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on amorphous carbon layer at -70 °C. It is shown that the crystals formed by nucleation 
are randomly oriented. The texture develops mainly during the growth of grains by 
coalescence. This is the general condition for the restructuration growth texture. The 
further grain growth in thicker films, i.e. the completion of the abnormal grain growth, 
increases the strength of the texture. In that case the restructuration occurs in the whole 
thickness of the films dissolving also the initially formed randomly oriented small grains. 
The films have a homogeneous structure along the thickness from the beginning of the 
film formation and the singlecrystalline grains (columns) proceed from the substrate to 
the film surface. 

In case of restructuration growth textures the crystal faces of lowest free energy are 
parallel to the substrate and the axis of the texture is the respective crystallographic axis 
(in f e e . metals this is the <111> axis). 

The development of restructuration growth texture is shown on cross sectional TEM 
images in Fig.4. in case of Al film deposited at 50°C and at low impurity content, on 
Si02 covered Si wafer. The film growth starts by the formation of a very large number 
of discrete small crystals of random orientation. By increasing film thickness the <111> 
preferred orientation develops simultaneously with an increase of the grain size. 

By increasing impurity content in continuous films, both coalescence and grain 
growth are more and more limited because of the increasing contamination level of the 
crystal surfaces and of the surface of coalescing crystals and of the grain boundaries. The 
complete coalescence is more and more limited and the film will be composed of small 
grains with increasing part of random orientation when it becomes continuous. This is 
shown in Fig.3a.2. and b.2. From this structure, containing contamination stabilised GB-s 
either a columnar, or globular structure of randomly oriented grains or at given 
conditions also a texture can develop due to the competitive growth of random grains, to 
be discussed in the next section. 

The oblique incidence of the vapour beam will not influence the development of the 
restructuration growth texture when the restructuration is strong i.e. at substrate 
temperatures higher than a critical value which is about 0.3 Tm at low impurity 
concentration 9'44. By increasing the impurity concentration this critical temperature 
increases. Below the critical temperature the texture axis together with the columns 
becomes tilted to the direction of the vapour beam incidence80'44'81. In case of impurity 
with anisotropic surface chemical interaction a Et-O texture can develop as illustrated in 
oxygen contaminated Al films44 The development of this structure seems to be an 
impurity controlled competitive growth texture discussed in the next section. 

4.2.2. Competitive Growth Texture 

The origin of competitive growth is different at high purity conditions and when 
impurities are present. Competitive growth of randomly oriented crystals can take place 
at the end of the coalescence stage when the GB movement is limited either because of 
me low temperature or the presence of impurities. 
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At low impurity concentration the competitive growth takes place at Ts < 0.3 Tm 
where the migration of pure GB-s is negligible. The driving force is the surface energy 
difference of the neighbouring crystal faces at the free surface leading to the preferred 
migration of adatoms77. 

At higher impurity concentration the GB migration is limited by the adsorbed 
impurities and the developing impurity phase can grow over the free surfaces of crystals 
hindering their growth. The small grained structure of randomly oriented crystals formed 
in the first stage of the film formation on the substrate is preserved till the end of the 
coalescence stage and a competitive growth of these crystals starts during the growth of 
the continuous film. A valuable competition of the growing crystals develops when an 
anisotropy exists in the surface chemical interaction of impurities on the various crystal 
faces. Only those crystals can grow continuously which are growing with faces not 
segregating the impurity species. The growth of crystals of other orientation will be 
blocked by the developing surface covering layer of impurities at different growth stages. 
By this way the preferentially oriented crystals grow over the others. The development of 
<100> texture in oxygen contaminated Al films was described by impurity controlled 
competitive growth54,97 (Fig. 5.). In case of mixed <111> and <100> textures the <111> 
part probably develops by restructuration and the <100> part by competitive growth 
controlled by impurities. 

5. Structure Zone Models 

The structure zone models constructed so far are compiling the morphologies of 
thick films prepared in the various laboratories at different circumstances55'58'42 (Fig. 7.). 
Sometimes structures related to some specific preparation conditions are also 
incorporated42. It has been shown in the previous discussions that the substrate 
temperature, and the impurities (concentration, kind) are the two main parameters which 
directly control the fundamental structure forming phenomena and the structure of the 
films itself. The systematisation of the fundamental structure forming phenomena, and 
their dependence on the two main parameters enable the construction of structure zone 
models describing both the morphologies and textures of films prepared at different 
conditions. These models synthetize the existing structure zone models and provide a tool 
for the classification of structures of real thin films and for the interpretation of their 
development. 

In the following a basic structure zone model will be introduced at first, which 
considers only the temperature dependence of the fundamental structure forming 
phenomena if impurities are not present. Other structure zone models are also 
constructed for the different levels of impurity concentration as parameters101. 
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Fig.7. Structure zone models published in the literature a) Movchan-Demchishin", b) Thornton56, 
c) Messier et.al57, d) Grovenor et.al42. 

5.1. The Basic Structure Zone Model 

The proposed basic structure zone model101 is shown in Fig. 8. At very low 
temperatures, Ts < 0.2 Tm (zone I.) no bulk diffusion exists and the surface diffusion is 
very limited. The grain structure is composed of fibers and most of them proceed from 
the substrate to the film surface. The size and orientation of fibers follows practically die 
size and the random orientation of die primary crystals developed in the first stage of the 
deposition. The size of the fibers increases widi increasing temperature following mainly 
the temperature dependence of die nucleation density. 

In the temperature range 0.2 Tm - 0.3 Tm (zone T) surface diffusion becomes 
effective inducing a possible competitive growdi of the primary crystals of random 
orientation59102. The driving force is the surface energy difference of the neighbouring 
crystal faces at the free surface leading to the anisotropic migration of adatoms between 
them (as discussed in section 2.1.2). This competitive growdi results in an inhomogeneity 
bom in the morphology and in the crystals orientation across die film thickness. At the 
substrate surface small primary crystals of random orientation exist. At higher thickness 
die crystals having higher growth rates develop into cone like grains due to die 



22 

competition. Texture with orientation related to the faster growing direction of crystals is 
evolved moving away from the substrate. 

ZONE I ZONET 
competitive texture 

ZONE n | ZONE in 
restructuration texture 

0.3 0.4 0.5 0.6 0.7 
Ts/Tm 

Fig.8. The schematic figure of the basic structure zone model101. 

In zone n. and zone HI. both the evolution of morphology and texture is controlled 
by restructuration. The film is composed from singlecrystalline columns with increasing 
diameter at increasing temperatures. The texture is determined by the lowest free surface 
energy of crystals. The films are homogeneous in the whole thickness. 

ZONE I ZONET 
competitive texture 

ZONE n | ZONE m 
restructuration texture 

o 
a) 
ZONE I 

0.3 0.4 
Ts/Tm 

ZONET I ZONEH | ZONEIU 
competitive texture | restructuration texture 

0.7 

0 
b) 
ZONE I 

0.3 0.4 
Ts/Tm 

ZONE T ZONE H 

0.5 0.6 0.7 

ZONEm 

0.3 0.4 
Ts/Tm 

Fig.9. The real structure zone models at low a), medium b) and high c) impurity content" 
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At high substrate temperatures the grain size distribution of as deposited films is 
monomodal. As the temperature is decreased it becomes bimodal because the GB 
migration rate becomes lower and the abnormal grain growth can not be completed 
during the film deposition. 

The surface morphology of the film in the various zones is described in section 
2.1.2. 

5.2. Real Structure Zone Models 

The structure evolution of real films is basically influenced by the second most 
important parameter, by the impurity content as explained before. The effect of this 
parameter was not considered in the previous structure zone models. In this section the 
real structure zone models are introduced for low, medium and high impurity 
concentration (low: Ci„,p < 0.5 %, medium: Ci„,p ~ 1 %, high: Cimp > 10 %) as well as for 
medium concentration of impurity with anisotropy in the surface micro chemistry. 

Low Impurity Level 

The structure model at low impurity concentration is shown in Fig. 9. At very low 
temperatures (zone I.) the process induced segregation of impurities can be negligible and 
the impurity species could be incorporated into the growing lattice of fibers. The density 
of nucleation could be primarily influenced by the impurities and consequently the 
diameter of fibers could be smaller compared to BSZM. 

In zone T the segregation of impurity species by the crystal growth increases by 
increasing temperature and the impurity phase is expected to be segregated mainly at the 
grain boundaries. This will decrease the diameter of grains and can contribute to the 
competitive growth of crystals in addition to the driving force related to the surface 
energy difference of neighbouring crystals. Both the morphology and the texture are 
inhomogeneous along the film thickness. Randomly oriented small grains can be found at 
the substrate while the fraction of the films apart the substrate is composed of cone like 
grains having competitive growtfi orientation. Exciting examples of this structure have 
been published in the literature for polycrystalline Si films103'104'25. 

In zone H. a part of the first developing GB-s will be covered by the segregated 
impurity phase. Consequently the diameter of the developing columns will be smaller 
than in zone H. of the BSZM, and the segregated impurities will be accumulated 
preferentially at these GB-s during the film growth. Because of the presence of 
contaminated GB-s, the developing columnar structure will have a bimodal grain size 
distribution. The texture is determined by the surface and interface energy minimisation 
but will not be as strong as that in zone II. of the BSZM. 

In zone in. the segregation of impurities by the GB movement becomes effective 
with increasing temperature and by this way a contamination layer can develop covering 
completely the surface of growing crystals. This results in the development of three 
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dimensional large grains which are separated by contamination stabilised GB-s. The grain 
size distribution is impurity stabilised bimodal. Texture due to the surface and interface 
energy minimisation can be present because in the coalescence stage of film formation 
the restructuration could be effective. The texture however will not be as strong as in 
zone HI. of BSZM. 

The surface roughness of the films in every structure zone will be higher than in case 
of the BSZM. This is related to the situation that the texture is not so complete. The 
features of the surface topography are the truncated parts of the crystal shapes protruding 
over the film surface. Dome shaped surface features as well as broad-deep GB grooves 
decorated with small grains, developed by repeated nucleation can be also present. 

The role of segregated impurity phase in the crystal growth and restructuration 
increases by increasing the level of impurities. This results in decreased grain size 
destroying the texture. In case of impurities with anisotropy in the surface chemical 
interaction, duplex fiber textures will develop66 (Fig.5.) or the texture orientation will be 
completely changed. 

High Impurity Level 

In that case the structure is globular in every zones with different grain sizes and 
mainly monomodal grain size distribution. The GB-s are covered by the impurity phase 
and mainly randomly oriented grains develop by repeated nucleation. Working at very 
high impurity content the volume of me impurity phase becomes comparable with that of 
the deposited material and microcrystalline, nanocrystalline and finally amorphous 
structures develop. The surface topography is composed of dome shaped features wiui 
sizes related to the actual size of the grains. 

6. Summary 

The introduction of the impurity content as a primary parameter of the film 
preparation beside die temperature makes possible the comprehensive treatment and 
analysis of the formation of porycrystalline film structures. It has been shown that the 
same mechanisms are responsible both for die development of the morphology and the 
orientation (texture) of crystals, and that is the reason why a good correlation between 
the morphology and texture could exist. These mechanisms can be compiled in the 
fundamental structure forming phenomena. 

Structure zone models (SZM) proved to be advantageous since long time for the 
interpretation and classification of thick film structures prepared by different methods. 
The analysis of the fundamental structure forming phenomena, their dependence on the 
temperature and impurity content, and their role in the evolution of the various structural 
units enable the construction of phenomenological structure zone models. Considering 
only the temperature dependence of the phenomena, a basic structure zone model 
(BSZM) could be constructed and proposed. On the basis of this model the consideration 
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of impurity effects in the elementary processes enables the development of structure zone 
models representing the structures of thin films prepared at various preparation 
conditions. 

By the application of these models one can conclude that the three dimensional grain 
morphology (sometimes with equiaxed grains or bimodal grain size distribution) found in 
many experiments in zone HI. is due to impurity effects like the small grained structure 
near to the substrate shown in Fig.7.. It is clear that one has to consider the effects of 
impurities on the structure evolution when the structures of films prepared at the same 
temperature show different morphologies in the different experiments. The opinion of the 
authors is that further systematic experiments are necessary to clarify the finer details of 
the correlation between the structure, the fundamental structure forming phenomena and 
the preparation parameters as well. 
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