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Summary 

The new technique of dynamic ion mixing is based on the use of a high 
energy ion beam to homogenize at the atomic scale and to improve the 
adherence of a growing film on any substrate. TiBz films of stoichiometric 
composition are produced either by co-evaporation or by dynamic ion mix- 
ing using 100 keV Arf ions. The characterization of the films is performed 
by transmission electron microscopy (TEM). 

The results indicate that the ion mixing of the growing film has a 
crucial importance with regard to the resulting microstructural state. Amor- 
phous TiB2 films are produced by conventional co-evaporation although 
crystalline TiB2 films of hexagonal structure are produced by dynamic ion 
mixing. The TiB2 amorphous phase appears to be very stable since crystalli- 
zation starts only at about 1170 K, and complete transformation into the 
hexagonal crystalline structure is obtained at 1280 K. Relatively thick TiB, 
coatings have been prepared with e = 1 pm and studied by TEM on cross- 
sectional preparations. The microhardness of crystalline TiB, films is about 
2800 kgf mme2 and is in good agreement with the value reported for bulk 
TiB2. 

1. Introduction 

Ion implantation and ion beam mixing of pre-evaporated multilayers 
have proved to be very convenient and powerful methods for producing new 
metastable alloys. They offer the possibility of changing the mechanical or 
physical properties of a surface in a very controlled and reproducible way 
without the constraints of thermodynamic phase equilibrium. Along the 
path of the implanted ion, a highly disordered region is produced consisting 
of many displacements and replacements resulting in a severe atomic re- 
arrangement. 

*Paper presented at the Symposium on the Preparation and Properties of Me&stable 
Alloys at the E-MRS Spring Meeting, Strasbourg, May 31 - June 2,1988. 
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In coating technology, film adhesion to the substrate is an important 
requirement, and it is achieved in the above methods by means of the 
cascade mixing effect through the film-substrate interface. However, 
because of the limited ion range in matter, the coating thickness formed by 
conventional ion mixing does not generally exceed 100 nm. Such thin layers 
are insufficient for most practical applications although long-lasting improve- 
ments in wear resistance have been observed many times but are not well 
understood. 

Several groups are developing a new approach to improving the coating 
adherence or increasing the coating thickness by combining a deposition 
technique with the ion bomb~dment. From the point of view of the ion 
beam energy used to assist or enhance the deposition, there are two classes 
of techniques. In the first and most important, low energy ion beams are 
used, typically in the range I- 10 keV [l - 41. The major disadvantage of 
these methods is that the energy is deposited in a very small volume near the 
surface, limiting the mixing effect and consequently the adhesion improve- 
ment. However, the growing demand for thicker coatings of precisely 
defined composition and structure has led to the development of new 
techniques using ion beams of higher energy in the range 40 - 200 keV [5, 
61. 

The use of ion implantation in thin film deposition guarantees a low 
background pressure in the vicinity of the substrate and allows a high degree 
of control in the energy deposited in the target. 

The reproducibility of film production together with the good adhesion 
to the substrate are important factors for potential applications. With this 
process, it is thought that a new range of material compositions could be 
obtained. We have designed an ultrahigh-vacuum system with two electron 
gun evaporators operating in line with a 200 kV ion implanter. 

In this paper, we present the preliminary results of an investigation on 
the structure and properties of TiB2 films produced by dynamic ion mixing. 

2. Experimental techniques 

The dynamic ion mixing apparatus used in this work is shown schema- 
tically in Fig. 1. It is composed of a cylindrical ultrahigh vacuum chamber 
equipped with two 8 kW electron beam evaporators. The base pressure 
before evaporation is lo-’ - 10e8 Pa and is obtained by sorption, cryogenic 
and ion pumping, and a titanium sublimator. In addition, the sample holder 
is surrounded by a cold wall held at 77 K to avoid sample contamination. 
The pressure is always lower than 10e6 Pa during evaporation experiments. 

The rotating sample holder is positioned at an angle of 45” with respect 
to the ion beam and also to the vertical axis, allowing continuous evapora- 
tion and ~p~~tion. In order to maintain a high degree of control over the 
deposition rates from both sources, the two electron guns are automati~y 
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Fig. 1. Schematic representation of the dynamic ion beam mixing apparatus under ultra- 
high vacuum. 

and independently controlled via two calibrated quartz crystal oscillators 
giving also a precise thickness measurement. Because ultrahigh vacuum 
systems are sophisticated, their utilization is tedious and time consuming, 
and for this reason the apparatus has been designed with an intermediary 
isolated chamber associated with a sample manipulator which allows 
successive introduction and extraction of samples without breaking the 
vacuum inside the evaporation chamber. 

2.2. Experimental conditions 
The distance between the evaporators and the substrate is 200 mm and 

the deposition temperature is about 300 K. In order to obtain the desired 
composition for the stoichiometric compound TiB,, we have chosen in a 
first experiment a titanium evaporation rate equal to 5 a s-i and for boron 
4.3 a s-l. The ion beam mixing is performed with 100 keV Ar+ ions. The 
characteristic parameters of the ion implantation, i.e. ion and damage ranges, 
and deposited energy, have been calculated with the TRIM computer code 
[7] and are given in Table 1. The total ion fluence for mixing is 0.8 X 101’ 
ions cmA2 for 100 nm thick films and 8 X 10” ions cm-’ for 1 pm thick 
films. In the latter case, the deposition-implantation duration, is exactly 
17 min 49 s and the ion:atom arrival rate ratio is 0.7 X 10P4. 

2.3. 5% bstra tes and characterization 
The thinnest films of 100 nm are deposited on freshly cleaved NaCl 

crystals. They are ready for transmission electron microscopy (TEM) obser- 
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TABLE 1 

Calculated implantation parameters in TiBa for a 45” angle of incidence 

Ion E(keV) ED(keV) (xp) (Axe) (xo> (&2n)1’2 (YDz)1’2 6~ 
(nm) (nm) (nm) (nm) (ev atom-‘) 

4uAr 100 50 45.7 19.4 40.1 24.2 9.8 6.2 x 1O-2 

ED is the damage energy transferred by an ion of incident energy E, and &p) and (Axe) 
are the mean ion range and straggling. (xD) is the mean damage range, and (AxD2)1i2 and 
(Y*2)’ i2 are the longitudinal and transversal damage straggling. 8, is the elastic energy 
deposited per target atom in the displacement cascade. 

vations after the NaCl substrate is dissolved in water. Thicker coatings 
(1 pm) were deposited by ion mixing on different substrates: tungsten 
carbide (WC), stainless steel and silicon. The shape of these specimens is 
rectangular (25 mm X 17 mm) and they are 2 mm thick. Before the deposi- 
tion, these substrates were given an initial dose of about 1014 ions cm-’ for 
surface cleaning. 

Composition depth profiles obtained by secondary ion mass spectrom- 
etry (SIMS) indicate a flat and uniform titanium and boron concentration 
through the coating. TEM observations were also performed on cross- 
sectional preparations in the case of 1 pm thick films deposited on silicon or 
stainless steel. Some Vickers’ microindentation tests were also carried out 
for the hardness determination of the coating. 

3. Experimental results 

The diffmction pattern of a thin TiBz film produced without ion beam 
bombardment is presented in Fig. 2(a). Only diffuse rings are visible and it is 
possible to detect on the second ring a typical shoulder. These observations 
indicate that a completely amorphous structure of the TiBz film has been 
obtained. A transmission electron micrograph taken in bright field condi- 
tions is given in Fig. 2(b). We can notice a uniform contrast ~h~ac~r~tic of 
an amorphous structure. The latter is a metastable phase and it is important 
to know the critical temperature above which crystallization occurs. 

The thermal evolution of amorphous TiBz has been studied. The 
specimens were mounted on molybdenum grids and heated in the electron 
microscope at a rate of about 10 K mm- I. The TiBz amorphous phase is very 
stable since absolutely no ~~sfo~ation occurs up to 1170 K. Figure 3 
illustrates the final state at the crystallization process. Crystallization starts 
at 1170 K and complete transformation to the crystalline hexagonal struc- 
ture is observed at 1250 K. The lattice parameter c is found to be 3.18 a and 
the reported value is 3.22 a [8 1. The lattice parameter a is estimated to be 



(a) (b) 
Fig. 2. (a) Electron diffraction pattern of an unimpianted TiBz film. The diffuse rings are 
characteristic of the amorphous state. (b) Transmission electron micrograph of amor- 
phous TiB2. 

(a) (b) 
Fig. 3. (a) Electron diffraction pattern after crystallization of amorphous TiB2. The struc- 
ture is hexagonal (Q = 3.02 8, c = 3.18 8). (b) Tr ansmission electron micrograph of 
crystalline TiBz. The amorphous-to-crystalline transformation occurs in the range 1170 - 
1280 K. 

about 3.02 a and the reported value is 3.02 [S]. These experimental values 
are in good agreement with the reported values within the experimental 
accuracy. 

3.2. Structure of Ti& produced by dynamic ion mixing 
Two series of TiBz specimens have been prepared and studied. In the 

first series, the films are 100 nm thick and studied by plan TEM; the second 
series consists of thicker films (1 pm) deposited on either silicon or stainless 
steel substrates and cross-sectional preparations have been used in this case. 

The microst~ctural state of the thinnest TiB, films prepared by dyna- 
mic ion mixing at a dose of 0.8 X lOI ions crne2 is shown in Fig. 4(a). The 
corresponding selected area diffraction pattern is given in Fig. 4(b). One can 
notice that it does not exhibit diffuse rings as in unimplanted films (Fig. 
2(b)); on the contrary, sharp Debye-Scherrer concentric rings are present, 
indicating a crystalline structure with very small disoriented grains. The 
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Fig. 4. (a) Transmission electron micrograph of crystalline TiB2 produced by dynamic ion 
mixing. (b) Electron diffraction pattern of crystalline TiBz produced by dynamic ion 
mixing. The absence of (OOOn) diffraction rings should be noted. 

hexagonal TiBz phase could be identified. However, it should be noticed on 
the diffraction pattern of Fig. 4(b) that the reflections (OOOn) are absent, 
suggesting that the film has a strong preferred orientation in the [OOOl] 
direction. Such behaviour has already been observed several times for TiBz 
crystalline films prepared by other methods [9, lo]. The values determined 
(a = 3.02 A and c = 3.18 A) are identical to those reported in Section 3.1. 
Transmission electron micrographs of cross-actions of a 1 pm TiB2 coating 
prepared by dynamic ion mixing with a dose of 8 X lOI ions crnv2 are 
presented in Fig. 5 in bright and dark field conditions. The selected area 
diffraction patterns show the surface to be crystalline TiB,. In this case, it 
was possible to identify’ all the reflections of the hexagonal structure without 
any ambiguity. Moreover, examination of the TiBz layer reveals the columnar 
structure and confirms the previous observation concerning the preferred 
orientation. 

3.3. Mechanical properties of TiB2 coatings 
Vickers’ microindentation tests have been carried out with low loads 

of 25 - 75 gf on TiB, coatings of 1 pm thickness deposited by dynamic ion 
mixing on WC. The determ~ation of the music microh~dne~ of such a 
thin layer is difficult. The measurements give the property of a composite 
material composed of the layer plus the substrate when the layer thickness is 
not about 10 times the indentation depth. Several models have been 
proposed [ll, 121 to calculate the hardness of a composite specimen con- 
sisting of a thin layer on a substrate. 

From the measurements of the effective hardness of both the com- 
posite and the substrate it is possible as proposed by Jiinsson [12] to deduce 
the layer hardness value. We have summarized in Table 2 the results of such 
a determination. It is found that the characteristic microhardness of the 
crystalline TiB, coating is about 2800 kgf mm-’ and this value agrees well 
with other reported values for this compound 19,10,13]. Preliminary 
scratch tests using a loaded diamond stylus indicate that the TiB, coating 



(a) 

Fig. 5. (a) Transmission electron micrograph in bright field conditions of a cross-section 
of a 1 pm polycrystalline TiBz film deposited by dynamic ion mixing (Ar+; 100 keV; 
dose, 8 x 1015 ions cmP2). (b) Transmission electron micrograph in dark field conditions 
corresponding to (a). (c) Selected area diffraction pattern showing the surface film to be 
crystalline TiB2. 

TABLE 2 

Microhardness results 

Load Substrate hardness 

kf) (kgf mm-?) 
Coating plus substrate 
hardness 
(kgf mme2) 

75 1006 1166 
*30 f30 

50 913 1121 
f40 +40 

25 715 1021 
f50 250 

TiB2 coating hardness 
(kgf mmh2) 

2730 
f700 

2840 
f730 

2815 
+750 

adhesion to the substrate is greatly improved by the dynamic ion mixing 
process. It seems reasonable to assume that it is the consequence of the ion 
mixing of the interface with the substrate in the first stage of the film 
deposition. 
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4. Discussion 

The results presented here demonstrate that dynamic ion mixing is 
capable of depositing relatively thick, uniform and adherent crystalline TiBz 
coatings. These experiments provide also clear evidence of the role of the 
high energy ion beam bombardment during deposition of a growing film 
since TiBz is obtained in an amorphous form by codeposition alone and in a 
crystalline form by dynamic ion mixing. Although no detailed study has yet 
been carried out on the relative influence of the different implantation 
parameters such as dose, energy or temperature, the dynamic ion mixing 
method would be able to produce coatings of well-controlled composition 
and crystalline structure as demonstrated for stoichiometric TiBz. 

It is difficult to give at present a comprehensive description of all the 
processes involved in this method. However, it is reasonable to assume that 
the basic processes of growth phenomena and ion beam mixing are combined. 
From the point of view of the film growth, experimental and theoretical 
studies indicate that the movement of adatoms over the surface is of major 
importance. Under the ion bombardment, the surface mobility of atoms 
could be modified by the defect production and atomic rearrangements 
that accompany the bombardment. Large numbers of defects (about 1088 
defects per incident argon ion in TiB,) are produced in the near-surface 
region and it is possible that even at room temperature their mobility 
stimulates or enhances the atomic transport, facilitating the surface diffusion 
since the surface acts as an efficient defect sink. In this way, the build-up of 
the crystalline surface would be promoted. 

Even if defects are not effectively mobile, molecular dynamic simula- 
tions indicate that in the third stage of the dynamic cascade an important 
fraction of the initial energy is distributed in the form of kinetic energy of 
interstitials as well as in non-permanently displaced atoms [14]. For high 
energy deposition values in the cascade, thermal spike effects provide also 
another possible explanation of defect mobility in the near-surface region as 
previously suggested by Armour et al. [ 151. 

The formation of crystalline TiBz by dynamic ion mixing could appear 
in apparent contradiction with the fact that ion implantation produces non- 
equilibrium structures. However, it is also known that crystallization can be 
induced by irradiation at temperatures much lower than those required for a 
purely thermal process as observed for instance in NiAl 1161. Radiation- 
induced crystallization can be understood on the basis of nucleation 
enhanced inside the displacement cascades and growth enhanced via the high 
defect concentrations which increase the diffusion rate. In the case of 
dynamic ion mixing it is possible to suggest that the high density of localized 
atomic displacements produced in the first cascades at the beginning of the 
film deposition would act as preferential nucleation sites for the crystalline 
TiBz phase. 

The structural effects in thin films produced by ion bombardment 
during deposition have been discussed by Harper et al. [Z] in terms of 
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universal parameters such as the ion:atom arrival rate ratio as a function of 
energy in the case of low ion energies. It has been demonstrated that this 
factor has an important role in reducing the internal stress in thin films. In 
the present study with 100 keV Ar+ ions the ion:atom arrival rate ratio is 
0.7 X 10W4 and, according to the analysis of Harper et al. this value is in the 
good regime of operation for modifications to be expected during deposi- 
tion. 

5. Conclusion 

The use of high energy ion beam to realize thick coatings by dynamic 
ion mixing is of fundamental and technological interest. It is expected that 
the high degree of control of the process could be applied to produce films 
of desired structure and compositions of hard ceramic materials. The basic 
phenomena of film growth under ion bombardment are not well understood 
and further investigations of the influence of the different parameters 
involved in the process are necessary. 
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