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Laser-induced deposition of thin chromium 
oxide films 
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Molybdenum, 1045 carbon steel and silicon specimens have been coated with thin layers of 
Cr203 by means of ArF excimer pulse laser decomposition of Cr(CO)8 gas. The results of the 
study revealed that the properties of the films, such as composition, thickness, morphology 
and microstructure depend on both the parameters of the laser radiation and the physical 
properties of the substrates. 

1. Introduct ion 
Laser-induced deposition out of a gaseous phase on 
various substrates has been intensively studied during 
recent years [1-3]. The main advantage of this 
method, compared to others, is the ability of the laser 
beam to act as a localized controllable heat and/or 
light source. Another advantage of the method is the 
ability to control the morphology, the dimensions and 
the thickness of the deposited layer, through the con- 
trol of the energy which goes to the deposition reac- 
tion. These two factors allow direct writing of lines 
and various shapes of controlled depth and morpho- 
logy, without the need to use elaborate masking pro- 
cedures. Short-time pulse laser radiation has another 
advantage: since the area of contact between the laser 
beam and the substrate is small and the time interval is 
short, heat can only penetrate to very shallow depths, 
i.e., the damage caused by heating is minimal [4]. 

These properties are important mainly for appli- 
cations in micro-electronics and naturally, most of the 
research is concentrated on the deposition of metals 
on semiconductors [1-3]. However, this technique 
can also be used for the coating of metallic substrates. 
In this investigation two different metals were used as 
substrates: plain carbon steel (SAE 1045) and molyb- 
denum. For the sake of reference, silicon was also 
coated. The coating substance was chromium oxide. 
Part of this investigation, which deals with molyb- 
denum has already been published [5] and reported 
here, is the complete study. 

2. Experimental  procedure 
Fig. 1 shows the experimental set-up. It consists of the 
laser device, the cell and the optical system. The laser 
used in this investigation was an ArF excimer laser 
with wave length of 193 nm and pulse duration of 
24 ns. The specimen was placed into the cell, which 
also contained chromium-carbonyl [Cr(CO)6 ] crys- 
tals placed on a hot plate. First a vacuum of 0.1333 Pa 
was created and then the cell was heated to 50~ 
which is equivalent to the chromium-carbonyl vapour 

0022-2461/91 $03.00 + .12 �9 1991 Chapman and Hall Ltd. 

pressure of 2.13 x 102 Pa. The next step was to fill up 
the cell with high purity argon gas until atmospheric 
pressure was reached. Laser irradiation was done 
normal to the specimens surface. The variables of the 
experiments were the power density (10-120 MW cm-2) 
and the number of pulses (100-6000). The repetition 
rate has been kept constant, 4 Hz. 

The substrate materials were: SAE 1045 carbon 
steel in normalized condition, molybdenum and sil- 
icon single crystal, (1 1 1) orientation. The metal-sub- 
strates were metallographically polished. 

3. Results 
3.1. Effect of power density and number 

of pulses on the chromium content 
of the deposited layer 

The qualitative assessment of the amount of 
chromium in the deposited layer was performed by 
scanning electron microscopy (SEM) equipped by en- 
ergy dispersive system (EDS). The maximum thickness 
of the deposited layer was 5000 nm, while the penetra- 
tion depth of EDS is approximately one micrometre. 
This means that the depth of the EDS excited volume 
is an order of magnitude larger than the thickness of 
the film and therefore the measurements give the total 
amount of chromium in a certain volume. 
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Figure 1 Schematic illustration of the experimental set-up. 
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Fig. 2 shows the atomic percentage of chromium 
deposited on the various substrates versus the number 
of pulses for the molybdenum, steel and silicon, 
respectively. The power density is indicated in the 
diagrams. Within the range of experiments the rela- 
tionship between the Cr concentration and the num- 
ber of pulses is linear and except for the steel sample, 
all the results extrapolate to the origin. 

The amount of chromium in the deposited layer 
versus power density for constant number of pulses 
(2000) is shown in Fig. 3 for the three substrates. These 
diagrams actually exhibit the variation of the depos- 
ition rate with the power density. This relationship is 
not linear, but a declining function. The power density 
at which the deposition rate starts to decline is de- 
pendent on the type of substrate. In both, Figs 2 and 3, 
the concentration of Cr in the silicon substrate is much 
lower than in the metallic substrates. This is not a real 
effect, but it is a result of the deep penetration of EDS 
into silicon, compared to metals. 

3.2. The dependence of layer thickness on 
power  density and number of pulses 

The thickness of the layers has been measured by 
means of Auger spectroscopy (AES). Fig. 4a-c exhibit 
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Figure 2 The variation of the chromium concentration in the 
deposited layer with the number of pulses, for the substrates of (a) 
molybdenum ( I )  54, ([2) 18.7MWcm -2, (b) steel (@) 
22 MWcm -z and (c) silicon (Q) 24, (A) 57 MWcm -2. 
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Figure 3 The variation of chromium concentration in the deposited 
layer with the power density at 2000 pulses for the substrates of 
([~) molybdenum, (A) steel and (�9 silicon. 
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Figure 4 AES spectrum, before sputtering, for the substrates of 
(a) molybdenum, (b) steel and (c) silicon. 

the AES spectrum for the three substrates before 
sputtering: The number of pulses and the power dens- 
ity of deposition are indicated in the diagrams. For the 
metal samples the surface layer of the coating contain- 
ed no Mo or Fe, however the surface layer of the 
coating on the silicon substrate contained Si. 

Figs 5 and 6 exhibit the AES compositional depth 
profiles for the molybdenum substrate, i.e., the vari- 
ation of the films composition with sputtering time. 
While Fig. 5 demonstrates the effect of number of 
pulses, Fig. 6 shows the effect of power density. Fig. 7 
presents the same data for the steel substrate (only for 
the power density of 22 MWcm-2). Figs 8 and 9 
stand for the silicon substrate, where Fig. 8 represents 
the effect of number of pulses and Fig. 9 exhibits the 
influence of the power density. As mentioned before, 
the chromium oxide coating on the silicon substrate 
contains Si. This can be clearly seen in Figs 8 and 9. 
These figures also show that the concentration of Si in 
the coatings increases with the power density of depos- 
ition. Another feature typical of the silicon substrate is 
that at some distance from the surface the concentra- 
tion of oxygen becomes lower than that of the 
chromium. For the metallic substrates the oxy- 
gen concentration is higher than the chromium 
concentration. 
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Figure 5 The effect of number of pulses on AES compositional 
depth profiles for molybdenum substrate. 

3.3. M o r p h o l o g y  and microstructure of 
the deposited surface 

Fig. 10a and b show SEM micrographs of a steel 
substrate after deposition with a power density of 
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Figure 6 The effect of power density on AES compositional depth 
profiles for molybdenum substrate; (a) 20.8 and (b) 36.8 MW cm-z. 

13 M W c m  -2 after 300 and 400 pulses, respectively. 
The scratches seen on the micrographs are due to 
rough polishing in order to enlarge surface absorp- 
tion. Fig. l l a  and b depict molybdenum substrates 
which were deposited at a constant pulse number of 
2000, with power densities of 61 and 119 M W c m  -2 
These micrographs are representing all the other sub- 
strates under similar conditions. 

For relatively low power densities, for example 
20 M W c m  -2 for steel or 40 M W c m  -2 for molyb- 
denum, the film starts to build up from tiny spots, such 
as shown in Fig. 10. The size and density of the spots 
increases with the number of pulses. When the power 
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Figure 7 The effect of number of pulses on AES compositional depth profiles for steel substrate (power density 22 MW cm- z). 
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Figure 8 The effect of number of pulses on AES compositional depth profiles for silicon substrate. 
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Figure 9 The effect of power density on AES compositional depth 
profiles for silicon substrate; (a) 17,9, (b) 31 and (c) 60 M W c m  -2. 

density increases, a continuous layer with a grain 
structure is obtained, as seen in Fig. l la .  For even 
higher power densities both the layer and the sub- 
strate were melted (Fig. 1 lb). The cracks in the picture 
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Figure 10 SEM photomicrographs of steel substrate after 
deposition with power density of 13 MW cm-2, (a) 300 and (b) 400 
puJses. 

are probably the result of very high heating and 
cooling rates. 

4 .  D i s c u s s i o n  

The purpose of this investigation was to understand 
the mechanism and to study the feasibility of coating 
metallic and non-metallic surfaces with chromium 
oxide from a gaseous substance by utilizing laser 
energy�9 

For each substrate, the amount of chromium in the 
deposited layer varies linearly with the number of 



Figure 11 SEM photomicrographs of molybdenum substrate after 
2000 pulses, with power densities of (a) 61 and (b) 119 MWcm -2. 

pulses. This result indicates that each pulse decom- 
poses an equal amount  of chromium from the 
chromium carbonyl atmosphere and deposit it on the 
substrate. This result is consistent with the model 
proposed by Esrom and Wahl [6] for pyrolytic mech- 
anism and also with the model of Chen [3] for the 
photolytic mechanism. The substance of the substrate 
does not effect the mechanism of deposition. 

The variation of the chromium concentration in the 
deposited layer with the power density is not a linear 
function, but a declining one. There are several causes 
which can account for the saturation of the deposition 
rate with high power density: (i) evaporation of the 
coating due to high power radiation [7], (ii) limita- 
tion in the mass transport of the reacting gas and 
(iii) deposition of the chromium on the cell window, 
which lowers the effective power density [8]. 

The AES compositional depth profiles (Figs 5 to 9) 
revealed high concentration of silicon, as well as oxy- 
gen in the coatings of the silicon substrates but no iron 
or molybdenum in the coatings of the metallic sub- 
strates. It is suggested that silicon from the substrate 
diffused into the chromium oxide layer through grain 
boundaries during the deposition process, and oxi- 
dized into SiO2. The rate of diffusion of the silicon 
increased with increasing power density. Lien et al. [9] 
have reported that oxygen inhibits the formation of 

chromium silicides in a Si-Cr system even after 2 h at 
450~ The mobile atoms in this system were the 
silicon atoms rather than the chromium atoms. Ex- 
periments performed with ruby pulse lasers have 
shown that the melt life of silicon is long enough to 
allow diffusion to occur [10]. These experiments may 
explain the diffusion of silicon into the deposited layer 
and also the fact that no sign of silicide formation was 
observed. 

The composition of the coatings, as evidenced by 
AES and low angle X-ray diffraction (LAXD) was 
Cr20  3 on all the substrates. Several investigators 
obtained similar results [11], even when experiments 
were conducted in high vacuum. It can be assumed 
therefore that the formation of a chromium oxide 
layer is a result of the decomposition of chromium- 
carbonyl. 

It is possible to calculate the approximate max- 
imum temperature due to laser irradiation [2] 

T = P(1 - Rs) / (2nwok  ) (1) 

where P is the intensity of the incident beam, R s is the 
surface reflectivity, k is the thermal conductivity of the 
substrate and Wo is the laser spot size. Equation 1, 
which has been developed for continuous laser radi- 
ation, can also be used for pulse laser, with the follow- 
ing modification [2] 

Tp = 2/n Ttan-l(2Dthtp/Wo) (2) 

In this equation Dth is the thermal diffusivity of the 
substrate and tp is the pulse duration. 

Equation 2 shows that the thermal properties of the 
substrate play an important role, since the temper- 
ature of the surface is not only affected by the power 
density of the laser beam but also by the thermal 
properties of the substrate. Table I shows the depend- 
ence of the film thickness on the thermal properties of 
the substrate. The conditions of irradiation were 2000 
pulses at a power density of 20 MW cm-  2 

Table I shows that the thermal diffusivity of Mo 
and Si are eventually the same while the reflectivity 
of the two metals are identical. Thermal diffusivity 
determines the ability of a given material to absorb 
and to transfer thermal energy. Carbon steel has the 
lowest thermal diffusivity and therefore its surface 
temperature will be the highest among the three. 
Higher surface temperature results in a higher pyro- 
lytic reaction rate and thicker films. Silicon, like mol- 
ybdenum, also has a high thermal diffusivity, however 
its reflectivity is low. For this reason, the substrate 
of silicon absorbs more energy and therefore allows 
thicker coating than molybdenum. 

TAB LE I The dependence of film thickness on the thermal properties of a substrate 

Substrate Thermal diffusivity Reflectivity Film thickness" 
(cm 2 s 1) El2] [5] (nmi 

1045 steel 0.21 0.9 3600 
molybdenum 0.51 0.9 2000 
silicon 0.53 0.6 3400 

a The thickness of the chromium oxide layer on the different substrates was determined arbitrarily, as the distance where the concentration of 
chromium is one-half of that on the surface. 
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All the experiments were performed with the laser 
beam normal to the substrate and therefore its surface 
temperature increases during the process. Elevated 
temperature slows down the nucleation rate but on 
the other hand enhances the growth rate of the film. 
The rate of nucleation is therefore the rate controlling 
process and the films grow as single layers, such as 
shown in Fig. 1 la. In extreme cases, for example very 
high power densities, the surface melts, like that shown 
in Fig. llb. When the power density is low, the 
heating of the surface is minimal, and the film growth 
by accumulation of spots, e.g. Fig. 10a and b. 

5. Conclusions 
It has been demonstrated that chromium oxide layers 
of various thicknesses can be deposited on metallic or 
non-metallic surfaces by means of ArF eximer pulse 
laser. The deposition is obtained by the decomposi- 
tion of chromium-carbonyl under controlled condi- 
tions of laser beam power density and the number of 
pulses. The investigation revealed the following facts: 

1. The morphology of the coatings depends on the 
power density. At low densities the film is built by tiny, 
scattered spots, while at higher densities a continuous 
layer is obtained. At very high power densities both 
the substrate and the film melt. 

2. Within the range of the experiments, the 
chromium concentration of the coatings increases 
linearly with the number of pulses. 

3. The chromium concentration of the coatings is 
an asymptotic function of the power density. At a 
certain power density, depending on the physical 
properties of the substrate, saturation occurs and 
further growth is limited. 

4. The film thicknesses under identical deposition 
conditions depend on the physical properties of the 
substrate, such as their retlectivity and thermal 
diffusivity. 
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