, as a 
result of the change in film texture, the film properties also change. 
Figure 3 shows the internal stress of the Ti thin films as a function of 
discharge pressure [17], from which it is evident that the internal 
stress transited from compressive to tensile between discharge pre-
ssures of 0.3 and 0.5 Pa. Figure 4 shows the surface-roughness of the 
Ti thin films as a function of discharge pressure [17]. It is evident 
from Fig. 4 that the surface roughness increases with an increase in 
the discharge pressure. Figure 5 shows the resistivities of the Ti thin 
films as a function of discharge pressure [17]. The resistivity of the 

bulk Ti is 3.9 × 10−5 Ω cm. As a result of the open-void formation in 
the film texture, the resistivity increases with an increase in the 
discharge pressure. The results shown in Figs. 4 and 5 indicate no 
abrupt transitions between Zone T and Zone 1, whereas an abrupt 
transition is observed from Zone T to Zone 1 in Fig. 3 at a discharge 
pressure of approximately 0.5 Pa.

The film-stress transition points depend on the film material 
mass or the ratio of the film material mass to the discharge gas mass in 
addition to the discharge pressure. However, the dependence of the 
transition points on the film material mass is not discussed in the 
SZM. Figure 6 shows the force per unit length of approximately 
200-nm thick Ni, Cr, stainless steel, Mo, and Ta thin films as a func-
tion of discharge pressure [19], which displays the effect of particle 
mass on the stress–pressure curve. For all the materials, with an in-
crease in the discharge pressure, Zone T stress (compressive) changes 
to Zone 1 stress (tensile). Concerning the film mass, with an increase 
in the particle mass, the pressure at which the compressive-stress–
tensile-stress transition occurs shifts to a higher discharge pressure; 
however, the shape of the stress–discharge curve remains nearly the 
same, irrespective of the film material. The reason for the shift is that 
the ratio of higher film mass to high discharge gas mass reduces the 
loss of the particle energy. The shift in the transition point demon-
strates that the Zone 1 – Zone T boundary shifts with the change in 
the film mass or the ratio of the film mass to discharge gas mass.

The discharge pressure also affects the film structure and pro-
perties in the oxide deposition. The reactive-sputter-deposited TiO2 
thin films show an increase in the surface roughness with increasing 
discharge pressure, as shown in Fig. 7 [18]. Moreover, the internal 
stress of the TiO2 thin films changes from compressive to tensile, as 
displayed in Fig. 8 [18]. This tendency is in accordance with the metal 
thin films. The refractive index, as shown in Fig. 9, decreases with an 
increase in the discharge pressure due to the promotion of the 
open-voided structure [18]. The same results can be inferred from the 
SEM observations, where the cross-section of the TiO2 thin film 
exhibited an open-voided columnar structure at discharge pressures 
of 1.5 and 3.0 Pa and a fine columnar structure at a discharge pressure 

Figure 3. Internal stress of Ti thin films as a function of discharge pressure. The 

internal stress was calculated using the lattice strain evaluated by X-ray diffraction 

(XRD) measurements. The solid line between data points is an eye guide (Data from 

Oya and Kusano [17]).

Figure 4. Surface-roughness of Ti thin films as a function of discharge pressure. The 

solid line between data points is an eye guide (Data from Oya and Kusano [17]).

Figure 5. Resistivity of Ti thin films as a function of discharge pressure. The solid line 

between data points is an eye guide (Data from Oya and Kusano [17]).

Figure 6. Force per unit width of Ni, Cr, stainless steel, Mo, and Ta thin films as a 

function of discharge pressure (Thornton and Hoffman [19], Copyright Elsevier B.V.).
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of 0. 4 Pa [18]. The open-voided structure results in the instability of 
the refractive index when exposed to water vapor. Therefore, in 
industrial applications, the disadvantages of open-voided structures of 
films deposited at high discharge pressures should be considered.

2) Effects of homologous substrate temperature

The substrate temperature is the most influential factor in thin 
film deposition. Changes in the structure, particularly the columnar 

structure, are primarily demonstrated by cross-sectional SEM images. 
Figure 10 shows the cross-sectional SEM images of the Ti, Zr, and Hf 
thin films deposited at Tsub = 200, 400, and 600 ℃ [13]. Hf thin films 
show a dome-shaped surface with fine to wide columnar structures, 
whereas Ti thin films display smooth to tableland-like surface struc-
tures with dense and wide columns. The Zr thin films deposited at 600 
℃ have structures that are a mixture of Ti and Hf thin films, featuring 
tableland-like flat surfaces. The Zr and Hf thin films deposited at Tsub 
= 400 and 600 ℃ are characterized by columns of uniform diameters 
on the surface. For all the materials, at Tsub/Tm < 0.25, the structure is 
categorized as Zone T, whereas at 0.25 < Tsub/Tm < 0.35, the structure 
is categorized as Zone 2. The structure of the Ti thin films with 
Tsub/Tm = 0.45 is close to that of Zone 3, showing the crystallized shape 
of the surface. The changes in the lattice strain and reduced resistivity 
values demonstrate the zone transition as a function of Tsub/Tm. Figure 
11 shows the lattice strains calculated from the shifts of Ti [(002) and 
(101)], Zr (002), and Hf (002) peaks obtained by X-ray diffraction 
(XRD) measurements as a function of Tsub and Tsub/Tm for the Ti, Zr, 
and Hf thin films, respectively [13]. The positive lattice strain indicates 
the compressive stress. The lattice strain of the Ti, Zr, and Hf thin 
films decreases at Tsub/Tm = 0.25 – 0.30 and then becomes constant or 
slightly decreases with Tsub/Tm [Fig. 11(b)]. Figure 12 shows the re-
duced resistivities (ρ/ρ0) of the Ti, Zr, and Hf thin films as a function 
of Tsub and Tsub/Tm [13]. The ρ/ρ0 values of the Ti and Zr thin films 
decrease with an increase in Tsub to 300 ℃ and Tsub/Tm = 0.25 – 0.30 
and then sharply increase with an increase in Tsub and Tsub/Tm. 
However, the ρ/ρ0 values of the Hf thin films monotonically decrease 
with an increase in Tsub. The ρ/ρ0 curves for the Ti and Zr thin films 
show a clear bend at Tsub/Tm = 0.25 – 0.30. In the lattice strain and 
reduced resistivity plots, the bend point at Tsub/Tm = 0.25 – 0.30 for all 
the (Ti, Zr, and Hf) thin films is clearly shown, which corresponds to 
the transition across the boundary between Zone T and Zone 2. 
Hence, our data, which was systematically obtained according to the 
homologous substrate temperature, confirms the transitions of the 
film structures and properties at approximately Tsub/Tm = 0.25 – 0.30.

On comparison of the physical property graphs as a function of 
Tsub and Tsub/Tm, the graphs plotted against Tsub/Tm show a smaller 
deviation. Figure 13 shows the coefficient of determination (COD) 
obtained for the quadratic and exponential regressions of the physical 

Figure 7. Surface roughness of TiO2 thin films deposited by reactive sputtering as a 

function of discharge pressure. The solid line between data points is an eye guide 

(Sakamoto et al. [18]).

Figure 8. Internal stress of TiO2 thin films deposited by reactive sputtering as a 

function of discharge pressure. The solid line between data points is an eye guide 

(Sakamoto et al. [18]).

Figure 9. Refractive index of TiO2 thin films deposited by reactive sputtering as a 

function of discharge pressure. The solid line is an eye guide (Sakamoto et al. [18]).

Figure 10. Cross-sectional SEM images of Ti, Zr, and Hf thin films deposited at 

substrate temperatures of 200, 400, and 600 °C (Kusano [13]).
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property graphs plotted as a function of Tsub, Tsub/Tm, and RTsub/Ecoh, 
where R is the gas constant of 8.314 J K−1 mol−1 and Ecoh denotes the 
cohesive energy [13]. For all film properties, the regressions of the 
plots against Tsub/Tm and RTsub/Ecoh yield higher CODs compared with 
those obtained for the plots against the unnormalized Tsub. In par-
ticular, the regressions for the lattice strain and ρ/ρ0 yield CODs 
higher than 0.7 for the plots against Tsub/Tm and RTsub/Ecoh. Hence, the 
effectiveness and appropriateness of the use of the homologous 
substrate temperature is well demonstrated by the results shown in 
Fig. 13.

The concept of the homologous substrate temperature in the 
SZM can be fundamentally applied to the deposition of compound 
thin films. Figure 14 shows the cross-sectional SEM images of the 
TiO2, ZrO2, and HfO2 thin films deposited at Tsub = 200, 400, 600, and 
800 ℃ at the discharge pressure of 0.6 Pa [14]. The thin films deposited 
at Tsub/Tm < 0.20 exhibited columnar structures with fine voids and 
fine rough surfaces. In comparison, thin films deposited at 0.25 < 
Tsub/Tm < 0.32 exhibited finer column structures with a flat surface, 
whereas those deposited at 0.35 < Tsub/Tm exhibited rougher or faceted 
surfaces. These changes represent the transition from Zone 1 to Zone 
2. Compared with the SEM images of the metal films (Fig. 10), the 
transition of the zones for these metal oxide films (Fig. 14) is unclear. 
Figure 15 shows the lattice strains of the TiO2, ZrO2, and HfO2 thin 
films as a function of Tsub/Tm. The positive lattice strain indicates 
compressive stress. The lattice strain was calculated from the shifts of 
the reflection peaks obtained by the XRD measurements [14]. The 
lattice strain of the metal oxide thin films decreases gradually with an 
increase in Tsub/Tm, reaching zero at Tsub/Tm = 0.40, 0.26, and 0.26 for 
the TiO2, ZrO2, and HfO2 thin films, respectively. Figure 16 shows the 

Figure 11. (Color online) Lattice strains calculated from the shifts of the Ti (002 and 

101), Zr (002), and Hf (002) peaks obtained by XRD measurements as a function of 

Tsub and Tsub/Tm for Ti, Zr, and Hf thin films. The error bars indicate one standard 

deviation of uncertainty (Kusano [13]).

Figure 12. (Color online) Reduced resistivities of Ti, Zr, and Hf thin films as a function 

of (a) substrate temperature (Tsub) and (b) Tsub/Tm. The reduced resistivity is the ratio 

of the measured thin-film resistivity (ρ) to the bulk material resistivity (ρ0). The error 

bars indicate one standard deviation of uncertainty (Kusano [13]).

Figure 13. Coefficient of determination obtained for the (a) quadratic and (b) ex-

ponential regressions for the relationship between unnormalized substrate tempera-

tures, substrate temperatures normalized with respect to the melting points Tsub/Tm, 

and substrate temperatures normalized with respect to the temperatures equivalent 

to the cohesive energies on lattice strain, crystallite size, surface roughness, and 

reduced resistivity (Kusano [13]).
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surface roughness of the TiO2, ZrO2, and HfO2 thin films as a function 
of Tsub/Tm [14]. For the TiO2 thin films, the surface roughness in-

creases sharply at Tsub/Tm ≥ 0.30, whereas, for ZrO2 and HfO2 thin 
films, it decreases until Tsub/Tm = 0.22 and then increases with an 
increase in Tsub/Tm. For the lattice-strain changes of the TiO2, ZrO2, 
and HfO2 thin films, the surface roughness increases with an increase 
in Tsub/Tm, showing a bend point at Tsub/Tm ≈ 0.25 – 0.28. These results 
correspond to the boundary of the flat-to-faceted surface at Tsub/Tm ≈ 

0.28 – 0.32 shown in the SEM images (Fig. 14). The quantitative changes 
in the properties of the oxide films, such as crystallite size, lattice 
strain, and film surface roughness, show a transition at Tsub/Tm ≈ 0.30 
– 0.35. In correlation with the property transitions, thin film morpho-
logies are categorized into Zone T and Zone 2. These results empha-
size that the SZM is appropriate for compound thin films with thick-
ness < 1 μm.

IV. SZM Evolution

In the SZM, the discharge-pressure axis represents the indirect 
effects of discharge pressure on the film texture, i.e., the interacted 
effects of the discharge pressure on the energy flux per depositing 
atom and the oblique incidence of particles depositing at the surface. 
Employing the energy flux instead of the discharge pressure will result 
in widely covering additional effects in the deposition process through 
the particle energization, as reported for the effects on the residual 
stress [20,21]. On this basis, the SZM has evolved with respect to 
energetic deposition [22-24]. Accordingly, the energy axis used in the 
evolved SZM should represent the energy effectively transferred to the 
growing film surface per deposited atom by the incident particles, as 
discussed by Kusano and Kikuchi [25], because the total energy per 
arriving atom does not effectively measure the energy transferred to 
the growing film surface. Figures 17(a) and 17(b) show the effects of 
the effective particle energy per depositing atom and Tsub/Tm on the 
film density, respectively. With respect to the relationships shown in 
Fig. 17, it is assumed that both effective particle energy and Tsub/Tm 
independently affect the film density. When the two effects are 
combined, the modified SZM based on the energy flux and Tsub/Tm is 

Figure 14. Cross-sectional SEM images of TiO2, ZrO2, and HfO2 thin films deposited 

at substrate temperatures of 200, 400, 600, and 800 °C (Kusano [14]).

Figure 15. (Color online) Lattice strains calculated from the shifts of the TiO2 (101) 

and (004) reflections of anatase and (110) reflections of rutile, monoclinic ZrO2 (111), 

monoclinic HfO2 (111), and tetragonal HfO2 (222) as a function of Tsub/Tm. The 

dashed curve in the figure illustrates the exponential regression curve for the overall 

data. The error bars indicate half of the standard deviation of uncertainty (Kusano [14]).

Figure 16. (Color online) Surface-roughness of TiO2, ZrO2, and HfO2 thin films as a 

function of Tsub/Tm. The solid curve in the figure illustrates the exponential regression 

curve for the overall data. The error bars indicate half of the standard deviation of 

uncertainty (Kusano [14]). 

Figure 17. (Color online) Conceptual images of the evolved SZM as a function of (a) 

effective particle energy per depositing atom (EEffect), (b) Tsub/Tm, and (c) the com-

bination of (a) and (b).
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obtained, as shown in Fig. 17(c). Although synergistic effects are not 
considered in the evolved SZM shown in Fig. 17(c), the film den-
sification and crystallization are accelerated with the synergistic effects 
in reality. In addition, the evolved SZM does not distinguish between 
these two effects: (1) the high particle energy induced film-structure 
densification under a non-thermal-equilibrium condition, resulting in 
the deposition of a thin film with a high density and high residual 
stress, and a flattened surface, and (2) a high Tsub/Tm induced film- 
structure densification and crystallization under a thermal-equilibrium 
condition, resulting in the deposition of a thin film with high density, 
low residual stress, and a faceted surface. In the evolved SZM shown 
in Fig. 17, only film density is shown as the resulting property; 
however, other film properties change as a result of the change in the 
contribution ratio to the film structure modification between the 
energy flux and Tsub/Tm, even if the film is dense. Furthermore, by 
replacing the discharge pressure axis with the effective particle energy 
axis, the parameter demonstrating the effect of the oblique incidence 
disappears from the SZM. Therefore, it is necessary to develop the 
SZM integrating the effects of the oblique incidence (shadowing 
effects), particle energy, and homologous substrate temperature for 
demonstrating the changes in the film property more precisely.

V. Conclusions

In this paper, the SZM for the sputter-deposited thin films was 
reviewed. This review demonstrated that the SZM provides a systematic 
model for the changes in film structure and properties of the sputter- 
deposited thin films as functions of discharge pressure and homo-
logous substrate temperature for metal and oxide thin films with 
thickness < 1 μm. Although it is necessary to modify the SZM in order 
to accurately address the deposition conditions, it is effective to 
optimize the film deposition conditions for obtaining desired film 
structure and properties. The evolution of the SZM by replacing the 
axis of discharge pressure with that of the energy effectively trans-
ferred per particle to the growing film surface was also discussed for 
the sputter deposition using the intended particle energization such as 
ionization and pulsed sputtering. Indeed, a comprehensive under-
standing of the SZM is necessary to sputter-deposit thin films accor-
ding to the desired film structures and properties, which may be 
helpful in improving the applicability of sputter deposition in various 
industrial applications.
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