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Abstract

:

This article reports on the influence of the sputtering parameters (discharge voltage, average target power density) of a high power impulse magnetron discharge (HiPIMS) on the structure, mechanical and optical properties of silicon-rich Al–Si–N films. We show that with the change of a discharge target power density in the range of 30–120 W/cm2, the hardness of the sputtered Al–Si–N films nonlinearly changes in the range of 22–29 GPa, while the concentration of the absorption centers changes in the range of 1018–1020/cm3. The optical spectra of the HiPIMS sputtered films are completely different from the Al–Si–N films prepared by a direct current magnetron sputtering, with an absence of “monoenergetic” optical absorption centers, which are attributed to point defects.
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1. Introduction


Aluminum–silicon nitride–based materials find a lot of applications in various fields such as electronics [1], optics [2], cutting tools [3], or light-emitting devises [4]. This wide use is due to the unique combination of its physical, electrical and mechanical properties. Al–Si–N materials show high hardness up to 30 GPa [5], superior toughness [6], optical transparency in the visible range [7], and excellent stability under harsh conditions such as high temperature [8] or accelerated particles bombardment [9]. It has been shown that the structure and properties of Al–Si–N materials are highly sensitive to the method and parameters of their preparation. By changing the Al/Si ratio, it is possible to tune a microstructure of the Al–Si–N composite from the crystalline through the nanocomposite to the fully amorphous state. After crossing approximately 12 at.% of the silicon concentration sputtered films exhibit a completely X-ray amorphous structure of a Al-doped Si3N4 [10]. Subsequent works have shown that this change of the microstructure strongly influences the mechanical and optical properties of the Al–Si–N composite [5]. Recent articles are mostly focused on the application of the high-power impulse magnetron sputtering (HiPIMS) to the Al–Si–N synthesis [11,12]. The main advantage of this technique is the fact of an extreme plasma ionization degree [13] leading to high mean particle energies (tens of eV) [14], a high dissociation of a reactive gas [15] and dense, void-free microstructure of sputtered films [16]. These advantages allow for smooth and optimized control of the structure and morphology of Al–Si–N sputtered thin films [17]. However, all reported data are focused on the Al–Si–N films with low (<20 at.%) silicon concentration. In this paper, we investigate the influence of HiPIMS parameters on the optical, mechanical and structural properties of the Al–Si–N system with a high silicon concentration.




2. Materials and Methods


Al–Si–N films were sputtered using a round unbalanced magnetron equipped by an Al/Si (25 at.%/75 at.%) target. The magnetron was powered by the HIPIMS power supply (1 kV, 5 kW, Applied Electronics, Tomsk, Russia). The base pressure p0 in the evacuated deposition chamber was 8 × 10−4 Pa. We sputtered the Al–Si–N films on Si (100) and glass substrates under the following deposition conditions: discharge voltage Ud = 700–1000 V, pulse period τ = 10 µs, pulse frequency f = 2 kHz, substrate temperature Ts = 300 °C, substrate-to-target distance ds-t = 100 mm, argon flow ϕAr = 100 sccm, nitrogen flow ϕN = 100 sccm, argon pressure pAr = 0.133 Pa, and nitrogen pressure pN = 0.5 Pa. The sputtering system allows us to control the magnetron sputtering voltage in the range of Ud = 700–1000 V with the corresponding discharge current Id = 150–350 A. The average target power density ws was calculated as:


ws=1T∫0TUd(t)Id(t)dtS



(1)




here, T is the pulse period, S is the target area ≈80 cm2.



Resulting average target power density ws was in the range of 30–120 W/cm2 for Us = 700–1000 V respectively. This strong sputtering power leads to a high ionization degree of the sputtering material [13]. In order to estimate the plasma ionization level at the various target power densities, we used a plasma optical emission spectroscopy (AvaSpec-ULS2048XL-EVO, Avantes, Apeldoorn, The Netherlands) and selected the characteristic lines of aluminum (Al+ (510 nm), Al++ (607 nm)), silicon (Si+ (615 nm), Si++ (578 nm)) and nitrogen (N+ (746 nm)). The coating’s cross-sectional morphology and elemental composition were studied using a scanning electron microscope equipped with an EDS detector (Quanta SEM, FEI, Hillsboro, OR, USA). Structural characteristics of the coatings were studied using X-ray diffraction (Shimadzu XRD 6000, Shimadzu, Kyoto, Japan) in the Bragg–Brentano configuration with Cu Kα (λ = 0.154 nm) radiation. Infrared spectra of the sputtered films were measured by the FTIR spectrometer (Nicolet 5700, Thermo Electron Corporation, Waltham, MA, USA). The density of the sputtered films was measured by the film mass divided by volume, where the film mass is calculated by the difference of the substrate-film system masses before and after the film deposition, and the volume is calculated by the multiplication of the film thickness and the area of the Si substrate.




3. Results


Figure 1a shows the experimental current-voltage diagram of the HiPIMS for ws = 120 W/cm2. The resulted peak current Id = 350 A with the attributed discharge voltage Ud = 1000 V gives a peak discharge power density up to 4.5 kW/cm2. Figure 1b shows the selected line intensities of the OES spectra for the target material atoms (Al and Si) and nitrogen atoms at the various discharge voltages and the corresponding average target power density.



Line intensities exponentially increase with the increasing of the discharge voltage, especially for ionized atoms at the higher ion charge states (Al++ and Si++) with the change of a discharge voltage from 700 to 1000 V with the corresponding target power density change from 30 up to 120 W/cm2. At the substrate floating potential Uf ≈ −25 V that gives a strong ion bombardment of the growing film with the ion energies up to 80 eV (up to 30 eV of the ion initial energy [18]) and densification of the growing film, as shown in Figure 2. The density of the sputtered Al–Si–N films is correlated with their stoichiometry. The maximum density of the sputtered film deposited at Ud = 900 V is related to the Al11Si31N55 composition, giving the stoichiometry AlN/Si3N4. A higher increase of the discharge voltage leads to the intense bombardment by the high energy N+ ions and enlarged nitrogen concentration in the growing film. For the film deposited at Ud = 1000 V, a resulted film composition Al11Si30N58 gives an overstochiometric nitrogen concentration. Values of hardness of the sputtered films is also strongly correlated with the elemental composition. The maximum value of H = 29.3 GPa is attributed to fully stoichiometric AlN/Si3N4, while the change of the stoichiometry leads to the decreasing of the Al–Si–N film hardness, as shown in Figure 2.



In order to characterize the structure of the sputtered films, we use FTIR measurements, X-ray diffraction and SEM measurements, as shown in Figure 3. Al–Si–N film prepared at ws = 30 W/cm2 exhibits a fully amorphous structure in agreement with previously reported studies [5], as shown in Figure 3b. Additionally, Al–Si–N films are show the same cross-sectional morphology for all target power densities.



No lines of AlN or Si3N4 also cannot be detected on the XRD measurements, as shown in Figure 3c. FTIR spectra of the same film consists of two peaks attributed to the Al–N stretching (780 and 1050 cm−1) and one strong peak of the Si–N stretching (~900 cm−1), as shown in Figure 3a. While an increase of the sputtering power up to 120 W/cm2 did not change the XRD pattern of Al–Si–N, on the FTIR spectra, one can detect a broadening of the Si–N peak at ~900 cm−1 possibly due to the nitrogen dissolving.



A strong ion bombardment during the HiPIMS sputtering process leads to the high concentration of light absorption centers in the film. We found the correlation of light absorption center’s concentration and deposition parameters by the measurement of optical absorption properties of the sputtered Al–Si–N films on the silica glass substrate. The spectral dependence of the absorption coefficient was calculated as:


α(hν)=D(hν)/d



(2)




here, D(hν) is a spectral characteristic of the optical density and d is the film thickness. The thickness of all studied Al–Si–N films was 1 ± 0.1 μm.



We estimated the absorption center’s concentration by the Smacula–Dexter formula:


N=0.87×1017×n(n+2)2×γf×α0′



(3)




here, n is the materials refractive index, f is the oscillator order (in our case f is assumed as 1), α0′ is the absorption coefficient at the maximum of the local line with the center at hν0 and half width γ.



In comparison with the Al–Si–N films previously sputtered by the DC and pulsed magnetron sputtering [19], the HiPIMS sputtered Al–Si–N films show absence of “monoenergetic” optical absorption centers, which are attributed to point defects, as shown in Figure 4. The absorption center’s concentration for the HiPIMS sputtered film is an order of magnitude higher in comparison with the DC sputtered thin film at the same target power density ws = 30 W/cm2 due to enlarged penetration of nitrogen ions during the sputtering process, as shown in Figure 4a.



We analyzed the spectral characteristics of the sputtered films by the inter-zone absorption model for the amorphous and highly defective materials [20]:


α(hν)=α0″×e−(hν−Eg0)2/2σ′2



(4)




Here, α0″ is a constant, Eg0 is the median value of the materials band gap, and σ′2 is the dispersion of Eg, characterized by the defect disorder.



Due to the good approximation of the experimental data by Equation (4), one can conclude that sputtered material consists of nanocrystals of Al–Si–N embedded into the amorphous Si3N4 matrix, which is in agreement with FTIR and XRD data, as discussed above. The synthesized films show a direct band gap Eg0 = 2.98–3.44 eV with the dispersion σ′ = 1.38–1.53, as can be seen in Table 1. The absorption coefficient and the corresponding absorption center’s concentration increases with the increasing of an average magnetron target power density, as shown in Figure 4b, from 1018/cm3 for ws = 30 W/cm2 up to 1020/cm3 for ws = 120 W/cm2. At the same time, the values of the median band gap and the optical gap increase with the correlated decreasing of the Urbach energy and the band gap dispersion of the film material, as shown in Table 1. Median band gap increases from 2.98 eV, which is a close value to the band gap of the fully amorphous silicon nitride [21] to the 3.44 eV, which is in correlation with increasing of the target power density possibly due to the formation of nanocrystalline Si3N4 and AlN (band gaps 5.1 and 6.2 eV respectively). Based on these data, one can conclude the reduction of the disorder in the growing material with the increasing of the magnetron target power density by the defects clustering.




4. Conclusions


In conclusion, we show that mechanical and optical characteristics of the silicon-rich Al–Si–N films are heavily dependent on the sputtering voltage and power density of the HiPIMS discharge. The optimum value of sputtering power is around ws = 90W/cm2, and this gives the optimum stoichiometry AlN/Si3N4 and the highest hardness H = 29.3 GPa, while a higher increase of the sputtering power leads to the reduction of the hardness due to the enlarged amount of nitrogen in the growing film. The optical characteristics of the sputtered Al–Si–N films are correlated with the nitrogen concentration in the growing film. The HiPIMS sputtered Al–Si–N films show an absence of “monoenergetic” optical absorption centers, which are attributed to point defects, while the total concentration of the light absorption centers is an order of magnitude higher in comparison with the DC sputtered thin film at the same target power density.
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Figure 1. Single pulse characteristics (a) and optical emission spectroscopy intensities of selected lines (b) of HiPIMS discharge. 
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Figure 2. Hardness, density and elemental composition of sputtered Al–Si–N films that are dependent on the HiPIMS discharge voltage. 
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Figure 3. (a) FTIR spectra of Al–Si–N films prepared at ws = 30 W/cm2 (green) and 120 W/cm2 (black); (b) SEM image of the Al–Si–N film prepared at ws = 30 W/cm2; (c) Diffraction patterns of Al–Si–N films prepared at 30 W/cm2 HiPIMS discharge power (top) and Al–Si–N films prepared at 120 W/cm2 HiPIMS discharge power (bottom). 
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Figure 4. (a) Spectral dependence of the absorption coefficient; (b) absorption center’s concentration in dependence with the average HiPIMS discharge power density. 
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Table 1. Optical characteristics of the sputtered Al–Si–N films in dependence with the HiPIMS target power density.
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	Target Power Density w (W/cm2)
	Film Band Gap Eg0 (eV)
	Band Gap Dispersion σ′ (eV)
	Urbach Energy EU (eV)
	Optical Gap Eg′ (eV)





	30
	2.98
	1.53
	1.86
	1.6



	45
	3.14
	1.40
	1.48
	1.8



	90
	3.22
	1.38
	1.33
	2.01



	120
	3.44
	1.5
	1.15
	2.04
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