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Abstract

:

A single beam plasma source was used to deposit hydrogenated amorphous carbon (a-C:H) coatings at room temperature. Using methane source gas, a-C:H coatings were deposited at different radio frequency (RF) power to fabricate transparent and durable coatings. The film deposition rate was almost linearly proportional to the ion source power. Hydrogenated amorphous carbon films of ~100 nm thickness appeared to be highly transparent from UV to the infrared range with a transmittance of ~90% and optical bandgap of ~3.7 eV. The coatings also possess desirable mechanical properties with Young’s modulus of ~78 GPa and density of ~1.9 g/cm3. The combined material properties of high transmittance and high durability make the ion-source-deposited a-C:H coatings attractive for many applications.
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1. Introduction


Amorphous carbon (a-C) coatings have many attractive properties, such as high hardness, low friction, low roughness, and high resistivity [1,2,3]. By adding hydrogen to form hydrogenated amorphous carbon (a-C:H), the coatings become softer but more transparent than a-C [4]. Therefore, a-C:H is particularly suitable for applications where highly transparent and moderate wear-resistant coatings are required. Examples of applications include moisture barrier and wear-resistant coatings for perovskite solar cells, plastic packaging materials, and touch screens.



Hydrogenated amorphous carbon coatings have been produced by physical vapor deposition (PVD), chemical vapor deposition (CVD), and plasma-enhanced chemical vapor deposition (PECVD) [1,4,5]. Today, PECVD is the most used method for making a-C:H coatings because of its ability to tune the process and, subsequently, the material structure and properties [6,7,8].



Most of the past studies aimed to achieve a specific property of amorphous carbon coatings, such as high hardness [9,10]. A few reports discussed the growth of a-C:H coatings that had combined high transmittance and mechanical strength (e.g., Young’s modulus and hardness) [11,12,13,14,15,16,17]. Producing highly transparent a-C:H with high density and hardness is a challenge to conventional PECVD [9,17,18,19]. The limitation arises from the plasma characteristic of PECVD, in which the chemical species are not under thermal equilibrium [20]. This means the average electron energy (e.g., 3 eV) is much higher than the ions (e.g., ~0.07 eV) and the neutral species (e.g., ~0.03 eV). Therefore, the ions and neutral species have little kinetic energy as they reach the substrate. It has been demonstrated that applying a negative bias to the substrate can effectively densify the a-C:H by attracting the positively charged ions to bombard the growing film [21]. Although applying a negative bias could be difficult in some applications, such as coatings on a plastic sheet in a continuous roll-to-roll process, this idea has inspired the use of ion source to deposit transparent a-C:H coatings with high Young’s modulus.



Ion sources are plasma generation devices that enable ion beams to interact with the materials at the atomic level as they are deposited to effectively modulate the film microstructure [21,22,23,24,25]. In the ion-source-enhanced growth of a-C:H, the ion source produces plasma from hydrocarbon gas, such as methane. The plasma breaks the hydrocarbon molecules and creates various radicals that form amorphous carbon coatings. Since the pioneering work of Aisenberg and Chabot [26], ion beam deposition of amorphous carbon thin films has continuously advanced with the development of ion sources. Two major types of ion sources have been widely used for thin-film processing, gridded and end-Hall ion sources [27,28]. The gridded ion source has a relatively low current and high ion energy (e.g., >300 eV), which usually leads to large stress and graphitization of the carbon films. Gridless end-Hall ion sources can produce ions with a wide range of average energy (e.g., 40–200 eV) at a much higher current than gridded ion sources. These characteristics are beneficial for the high-rate deposition of dense a-C:H films. The requirement for a closed-loop drift of the electrons in end-Hall ion sources leads to circular or racetrack beam patterns, while some applications would demand the ions to be focused onto a specific area. Furthermore, end-Hall ion sources have a narrow ion-emitting slit, which could be coated quickly, resulting in unstable discharges.



This work reports the use of a recently developed single beam plasma source to address the needs described above. The goal is to demonstrate the feasibility of low-temperature growth of highly transparent and dense a-C:H films with moderate Young’s modulus.




2. Material and Method


The depositions were performed in a custom-made vacuum system with a load lock. A single beam ion source (SPR-10, Scion Plasma LLC) illustrated in Figure 1a,b was used as the plasma source. It consists of an anode with a center cavity and a closed bottom. The anode opening is 12 mm in diameter. A cathode cover is located above the anode. A magnet assembly generates a magnetic field that forms a closed loop inside the anode cavity to confine the electrons. Details of this single beam plasma source can be found in reference [29]. The distance from the substrate to the ion source was set at 38 mm, which is shown in Figure 1c.



The process gases were methane (CH4, 10%) mixed with argon (Ar, 90%). The base pressure for the deposition was <8 × 10−4 Pa. The deposition pressure was 1.6 Pa. The deposition was performed on 25 × 25 mm2 glass and Si wafer substrates at room temperature. The substrates were ultrasonically cleaned in acetone and methanol in sequence, each for 15 min. Then the substrates were dried using compressed nitrogen gas and placed in an oven at 80 °C for 30 min.



The ion source was excited by a radio frequency (RF) power of 13.56 MHz. The RF power used was in the range of 10 to 40 W. At different RF excitation power, the deposition time was adjusted to make the coatings of 100 nm thickness.



The thickness of the coatings was measured by a Dektak XT profilometer system. The thickness was measured three times and averaged.



To determine the chemical composition of the a-C:H films, X-ray photoelectron spectroscopy (XPS; Perkin Elmer Phi 5400 ESCA system) with non-monochromatic aluminum Kα X-ray source was employed. Carbon (C1s) was used to calibrate the sample charging for XPS measurements. The XPS data were fit using the PHI Multipak (v8.0) software.



A laser acoustic surface wave spectroscopy instrument (LAwave) was used to measure the elastic properties and density of the coatings.



The optical transmittance of the coatings was measured by a spectrophotometer (F20, Filmetrics) and a clean glass slide was used as a baseline for comparison.



The surface morphology was measured by atomic force microscopy (AFM Hitachi AFM 5100N) with a Si tip and the aerial root mean square roughness (Sq) was calculated.




3. Results and Discussion


The a-C:H coatings were deposited at different RF power. Figure 2a shows the film deposition rate dependence on the power. The deposition rates were deduced from the film thicknesses and deposition times. It can be seen that the deposition rates increased with the RF power because a higher RF power resulted in higher plasma density due to a higher degree of ionization and dissociation of the precursor (CH4) in the plasma. It is worth noting that the average ion energy was proportional to the RF power (voltage) [30]. If the RF power was too high (e.g., 60 W), film delamination could occur due to the large ion energy. Under each power, the deposition time was adjusted according to the deposition rate to produce films of ~100 nm thickness. Figure 2b shows an example of the coating thickness profile on a glass substrate measured with the profilometer. It confirms the film thickness was ~100 nm.



Figure 3 shows the deconvoluted XPS C 1s peak for the a-C:H film deposited at 40 W RF power as a representative of the overall structure and composition of all deposited films in this study. The curves around 283.4 and 284.6 eV can be attributed to the typical sp2 and sp3 carbon-carbon (C-C) and/or carbon-hydrogen (C-H) bonds, respectively, in a-C:H coatings. The remaining deconvoluted curves around 285.5 (C-O), 287.9 (C=O), and 289.2 eV (COOH) are due to the presence of oxygen on the film surface. Most of that oxygen is probably present because of air exposure.



Table 1 summarizes Young’s modulus and film density of the a-C:H coatings. Although the film density nearly did not change, the modulus was lower at 40 W RF power compared to the other films. A decrease in Young’s modulus can be an indication of hydrogen incorporation. Our recent study indicated that the average electron energy and ion energy are proportional to the RF power [30], hence, higher RF power will lead to a stronger dissociation of precursor molecules. This will raise the overall free hydrogen in the plasma, which can be incorporated into the growing film. The ratio of sp3 to sp2 carbon/hydrocarbon is another main contributor to Young’s modulus and density in amorphous carbon coatings. The difference in proportionality to the RF power in Young’s modulus and density can be explained by those two contributors: When the RF power increases, the growing film is bombarded by ions of higher energy which appears to enhance the graphitization (sp2) of the deposited material. Thus, Young’s modulus decreases, which can be especially observed when increasing the RF power from 25 to 40 W. This effect is not as apparent when rising the RF power from 10 to 25 W, which could indicate that the bombarding ion energies are not high enough to transform some of the sp3 bonds to sp2 bonds. The possible increase in sp2 carbon also decreases the overall density of the film, but the incorporation of free hydrogen on interstitial spots appears to counteract this process.



Atomic force microscopy (AFM) was performed in an area of 2 × 2 µm on the samples deposited on the polished Si substrates. Figure 4 shows the topography of the coatings deposited at different RF power. The calculated Sq values are summarized in Table 1. All the coatings exhibited similar root mean square roughness values of 1.1–1.2 nm. No direct correlation between the roughness and RF power could be found. Slight differences might be caused by the technique itself and are not significant.



Figure 5 shows the optical transmittance (a) and reflectance (b) spectra of the a-C:H coatings with a thickness of approximately 100 nm. The films were highly transparent, and the transmittance was over 90% in the visible light range and close to 90% even in the short wavelength range down to the absorption limit of the glass substrate (~380 nm). Overall, the transmittance spectra of the coatings prepared with different RF powers were similar. There was a small increase in the transmittance around 400 nm wavelength as the deposition RF power was increased to 40 W. This result is consistent with Young’s modulus data, the coatings included more hydrogen content at higher deposition power and became more transparent. The reflectance spectra of the coatings deposited at different RF powers were also similar. There is a slight increase in the reflectance in the short wavelength range as the power increases. From the transmittance and reflectance spectra, the absorption coefficients of the a-C:H coatings could be deduced.



The optical bandgap of the coatings was calculated from the transmittance (T) and reflectance (R) data, from which the absorption coefficient ( α ) was calculated using the following equation.


  α =  1 t  ln     1 − R  T     








where t is the thickness of the coating. The optical bandgap values were estimated from the Tauc plot shown in Figure 6. The predicted optical bandgap was around 3.7 eV. The deposition power had little effect on the optical bandgap of the coatings.




4. Conclusions


This work demonstrates the deposition of highly transparent hydrogenated amorphous carbon coatings using a single beam ion source at low temperatures. Using methane as the source gas, a-C:H coatings have a transmittance of about 90% from UV to the infrared wavelength range. The optical bandgap of the coatings is at least ~3.7 eV. The coatings have Young’s modulus of ~78 GPa and a density of ~1.9 g/cm3 with a roughness value of ~1.1 nm. Higher deposition power achieved high deposition rates without decreasing the material properties significantly. The combination of high transmittance and moderate Young’s modulus makes the ion-source-deposited a-C:H coatings attractive for protecting soft and heat-sensitive surfaces.
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Figure 1. (a) Profile side view and (b) top view of the single beam plasma source. (c) Plasma discharge image of the single beam ion source. 
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Figure 2. (a) Deposition rate dependence on the ion source RF power and (b) surface profile of the a-C:H coating on a glass substrate. 
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Figure 3. XPS spectrum of the a-C:H film deposited at 40 W RF power. 
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Figure 4. AFM images of a-C:H coatings on Si substrate with deposition power of (a) 10 W, (b) 25 W, and (c) 40 W. 
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Figure 5. (a) Transmittance and (b) reflectance spectra of the a-C:H coatings produced by the ion source at different RF power. 
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Figure 6. Tauc plot of the a-C:H coatings produced at different ion source power. 
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Table 1. Summary of mechanical properties of a-C:H coating.
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	Power (W)
	Young’s Modulus (GPa)
	Density (g/cm3)
	Sq (nm)





	10
	76
	1.92
	1.2



	25
	75
	1.91
	1.1



	40
	70
	1.90
	1.1
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