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Abstract

:

The design of a multi-position drum-type assembly (MPDTA) for heating and positioning substrates with the possibility of individually setting and controlling the temperature of each substrate, which is applicable for laboratory-type sputtering setups, is described. The above design provides the possibility of the simultaneous deposition of thin films under identical conditions on several substrates at different temperatures, making it possible to explore the temperature dependences of the films’ morphology, structure, and functional characteristics in one single vacuum deposition cycle. As a case study, the possibility of investigating such dependencies for the magnetron deposition of transparent conducting indium–tin oxide (ITO) thin films was demonstrated using the MPDTA. The investigation results revealed that the functional performances of deposited ITO thin films (resistivity and average transmittance in the visible range) improved with increasing the substrate temperature, reaching values of 1.5 × 10−4 Ω·cm and over 80%, respectively, at 300 °C.
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1. Introduction


A heated substrate holder represents a fundamental component of any sputtering setup. Typically, its design is determined by the range of tasks implemented on the basis of a particular sputtering setup. For example, setups designed for the physical vapor deposition (PVD) of films on a plurality of relatively small substrates are equipped with a drum or planetary-type holder that allows each of the substrates to pass sequentially and repeatedly in front of the target [1]. In such setups, the heating of substrates is performed by IR radiation from an external stationary heater [2]. This holder concept provides the same temperature regime for all substrates and is widely used in both industrial and semi-industrial sputtering setups, with the aim of depositing functional thin films according to an already well-established route. Indirectly heated substrate holders are commonly used in most laboratory PVD setups for routine explorations. At the same time, the use for research purposes of a setup featuring a multi-position substrates holder with the possibility to set individually the temperature for each substrate would provide simultaneous deposition capabilities of thin films under identical technological conditions on several substrates at different temperatures in the same vacuum cycle [3,4,5]. This will make it possible to obtain promptly complete information on the substrate temperature influence over the deposition rate, morphology, structure, and functional characteristics of the deposited thin film materials [6]. In addition to speeding up the optimization of the deposition process, this concept of a multi-position substrate holder with independent heating systems should result in increased reliability of the obtained research results, which is completely in line with the high-throughput paradigm [7].



In this paper, the design of a multi-position drum-type assembly (MPDTA) that provides simultaneous setting and control of the temperature of up to six substrates is presented. Then, the performance and advantages of the developed MPDTA are applied to the deposition of a transparent conductive oxide (TCO) material, ITO, since extensive research in this area (the influence of the growth parameters on the properties and the stability of the TCO films) is still relevant [8,9,10,11]. It is noteworthy that the upper limit for the optimization of growth conditions with respect to the substrate temperature for most TCO materials usually does not exceed 500 °C [9,10].




2. Materials and Methods


2.1. Description of the Developed MPDTA


The functional scheme of the MPDTA designed for the positioning and heating of substrates is shown in Figure 1a. The MPDTA is mounted on the upper lifting flange (1) of the vertical cylindrical working chamber of our sputtering setup. MPDTA consists of a disk faceplate (2), on which, using corner consoles (3), several substrate holders (4) are installed (up to six). Each substrate holder is a stainless steel bar (with a 25 mm × 40 mm–working surface) equipped with a U-shaped spiral heater and a K-type thermocouple. The heaters are electrically insulated from the holder body using quartz tubes. The construction of a coil heater element is shown in Figure S1 of the Supplementary Materials (SM). A hollow shaft (6) is coaxially mounted in the center of the faceplate (2), through which the connecting wires from the heaters and the cold ends of thermocouples (5) are brought out and connected to corresponding inner pins (8) into a specially designed electrical feedthrough (7). Some detailed pictures of the electrical feedthrough are presented in Figure S2 of SM. External pins of the feedthrough system have sliding contacts (9), which are set in connection with a terminal block (10) connected to individual proportional-integral-derivative temperature controllers installed in the control rack.



The hollow shaft (6) is mated with the upper flange (1) through a vacuum rotational joint (11). The vacuum rotary joint is provided by two ceramic bearings and two fluoroelastomeric collars. The disk faceplate (2) is rotated through a worm gear (13) by a stepper motor (12), which is mounted axially on the shaft (6). Additionally, a flywheel (14) is installed on the rear output of the stepper motor shaft, which serves for manual positioning of the substrates. On the faceplate end, a side shield (15) is installed. The clamping of the substrates (16) on the working surface of the holders (4) is carried out using a wedge stop (17) and a number of lateral spring-loaded clamps (Figure S1b in SM).



Figure 1b shows a photograph of the MPDTA containing four independent heated holders and mounted on the sputtering setup featuring a horizontal configuration of magnetron units. The parts 1, 2, 7, 11, and 14 are made of D16T aluminum alloy (analogue of EN AW-2024), and parts 3, 4, 6, 15, and 17 are made of stainless steel 12 × 18H10T (analogue of AISI Type 321). The materials used to create the substrate holder and its construction make it possible to reach the heating of the substrates up to 500 °C. Such an upper limit temperature is suitable to address a number of scientific and technological problems, in particular, for optimizing the deposition of various TCO materials, where the upper limit of the substrate temperature range rarely exceeds 400 °C.



The U-shaped spiral heaters with a cold resistance of 8 Ohm, made of 0.5 mm NiCr wire, were used to heat the holders. The maximum power consumption by each heater is 50 W. The ramp for reaching the temperature mode is set by regulating the power supply voltage in the range between 10 and 20 V. The maximum heating rate in a vacuum is about 50 °C/min. Additionally, preliminary mapping of the temperature field on the surface of the substrate fixed on a heated holder in an Ar atmosphere at the pressures of 10−3 Pa and 0.5 Pa in the temperature range 50–400 °C with a step of 20 °C/min were carried out, as well as calibration of the temperature. To achieve this, a glass substrate (CORNING 2947 glass, 40 mm × 25 mm × 1.1 mm) with thin thermocouples soldered to the outer surface of the substrate was used. One thermocouple was located in the center of the substrate, while four others were positioned along the edges at a distance of 3 mm from the edges of the substrate. The study showed that the maximum temperature spread over the substrate surface did not exceed ±3%.



The following steps reduced the heat load on the mounting faceplate (2) and vacuum interfaces: (i) the substrate holders were equipped with spaced stainless steel shields with intermediate ceramic bushings made of zirconium dioxide; (ii) a number of holes were made in the corner bracket (3) to reduce heat transfer, the holder bodies in the projections were placed behind the faceplate (2), and the brackets (3) were installed on the faceplate (2) through heat-insulating bushings 5 mm high; and (iii) the inner walls of the chamber and the lifting top flange, on which the assembly was mounted, were also protected from dust and heat by a system of removable stainless steel shields (15). Due to the relatively low power consumption of the heaters (≤50 W) and the system of internal shields, the temperature of the outer walls of the chamber did not exceed 60 °C when all heated holders reached 400 °C during 6 h of operation.



It is also worth noting that the drive system used in the MPDTA provides rotational speed variation in the range from 0.01 to 60 rpm. The presence of a stepper motor in the drive system also makes it possible to implement complex rotation algorithms required in the case of the formation of multilayer thin-film structures by the sequential passage in front of two or more sources.




2.2. ITO Thin Films Synthesis by Using of the Developed MPDTA


ITO thin films at various substrate temperatures were deposited by sputtering using a home-made direct current magnetron sputtering system equipped by MPDTA in a single vacuum cycle. The sputtering target used for deposition was an In2O3:SnO2 (90:10 wt.%) ceramic disc (Summit-Tech. Co., Zhubei, Taiwan) with a purity of 99.99% and a diameter of 51 mm.



Thoroughly cleaned glass (30 mm × 25 mm) and silicon (25 mm × 10 mm) pieces were fixed on each of the substrate holders of the MPDTA. The base pressure of the deposition chamber is less than 2 × 10−4 Pa (a turbo molecular pump backed by a rotary pump were used). After reaching the base pressure, the chamber was backfilled to working pressure of 0.15 Pa with a gas mixture of Ar–O2 (oxygen content of 3%). Then, for this experiment, four different temperatures were set on the four holders of the MPDTA: 50, 100, 200, and 300 °C. To achieve this, the supply voltage of the heaters of each holder was set individually to the minimum required for the synchronous achievement of the set temperature value (therefore, the power consumption for each heater did not exceed 30 W). In this case, the duration of the temperature stabilization of the holders was within 20 min. After stabilization of the set temperature values on each of the holders, a standard power ramp procedure for ITO ceramic target and its pre-sputtering for 10 min on a closed shutter were performed. Then, the shutter of the magnetron was opened, and the rotation of the drum with substrates heated to different temperatures was enabled at the rotational speed of 10 rpm. The deposition was done using DC power supply, which was kept constant at 85 W power. The total time of the sputtering process was 180 min, during which each of the holders with substrates that was heated to 50, 100, 200, and 300 °C passed 1800 times in front of the sputtered target at a distance of 100 mm.




2.3. Film Characterization


The crystalline structure and phase of the ITO films deposited at various substrate temperatures on glass substrates were measured using a X-ray diffractometer (XRD, X’PERT PRO MPD, Malvern Panalytical Ltd., Malvern, UK) with a CuKα source (λ = 1.5418 Å) at a power of 40 kV/30 mA. The morphology of the ITO thin films on Si substrates was studied by scanning electron microscopy (SEM, Leo-1450, Carl Zeiss, Oberkochen, Germany). Film thicknesses were measured using cross-sectional SEM images.



The sheet resistance of the ITO thin films was measured using a four-point technique (IUS-3, Moscow, Russia). The optical transmittance of the ITO thin films coated on glass substrates was recorded by an optical spectrophotometer (Shimadzu UV-3600, Tokio, Japan).





3. Results and Discussion


In this section, we briefly justify the performance of our MPDTA apparatus in presenting the characterization results related to the microstructure and functional performances of transparent conducting ITO films deposited at different temperatures in the same batch.



3.1. SEM Analysis


Cross-section and surface morphology micrographs of the ITO thin films are shown in Figure 2. Data from cross-sectional images allowed us to measure film thickness h (Figure 2a). h is the same for all the samples, 410 ± 5 nm, and there is not any dependence of h on the substrate temperature. This first result confirms the quality of the setup.



The thin films all have a columnar structure characteristic of ion-plasma growth methods [12], and the transverse size of the columns increases with increasing temperature [13].



Looking at Figure 2b, we can observe a smooth growth pattern of the ITO film grown at a substrate temperature of 50 °C, featuring a dense morphology. At higher substrate temperatures, the granular microstructure becomes visible.




3.2. XRD Analysis


Figure 3a shows the XRD spectrum of the ITO sputtering target. It shows pretty well the crystalline structure, with diffraction peaks corresponding to (211), (222), (400), (440), (622), and other crystalline planes, that match with In2O3 reference peaks in the body-centered cubic (bcc) polytype. The observed intensities of diffraction peaks are close to the intensities of the lines in the reference spectrum of In2O3 (JCPDS # 06-0416), which indicates the absence of any preferred orientation in the ceramic target. The XRD pattern did not show any characteristic peak of Sn-related phases, indicating the complete miscibility of In and Sn atoms in the In2O3 lattice for the sintered ITO ceramic target.



A quite different picture emerges from the analyses of the thin ITO films (Figure 3b). The XRD patterns show that the nanocrystalline phase can be best described by the bcc In2O3 structure too, but in the films, there are various preferred crystallographic orientations, which are this time influenced by the substrate temperature. It is clear that the structure and orientation of ITO film deposited at a 50 °C substrate temperature exhibits a dominant asymmetric (222) peak. By increasing the substrate temperature, an increase in the intensity of (211), (400), (410), (440), and (622) peaks, accompanied by the suppression of the asymmetric (222) peak, is observed. In the substrate temperature range between 100 and 200 °C, the ITO films increasingly develop the (440) preferred orientation, while the ITO film deposited at the substrate temperature of 300 °C already has a strong (400) preferred orientation. For the ITO films prepared by sputtering, changes in the preferred orientations from (222) to (400) have been reported by several groups with increasing sputtering power [12,14], decreasing oxygen partial pressure [15] as well as with increasing substrate temperature [16]. These parameters enhance the surface mobility of adatoms and increase the number of oxygen vacancies that favors the film growth along some lower-index crystallographic planes.



It should also be noted that the presence of the (222) highly asymmetry peak, which is clearly observed for the films deposited at temperatures below 300 °C, suggests the presence of two subpopulations of nanocrystallites (both with normal and with higher Sn content) in the In-Sn-O ternary system with different crystallinity degrees [17,18].



With an increase in the substrate temperature (especially above 100 °C), along with the suppression of the (222) peak and the disappearance of its asymmetry, a decrease in integral width and a peak shift toward the position of the lines of the reference In2O3 are observed for all peaks, which is a finding that was expected. This behavior is evidence of a decrease in the lattice disordering in Sn-doped In2O3 nanocrystallites due to the thermodiffusion of Sn atoms from interstitial locations and grain boundaries into the In cation sites, as well as an increase in the average crystalline size with increasing substrate temperature [12,19].




3.3. Functional Performances


The improvement in the crystallinity of the ITO films upon increasing the substrate temperature is directly reflected in the main functional performances of ITO—namely optical transmittance and electrical conductivity.



The optical transmission spectra for ITO films in the wavelength range between 300 and 1250 nm are shown in Figure 4. It is seen that all films are characterized by a high optical transparency (>84%) in the visible range, regardless of substrate temperature. The measured average transmittances Tav for the ITO/glass structure falls in the range of 380–760 nm, and these are presented in Table 1. According to Table 1, the total average transmittance of the ITO/glass structure (ITO glass) tends to increase from 76.0% to 80.4% with increasing substrate temperature.



The observed fluctuations in the spectra are connected with the interference of light, which is due to the quality features and smoothness of the ITO films’ interfaces. The differences in the interference pattern for the ITO films with the same thickness should testify to the variation of optical features (optical band gap, dispersions of refractive index, and extinction coefficient) of the nanostructured thin films, which are usually correlated directly with their microstructure and morphology [20]. It can be seen that ITO films deposited at 50 and 100 °C are characterized by almost identical optical transmission spectra. Increasing the substrate temperature above 100 °C leads to noticeable changes in the interference pattern and shifting of the fundamental absorption edge, which indicates the shift of the band gap of the ITO films. In accordance to our SEM and XRD data, noticeable changes in the morphology and microstructure were also observed with an increase of the substrate temperature to 200 °C and above.



Both the observed shift of the absorption edge in the ultraviolet region as well as the decrease in transparency in the near infrared region might be associated with an increase in the concentration of free charge carriers in the transparent ITO films [12,15,21,22]. This fact, as well as the observed improvement in the crystallinity of the films, which entails a decrease in the scattering of charge carriers, should naturally lead to a significant improvement in the electrical properties of the films [10,12,19]. Indeed, according to Table 1, which shows the main functional performances, the sheet resistance R□ rapidly decreases with an increase of the substrate temperature up to 200 °C. The film deposited at 300 °C exhibits the lowest resistance of 3.6 Ω/sq. and, accordingly, the lowest resistivity of 1.5 × 10−4 Ω·cm. The quality index proposed by Haake [23] for measuring the performance of our ITO glass is of 30.5 × 10−3 Ohm−1. This value is typical for commercial samples of conductive glass [24,25], matches with the best values from literature data on ITO-based transparent electrodes [14,19,26], and fully validates the MPDTA assembly as a useful tool for both scientific research and industrial production.





4. Conclusions


In order to quickly optimize the film growth temperature in physical vapor deposition, we have developed the multi-position drum-type assembly (MPDTA) for the simultaneous growth of films on substrates at different controlled temperatures in a single vacuum run. The MPDTA allows depositing thin films on several substrates (up to 6), whose temperature can be independently fixed in the range between room temperature and 500 °C. To validate the assembly, we grew films of the extensively studied Sn-doped In2O3 material, in a single run, using the MPDTA. The optimization of transparent conducting film growth temperature was demonstrated. Variations in functional performances of deposited ITO thin films were clearly observed as a function of substrate temperature, and these performances are directly related to the different morphologies and nanocrystalline structures of the films. At 300 °C, the Haake quality index of the ITO glass was 30.5 × 10−3 Ohm−1, therefore matching the best known values.



In conclusion, the main achievements of using the MPDTA are (i) the capability to optimize growth temperatures in a single vacuum run and (ii) the identical technological conditions submitted to all samples with the exclusion of influences from random factors, which fully meet the high-throughput paradigm.
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Figure 1. (a) Functional scheme of the multi-position drum-type assembly (MPDTA); (b) Appearance of the MPDTA mounted on the upper lifting flange of the sputtering setup. 
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Figure 2. (a) Cross-section morphologies of the indium–tin oxide (ITO) thin films; (b) Surface morphologies of the ITO thin films. Substrate temperature shown in the insets. 
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Figure 3. (a) XRD pattern of the ITO ceramic target source; (b) XRD patterns of the ITO thin films deposited at various substrate temperatures. All peaks and temperatures have been labeled. 
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Figure 4. Transmittance spectra in the 300–1250 nm region for ITO thin films deposited at various substrate temperatures (glass substrate contribution subtracted). 
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Table 1. Measured sheet resistance R□, calculated film resistivity ρ = R□ × h, average transmittances Tav in the range of 380–760 nm, and figure of merit ϕ = (Tav)10/R□ of the ITO glass.
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	Tsub, °C
	R□, Ω/sq.
	ρ, × 10−4 Ω·cm
	Tav, %
	ϕ, × 10−3 Ohm−1





	50
	50.0 ± 0.5
	20.9 ± 0.4
	76.0
	1.25



	100
	42.0 ± 0.5
	17.2 ± 0.4
	75.9
	1.49



	200
	8.3 ± 0.1
	3.4 ± 0.08
	79.6
	12.2



	300
	3.6 + 0.1
	1.5 ± 0.04
	80.4
	30.5
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