Patterning of nanoparticulate ITO films

UV curing of nanoparticulate ITO films, at low temperatures, [] open the door to pattern the films by using different sources of UV irradiation (UV light and UV laser beam). The patterning of transparent conductive coatings (ITO films) made with nanoparticles was achieved by shining UV-irradiation (wavelength of 200 – 450 nm and intensity of 110 mW/cm2) through a photo mask, by exposing the coatings to a UV laser beam (wavelength 351 nm, 100 mW maximum power) and by ablation the coatings with a CO2 laser (wavelength 10 (m, 1.5 W power and 660 mm/s scanning speed). The value of power and time of exposure can be adjusted to control the line width. 

Experimental work

Nanocrystalline indium tin oxide (ITO) powder have obtained using the conventional co-precipitation technique [1, 41, 164, 165]. Amount of ITO nanopowder wetted with the TODS (6 wt. %) was ultrasonically stirred in ethanol and dispersed using the microfluidizer system with pressure of 100 bars. An ethanolic solution containing 25 wt. % of ITO nanoparticles was modified by adding amounts of coupling agent prehydrolysed 3-methacryloxypropyltrimethoxysilane (MPTS) under an ultrasonic bath for 5 min. A UV curing agent, Irgacur 184, was also incorporated into MPTS in order to initiate and promote the polymerization and hardening of the coatings. Spin coater (model 1001 CPS II from CONVAC) was used with speed of 1000 rpm for 15 seconds to deposit the modified ITO sols on borosilicate glass substrates. 
The patterning was made by the UV Beltron system (UV/IR dryer, TYP 20/III, Beltron GmbH, Germany) that emits light in the wavelength range of 200 to 600 nm with strong emission lines at 350, 365, 405, 435, 550 and 580 nm and intensity of about 110 mW/cm2. This system is supported with a conveyor moved at different speeds (0.2 to 6 m/min) controlling the incident energy density and the film temperature. Different conveyor speed values were used to optimize the process. 
UV Ar+ laser source (Spectra-Physics, Model 2020/2025 ion laser) with wavelength of 351 nm and the power was varied between minimum and maximum values (from 10 to 120 mW). By using a focusing lens, put in the way of the laser beam, the beam diameter was adjusted to be about 60 (m. The sample, without mask, was fixed on an x-y movable table and scanned perpendicular to the laser beam with a scanning speed of 0.01 to 0.35 mm/sec.
The experimental procedures of photo-patterning by UV light and laser irradiation are summarized in Fig. (1).
1) Spin coating of ITO film on a clean glass substrate (speed 1000 rpm for 15 sec). 

2) Pre baking at 100ºC for 5 min. in air. 

3) Irradiating the film by UV light, through mask, and UV laser beam, direct writing.
4) The exposed parts are polymerized and densified while the other parts can be removed easily by a wet etching process.
5) Etching process in an ultrasonic bath of ethanol for ( 4 min.

6) Characterizing the morphology of the samples by WLI (white light interferometer,  Zygo New view 5000).
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                            Fig. 1: Schematic representation of the patterning process.

Results and discussion

The thickness of the as-deposited ITO films, on the borosilicate glass, was found in the ranges of 600 – 900 nm. After 5 min dry annealing at 110 (C, the system (substrate/ITO film/ mask) was exposed to UV light irradiation of the Beltron UV source. Among different values of conveyor speed, the best patterns were achieved with conveyor speed of 0.8 m/min for 3 - 5 runs. With a speed of 0.8 m/min, the time of exposure per run is ~ 48.75 sec. The average theoretical energy density should be about 5.12 J/cm2 but the intensity of the light (typically 110 mW/cm2) varies along the distance inside the Beltron instrument, so that the average energy density per run was about 2 J / cm2. 

The patterned features were characterised by using the white light interferometer (WLI). The features of the ITO patterns for the samples A1 and A2 are shown in Fig.(2 A&B), respectively. The dark parts are the adhered ITO films that were patterned on the surface of the substrate. The largest and smallest line widths (blue parts) and the distance between the lines (red parts) are listed in Table (1). The surface of the pattern was smooth and the roughness of the ITO coatings was about 15 nm. 
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                       Fig. 3:  Patterns of the samples A1 and A2 by using WLI (see Table 1).

Figs. (4a) show a 3D display of the patterned surface of the sample A3. The profile plot, shown in Fig. (4b), gives a cross section through the pattern represented in Fig. (4a). It is clear that the height of the edge in the profile plot (h = 880 nm) is close to the value of the film thickness (900 nm) measured by a stylus profilometer (Tencor P10 profiler). The surface of the sample A3 has a 10 nm roughness. The dimensions of the pattern for samples A3 and A4 are listed also in Table (1). 
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Fig. 4: a) WLI 3D display and b) profile plot of the patterned surface of the sample A3

     Table (1): Pattern dimensions, thickness, total UV energy density and temperature of all samples.

	Sample
	Thick

 (nm)
	 Energy 

 (J/cm2)
	Temp.

  ((C)
	   Line width

        ((m)
	    Separate 

Distance ((m)

	
	
	
	
	Small
	Large
	Small
	Large

	H15
	900
	10
	145
	285
	540
	112 
	270

	H18
	650
	8
	145
	250
	470
	152
	343

	H19
	900
	6
	52
	240
	452
	160
	359

	H22
	900
	9
	52
	265
	480
	132
	326


The line widths of the patterns are related to the average energy density received by the coating, as shown in Fig. (5). The largest and the smallest line widths increase with increasing energy density.          
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                                         Fig. 5 : Dependence of the line width on UV energy density 


In this process, an Ar+ laser source (351 nm) was used to pattern the ITO film deposited on glass substrate without mask. The samples were, mounted on a movable x-y table, scanned perpendicular to the focused laser beam with different scanning speeds and irradiated by different values of power, up to 100 mW. After the scanning process, the unexposed parts were also removed by immersing the sample in ethanol solution in ultrasonic bath for 3 min. The exposed parts are dense and strongly adhere to the substrate. The patterning of the samples has sharp edges and the pattern surface was more smooth (the roughness of ITO samples is less than 10 nm) as shown in Fig.(6a). The smallest line width is reduced to ~ 91 (m, as shown in Fig. (6b). 


The power and time of exposure can be adjusted to control the line width. As shown in Fig. (7), for a constant power (P = 100 mW), the line width of the patterns increases with increasing the number of runs and decreases by increasing the scanning speed. At a constant scanning speed (S = 0.05 mm/sec), the line width increases with the power of the laser beam as shown in Fig. (8). It should be mentioned that these results have been obtained with coatings prepared with ITO sol containing UV initiator, 0.1 wt.% of Irgacur 184. Its absorption spectrum is however not well adapted for the 351 nm UV laser irradiation. Therefore better results should be obtained by using a more adequate initiator such as Irgacur 369. Using this initiator an experiment was performed to find the minimum energy of curing. 
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Fig.6:  WLI  3D display (a) and profile plot (b) of the surface patterned by a focused 100 mW laser beam and 0.25mm/s scanning speed.
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Fig. 7:  Variation of the line width of the pattern with the number of scans at different scanning speed

The laser beam was expanded and collimated to achieve a beam diameter of about 1 cm and the spatial variation of the intensity was determined using a calibrated detector. The minimum energy to cure the patterned was determined at the border of the round pattern. The value was 1 J/cm2, i.e. close to that needed with the Beltron equipment. Fig. (39) shows the effect of the UV laser beam and UV light irradiation on the electrical sheet resistance of the film after different times of exposure. The as prepared samples were exposed to a laser beam of about 1 cm in diameter with a power of 80 mW for different time of exposure ((). One sample, after 3hs UV laser exposure, was directly exposed to UV light irradiation for 4 min.( ().
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Fig. 8:  The line width ((m) versus power of the laser beam at constant scanning speed (0.05 mm/sec)
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Fig. 9:  Sheet resistance of the patterned ITO film vs. time of exposure to 80 mW/cm2 laser beam ((), and 4 min UV light after 3 hs laser beam ( ().

4.3.3 CO2 laser patterning


CO2 laser with wavelength ( = 10.6 µm, maximum power 50 W, maximum scanning speed 1650 mm/sec and beam diameter of 100 µm, was used. Many ratios of the power and scanning speed were tried. In most cases, the films were destroyed and the substrates were damaged because of the high power. The best patterns were obtained using a laser beam with 1.5 W power and scanning speed of 660 mm/sec. The thickness of the film was about 650 nm. The film was densified completely either by UV curing or sintering at high temperatures. The 3D display and profile plot of the pattern surface are shown in Figs. (10 a&b), respectively. The width of the lines was about 110  µm for 2 runs and the distance between the lines was 99.4 µm, i.e. ( beam diameter. With 4 runs, the width decreases to 35 µm and the separating distance increases to 110 - 130 µm. It is clear from the figures that this technique is not suitable for ITO patterning.
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Fig. 10 : WLI 3D display (a) and profile plot (b) of the surface patterned by 1.5 W power and 660 mm/sec speed of CO2 laser beam.
Although the minimum energy required to cure the pattern is about 1 J/cm2, the sheet resistance decreases continuously with the laser irradiation but a much larger energy density (~ 900 J/cm2) is needed to get the low values. Rٱ ( 4 K(ٱ, obtained with the Beltron equipment after about four minutes irradiation (26 J/cm2). This indicates that probably the temperature of the sample is playing a role. Also, an ozone atmosphere may be formed inside the Beltron equipment due to the reaction of the chemisorbed oxygen species at high temperature (T inside the Beltron was more than 150 °C when the conveyer speed was 0.8 m/min or less). So we can say that the curing process was carried out in ozone ambient. By this way, most of the chemisorbed oxygen species were removed, during the UV light irradiation, leading to decreasing of the electrical resistivity. On the other hand, UV laser irradiation was carried out in air and a small amount of energy was enough to densify the coating. But even with much large energy, the electrical resistivity was still high. Since the nanoparticulate ITO film has a high porosity and it was densified in air then the final product will be oxygen – rich ITO pattern. So that its electrical resistivity is very high compared to that densified by UV light irradiation inside the Beltron system. Drop of the sheet resistance from ~ 15 K((, after 3 hs exposure to UV laser beam with 80 mW power, down to 4 K((, after only 4 minutes UV light irradiation through the Beltron equipment, confirmed our view point. The study of this effect will be underway in the future.

A fine patterning of the samples with sharp edges was obtained by using the Ar+ laser beam. The smallest line width is about 90 (m and the roughness of the surface is less than 10 nm.  The short time of exposure (5 min.) and the minimum energy density for the film densification (1 J/cm2) can be used to achieve 2D patterning.
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