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Abstract

:

This article presents an ablative method of cutting masks from ultra-thin metal foils using nanosecond laser pulses. As a source of laser radiation, a pulsed fiber laser with a wavelength of 1062 nm with the duration of pulses from 15 to 220 nanoseconds (ns), was used in the research. The masks were made of stainless-steel foil with thicknesses of 30 µm, 35 µm, and 120 µm. Channels of different lengths from 50 to 300 µm were tested. The possibilities and limitations of the presented method are described. The optimization of the cutting process parameters was performed using the experiment planning techniques. A static, determined complete two-level plan (SP/DC 24) was used. On the basis of the analysis of the test structures, we designed and produced precise shading masks used in the process of organic field effect transistor (OFET) electrode evaporation. The ablative method proved suitable to produce masks with canals of minimum lengths of 70 µm. It offers facile, fast, and economically viable shadow mask fabrication for organic electronics applications, which moreover might enable fast prototyping and circuit design.
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1. Introduction


Laser technologies are widely used in many industries. For many years, lasers have been successfully used to cut materials such as metals, semiconductors, plastics, and ceramics [1]. The technique of cutting metals with melting and gas blowing is used at a macroscopic scale (the elements of dimensions from 1 to 250 mm) [2]. In the case of cutting precise elements in thin films (30–150 µm), the ablative technique can be used [3]. This method is based on repeated beam scanning along the cut edge and gradual removal of the material. The process has to be repeated many times, depending on the parameters of the laser beam and the thickness of the material. During a single beam scan, a material layer with a thickness of 1 to 5 µm is removed. The ablation method with nanosecond pulses has been successfully used for cutting out unusual shapes of photovoltaic cells [4], surface treatment of silicon and ceramics [5,6], or texturing of rubber surfaces [7]. Laser technologies can also be used in the production of thin-film meta-material structures [8,9,10]. In this article, we demonstrate the effectiveness of the ablative effect of ns pulses to cut out ultra-thin masks. The created masks have already found application in the production of textronics as well as the electronics elements and systems [11]. One such example is shadow masks used to fabricate electrodes in vapor deposition process of metals. Electrodes prepared by this method are the most mainstream in organic field effect transistors (OFETs) and other organic electronic devices [12,13].



In the last few decades, the evolution from rigid and thick silicone-based electronics to extremely lightweight, thin, and flexible organic electronics has opened the doorway towards next-generation electronic products such as flexible displays, lighting devices, and medical sensors [13,14,15]. Thanks to the development of flexible OFETs, which are based on organic semiconductors (OSCs), it is possible to fabricate highly flexible electronic systems. A transistor is an electronic component based on semiconductors, which serves as switch and is essential in any electronic circuits [16,17]. One of the promising applications of OFETs are the flexible devices, which can be fabricated by alternating deposition of thin layers of OSC, metal electrodes, and polymer insulator (Figure 1) [17,18].



The transport of charge carriers occurs through active OSC layer in the transistor channel (between source and drain electrodes) (Figure 1). The transistor efficiency is directly related to the channel dimensions (Figure 2) [19].



The maximum electrical current (ISD) that can flow between source-drain (in a saturation regime) can be calculated from the following equation [16]:


   I  SD   =  W  2 L    μ C     (   V G  −  V T   )   2   



(1)




where W—channel width; L—channel length; C—capacitance of the dielectric; µ—charge carrier mobility of OSC material; VG—voltage applied to the gate electrode; VT—threshold voltage of the transistor.



According to Equation (1), the main factor determining the transistor efficiency, besides OSC and the dielectric materials, is the channel geometry. To ensure high efficiency of the device, the channel length ranges usually from few micrometers up to tens of micrometers [19,20]. Fast and economically viable fabrication of a customizable small channel with a precisely defined shape is a significant engineering challenge. The technology of laser cutting of channels meets the above requirements. An important aspect is the edge of the mask, which should be cut in a straight line to obtain well-defined dimensions of the transistor channel. The channel dimensions directly influence the electrical current (ISD) that can flow between source and drain electrode (Equation (1)) [19].



One of the electrode deposition methods used in organic electronics is vacuum thermal evaporation (vacuum 1 × 10−5 mBar). This method allows for precise application of electrodes by deposition of metal from vapor phase onto the sample in “high” vacuum through the so-called shadow mask or micro stencil. This mask is usually made of metal with apertures cut in the places, where the metal needs to be deposited through the mask onto the sample [21]. Electrodes obtained in the vacuum deposition process ideally reflect the dimensions and shape of the shadow mask (in negative). Shadow masks are used widely in nanotechnology for fabrication of majority of modern electronics such as processors or solid-state memory devices (SSDs). Such masks enable not only thermal vacuum deposition but also various sputtering, lithography, and electroforming processes in industries where high precision is of high importance. One of the challenges in production of shadow masks for micro- and nano-industries are the time-consuming and expensive processes such as UV-lithography, thus making rapid prototyping and customization of shadow masks difficult [22]. The proposed method is competitive with those used thus far due to the ease of adjusting the process parameters, time, and process ecology.




2. Materials and Methods


2.1. Laser Process


The masks were produced using a stand equipped with SPI G3.1 fiber laser (SPI Lasers UK Ltd., Southampton, UK), BET expander (SPI Lasers UK Ltd., Southampton, UK) with nominal magnification 8.7, Nutfield 3xB scanner (Thorlabs Inc., Newton, NJ, USA), telecentric lens (Thorlabs Inc., Newton, NJ, USA), and a self-focusing system with a distance sensor. The diagram of the stand is shown in Figure 3. The laser parameters are set using the driver from the WaveRunner application. In this way, the duration of the pulses, pulse repetition frequency, beam scanning speed, and beam power are regulated. From the laser, the beam is directed through the optical fiber to the expander, whose role is to collimate and extend the beam to a diameter of 9.1 mm. The shaped laser beam goes to the scanning device equipped with a two-axis galvanometric head. This solution gives the possibility of obtaining very high beam scanning speeds up to 6000 mm/s. The laser beam is focused to a spot with a diameter of 26 µm with the optical elements (expander, F-Theta lens). The positioning of samples is possible thanks to the precise XYZ stage with the SICK OD2-P85W20A2 distance sensor, which measures with an accuracy of 1 µm. Detailed parameters of individual elements of the system are presented in Table 1.



Three types of ultra-thin films were used to produce the masks:




	
Stainless steel SMT stencil foils PhD, 120 µm thick;



	
Cold-rolled stainless, spring steel-1.4310, 35 µm thick;



	
Hardened steel 1.1274, 30 µm thick.









2.2. Optimalization of the Mask-Cutting Process


For the tests, a number of test structures were produced in the form of two 1 × 1 mm openings with a bar in the center (Figure 4). The channel length was changed in the range of 50 to 300 µm.



The criteria for assessing the obtained elements were the following: the accuracy of mapping the dimensions of the bar, the continuity of the structure (the bar cannot be broken), and the smoothness of the cut edges.



The optimization of the parameters of the laser cutting process was performed using the experiment planning method [23,24]. The following parameters were set as the input parameters: laser beam power (2–10 W), pulse repetition frequency (35–270 kHz), beam speed (200–2000 mm/s), and pulse duration (15–220 ns). The starting factor was the thickness of the removed metal layer with a single exposure to the laser beam. A four-variable design with two levels of variation including interactions was adopted to the research. The plan took into account the interaction between the beam scanning speed and the pulse repetition frequency due to the overlapping effect [25]. The most advantageous parameters were selected: pulse duration 25 ns, power 15 W, scanning speed 200 mm/s, and pulse repetition frequency 50 kHz. For these parameters, in order to cut holes in the foil of thickness of 35 µm and 30 µm, the scanning should be repeated 50 times. For a foil of thickness of 120 µm, pulses with a longer duration of 220 nm should be used. However, the bars obtained in these foils did not meet the assumed criteria and were not suitable to produce structures with dimensions below 70 µm.



Examples of incorrect structures with wrong selected parameters are shown in Figure 5.





3. Results


In this work, we present a high-precision shadow masks for OFET (Figure 6) electrode evaporation fabricated by laser cutting. The photo shown in Figure 6 was taken with the Keyence Digital Microscope VHX-7000. The mask with overall dimensions of 85 × 75 mm included positioning holes and a set of 10 apertures grouped in 2 identical areas. The length of the channels in an individual mask varied from 100 to 300 µm. The masks were fabricated to make electrodes for flexible OFETs, which will be mechanically tested in the future. This range of channel length (100 to 300 µm) was chosen because such a long channel was the most suitable for our bending experimental setup.



Electrodes obtained in the vacuum deposition process should ideally possess the same shape as the pattern of the mask. Therefore, an important aspect are the edges of the mask, which should be cut in a straight line to obtain well-defined dimensions of the transistor channel. Nevertheless, in practice, the shape of electrode can be slightly different from the pattern of the mask (Figure 7a,b). This effect is related to the imperfections in the vacuum deposition process. The shape and the profile of an electrode depends on the angle at which the evaporated metal hits the sample (ideally it should be a right angle to reproduce the shape of the mask) as well as mask fitment to the surface of the sample to reduce overspray. In case of high roughness or uneven shape of the sample, the mask may not fit perfectly. Moreover, accumulated damage to the mask throughout its use and increasing thickness of metal deposited on the mask itself reduces the precision of produced electrodes. Because of this, it is important to replace the masks regularly. This increases cost and makes fast and cheaper mask production method more attractive [21,26]. The electrodes with thickness 100 nm were deposited through shadow mask (Figure 6) on the silicon/silicon-oxide (Si/SiO2) wafer, coated with OSC. To ensure tight bonding of the mask to the surface of sample, the mask was pressed by special holder. The chosen evaporated metal was gold, because of the electrode work function providing suitable charge carrier injection from electrode to OSC during OFET operation.



The functionality of electrodes was initially tested by using them as a source and drain electrodes in OFET devices with standard Si/SiO2 wafers as substrates and using 2,7-dioctyl [1] benzothieno, [3,2-b] [1] benzothiophene (C8BTBT) as an OSC active layer. The C8BTBT is a high-performance p-type OSC that was deposited in a vacuum thermal deposition process. The transfer and output current–voltage characteristics (CVs) of the OFET are presented on the Figure 8.



The transistors were measured using a Keithley 2634B source meter. Output characteristics were measured with constant gate voltage (VGS) ranging from 10 V to −60 V with step 10 V and variable drain–source voltage (VDS) from 10 V to −60 V. Transfer characteristics were measured after applying constant drain–source voltage (VDS) of −60 V and various gate voltages (VGS) from 10 V to −60 V. The fabricated devices showed typical OFET current–voltage characteristics, with the following operational parameters: charge carrier mobility µ = 0.51 cm2V−1s−1, threshold voltage Vth = −21 V, and on/off current ratio Ion/off = 8 × 104.



The mobility and threshold voltage of OFET were extracted from the saturation regime of the transfer characteristic using the following formula:


  μ =   2 L     WC  i    ×    (    ∂    I  DS       ∂  v  Gs      )   2   








where IDS is the source–drain current, VGS is the gate voltage, Ci is the capacitance of gate dielectric layer, µ is the mobility in the saturation region, L is the channel length, and W is the channel width [19].



The operational parameters of the presented transistor are comparable to the literature values for C8BTBT semiconductor deposited on Si/SiO2 wafer with gold electrodes [27,28]. This proves functionality of the source and drain electrodes deposited by masks obtained by laser ablation process.




4. Discussion


The use of a fiber laser with the described parameters makes it possible to produce masks with a canal with a minimum length of 70 µm. Masks prepared with narrower channels are not continuous, nor are the cut results with edges that are jagged. Irregularly shaped electrodes might present challenges to proper parameter calculation, increase overspray, and in more extreme cases cause short circuits or electrical arcing. This is the result of thermal stresses and deformations occurring when the thin foil heats up. Much better results were obtained for lower beam scanning speeds, which were related to the inertia of the scanning system. This effect cannot be observed in structures larger than 500 µm. Due to the impulse nature of laser interaction and the diameter of the focused beam (26 µm), the maximum edge smoothness was achieved with a layer thickness of up to 1 µm. However, it is an acceptable value in the technology of electrode evaporation in OFET transistors. The presented method offers facile and fast shadow mask fabrication for organic electronics application. While the minimum dimensions of objects produced are limited in comparison to other methods, e.g., photolithography or electroforming, it is much cheaper because it does not require multi-step processes or high purity clean room conditions, and it uses commercially available materials. The presented method can be useful for fast prototyping and circuit design.
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Figure 1. Scheme of flexible organic transistor in bottom gate–top contact electrode configuration. 






Figure 1. Scheme of flexible organic transistor in bottom gate–top contact electrode configuration.
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Figure 2. Scheme of source and drain electrodes forming channel with dimensions: W—width; L—length. 
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Figure 3. Diagram of the laser mask cutting system. 
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Figure 4. Microscopic photos of test structures—70 µm wide bar—hardened steel 1.1274, 30 µm: (a) magnification 5×; (b), magnification ×300. 
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Figure 5. A 50 µm thick mask with a broken channel; magnification ×100. 
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Figure 6. Shadow mask for organic field effect transistor (OFET) electrode fabrication with the channel lengths: 100, 150, 200, 250, and 300 (µm): (a) microscopic image (magnification ×10); (b) microscopic image channel length: 250 (µm), magnification ×30. 






Figure 6. Shadow mask for organic field effect transistor (OFET) electrode fabrication with the channel lengths: 100, 150, 200, 250, and 300 (µm): (a) microscopic image (magnification ×10); (b) microscopic image channel length: 250 (µm), magnification ×30.
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Figure 7. Microscope image of (a) shadow mask; (b) electrode obtained by vacuum evaporation of gold through shadow mask. The distance between electrodes is 250 µm, magnification ×150. 
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Figure 8. The (a) transfer and (b) output current–voltage characteristics of OFET fabricated with usage of source and drain golden electrodes, obtained by vacuum evaporation of gold through shadow mask. The OFET channel length of OFET was 250 µm and electrode configuration was bottom gate–top contact. 
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Table 1. Parameters of the devices of the laser system.






Table 1. Parameters of the devices of the laser system.





	
Laser SPI G3.1 SM 20 W






	
Wavelength (nm)

	
1062




	
Average power (W)

	
20




	
Pulse duration (ns)

	
15–220




	
Pulse energy (mJ)

	
≤0.55




	
Frequency of repetition (kHz)

	
35–290




	
Quality of beam (M2)

	
<1.3




	
Scanner (Nutfield Techn. Inc.)




	
F-theta lens (mm)

	
100–164




	
Maximum scanning speed (mm/s)

	
6000




	
Pulsed Laser Beam Expander




	
Mechanical Outline

	
7.0 × 8.7
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