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Abstract

:

This study aims to develop equipment for the preparation of composite films and successfully implement a film thickness prediction function. During the research process, we segmented the mechanical structure of the composite thin film preparation equipment into distinct modules, completed the structural design of the core module, and validated the stability of the process chamber, as well as the reasonableness of the strength and stiffness through simulation. Additionally, we devised a regression model for predicting the film thickness of composite films. The input features for the model included the sputtering air pressure, sputtering current, and sputtering time for magnetron sputtering process samples, as well as the evaporation volume and evaporation current for vacuum evaporation process samples. Simultaneously, the output features were the film thickness for both process samples. Subsequently, we established the designed composite film preparation equipment and conducted experimental verification. During the experiments, we successfully prepared Cr-Al composite films and utilized AFM for surface morphology analysis. The results confirmed the excellent performance of the Cr-Al composite films produced by the equipment, demonstrating the reliability of the equipment.
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1. Introduction


Composite films, comprising alternating layers of materials with outstanding properties, find widespread applications in various fields. The intricate preparation process demands efficient, stable, controllable equipment and precise film thickness control, posing a crucial challenge in composite film production [1,2].



Cr-Al composite film is a multifunctional material with wide and diverse applications. These films play an important role in the following fields. (1) Solar cell technology: Cr-Al composite films are used as the back passivation layer of solar cells to improve the conversion efficiency of the battery; (2) high-barrier packaging: these films are used in food and medicine and high-barrier packaging of electronic products, extending product life and improving food safety; (3) mechanical engineering: Cr-Al composite films are widely used in tools, molds, and mechanical parts due to their high strength, hardness, and wear resistance; (4) medical devices, optical films, and flat panel displays: these films are also used in other areas such as medical devices, optical coatings, and flat panel displays.



Amidst the rapid advancements in science and technology [3,4,5], the current design status and developmental trends of composite thin film preparation platforms have garnered significant attention [6,7,8]. In 2023, a foreign research team devised an integrated ultrahigh-vacuum cluster system to address interfacial spin effects in spintronic multilayer films [9,10]. Simultaneously, a Japanese research team proposed a gas-injected pulsed plasma CVD method utilizing a single plasma source as an ultra-plasma deposition technique for preparing DLC films with a nanoindentation hardness of 17.5 GPa. During the same period, Antonio A. A. Chepluki, Tiago E. A. Frizon, and others developed a low-cost spin-coater for thin film deposition, serving as a cost-effective alternative to high-priced commercial equipment [11,12,13,14,15].



This research delves into the intricacies of integrating and optimizing composite thin film preparation platforms [16]. By consolidating the preparation processes of magnetron sputtering and vacuum evaporation within the same vacuum cavity, the creation of composite films tailored to the requirements of diverse high-tech fields on a single substrate is achieved [17]. Furthermore, an integrated learning algorithm is introduced for film thickness prediction, facilitating accurate forecasts for the film thickness of composite films [18,19,20]. Finally, the paper substantiates the performance and feasibility of the equipment by preparing Cr-Al composite films on PET substrate. These innovative optimizations present an effective solution to the design and prediction challenges faced by hybrid film preparation systems [21,22,23].




2. Materials and Methods


2.1. Hardware Design


2.1.1. Overall Design


The mechanical structure design of the composite film preparation equipment outlined in this paper primarily encompasses a vacuum system capable of achieving a vacuum, a vacuum chamber creating a vacuum test environment, a process system integrating a magnetron sputtering system and a vacuum evaporation system, a transmission system responsible for opening and closing the vacuum chamber, and a cooling system for temperature control [24]. Combining the aforementioned analysis and the composition of each design component, the definitive overall structure of the composite film preparation equipment was established [25,26]. The comprehensive assembly diagram of the mechanical approach for the hybrid film preparation equipment is illustrated in Figure 1.




2.1.2. Magnetron Sputtering Module Design


The sputtering system is primarily composed of a sputtering chamber, magnetron sputtering target, sample stage, sputtering target head baffle, sample stage baffle, target head holder, and other structures [27,28,29]. The structural schematic sketch and physical drawings are presented in Figure 2a and Figure 2b, respectively.




2.1.3. Evaporation System Module Design


The vacuum evaporation module stands as a pivotal component of this preparation platform, harmoniously integrated with the magnetron sputtering module to form the composite film preparation platform’s comprehensive process. The evaporation system comprises the process chamber, evaporation crucible, water-cooled pipeline, heating platform, heat source bellows, heat transfer components, and other integral elements. The structural schematic principle is illustrated in Figure 3 below.



Within the evaporation system, the evaporation crucible assumes a central role, necessitating a thorough analysis of material selection and structural design. Considering that vacuum evaporation plating employs metal and organic molecular materials, operates within a temperature range of 200 to 1300 °C, and requires efficient cooling, alumina is chosen as the primary material for the evaporation crucible. Based on the relevant literature and information, the standardized specifications for the universal evaporation crucible in vacuum evaporation plating are an outer diameter of 19.6 mm, inner diameter of 15.4 mm, and height of 24 mm. A tungsten filament serves as the heat source, with the thermocouple positioned at the crucible’s bottom for convenient temperature measurement and control. Standard configurations incorporate S-type thermocouples, and the evaporation working temperature range spans 200–1300 °C. The distance between the evaporation module and the sample stage is 60 mm. The schematic structure of the evaporation crucible is depicted in Figure 4 below, and the physical representation is presented in Figure 5.




2.1.4. Vacuum System Module Design and Simulation


In accordance with the force requirements of the vacuum chamber, materials possessing ample strength, stiffness, toughness, heat resistance, corrosion resistance, and other pertinent physical and chemical properties are selected. In domestic film-forming equipment manufacturing, 304 stainless steel is the chosen material.



The shape of the vacuum vessel is determined based on the characteristics of the substrate and deposition source, with cylindrical and rectangular designs being the primary choices. Cylindrical designs offer high strength and are well suited for small- to medium-sized vessels, while rectangular designs optimize space utilization. For film-forming equipment, smaller- to medium-sized equipment typically adopts a vertical cylindrical design, while larger equipment leans towards a horizontal cylindrical configuration. The composite film preparation equipment embraces a vertical cylinder design, with the cylinder welded to the bottom plate. The schematic representation of the designed vacuum chamber structure is depicted in Figure 6. The cylindrical vacuum chamber features an inner diameter of 250 mm and a height of 360 mm, and the wall thickness is 7 mm. It is equipped with CF100 flanges and a quartz window, a CF60 flange interface to connect the molecular pump, an LF250 flange interface for installing the sputtering target and the sample stage, and a KF63 flange interface for integrating the evaporation module. Additionally, two adjustable needle valves at the rear control the air inlet, and a reserved 1/16-inch interface accommodates the mass spectrometer.



As the central space for experiments, a thorough analysis of the vacuum chamber’s strength, stiffness, and stability through performance simulation is essential. In real operational conditions, the vacuum chamber maintains an internal pressure of 0.0001 Pa and is exposed to an atmospheric pressure of 0.1 Mpa externally. Under equivalent conditions, a negative pressure of −0.1 MPa is applied internally to simulate evacuation. The vacuum chamber, placed on the electric control cabinet without considering its self-weight, undergoes structural static analysis. The results, illustrating the stress field distribution and deformation distribution, are presented in Figure 7. It can be seen from Figure 7a,b that under actual working conditions of the vacuum chamber, maximum deformation occurs at the center of the flange cover on the vacuum chamber, with the maximum value being 9.2926 × 10−3 mm. This value is very small and has almost no impact on the deformation and performance of the vacuum chamber. According to the simulation results in Figure 7b, the maximum deformation of the vacuum chamber is 9.29 × 10−3 mm. At this scale, the deformation of the vacuum chamber will not affect the overall equipment operation ecology, nor will it cause instability, so it meets the strain design requirements. Maximum stress occurs at the junction of the lower flange of the vacuum chamber cover and the inner wall of the vacuum chamber. The maximum value is 8.04 MPa, which is far less than the allowable stress of the material 150 MPa. Because this position is welded, maximum stress occurs at this position. It is also realistic, so the design is reasonable.



From Figure 8a,b, it is evident that under actual working conditions, maximum deformation occurs in the center of the upper flange cover, measuring 9.2926 × 10−3 mm. This value is sufficiently small, having no impact on the performance and aligning with the design requirements of staying within 0.1 mm. Maximum stress is observed in the lower flange and the inner wall junction, registering at 8.04 MPa, significantly below the permissible stress of 150 MPa. This outcome aligns with the actual welding conditions, affirming the reasonability of the design.



Under the specified conditions, an external air pressure of 105 Pa is applied to the vacuum chamber, and a thermodynamic coupling analysis simulation is executed to assess performance in vacuum and heated environments. In a vacuum setting, heat transfer occurs through contact position exchange and thermal radiation. Key parameters include a sputtering target heating source at 500 °C, substrate table heating at 100 °C, sputtering target and substrate table surface emissivity set at 0.8, and the vacuum cavity inner wall emissivity at 0.1. The temperature distribution results are then integrated into the static analysis module to complete the thermal coupling analysis. The obtained results for the stress field and deformation distribution are illustrated in Figure 8.



As depicted in Figure 8a,b, hot air radiation and sputtering target heat transfer affect the vacuum cover, resulting in a maximum deformation of 7.96 × 10−3 mm, well below the 0.1 mm threshold. The vacuum cavity remains unaffected, and maximum stress is observed in the vacuum cavity and the bottom plate weld, measuring 44.523 MPa. This value is significantly less than the permissible stress for 304 stainless steel, which is 150 MPa. Consequently, the structural design and material selection for the vacuum cavity align with the practical requirements.





2.2. Research on Film Thickness Prediction Algorithm


In the preceding chapters, our focus was on investigating the process and structural design of composite thin film preparation equipment, specifically addressing the magnetron sputtering and vacuum vapor deposition processes. This chapter focuses on achieving accurate predictions of the film thickness of composite films, delving into the design of a film thickness prediction model based on secondary integration learning. We utilized the PyCharm compiler software 2022.3.2 on the PC to execute the quadratic integration algorithm model, scripted in Python. Various algorithmic models were compared to validate the feasibility and advantages of the quadratic integration learning model.



2.2.1. Modeling of the Secondary Integration Learning Algorithm


The construction of a secondary integrated learning model involves the collection of input and output features, the creation of a dataset, its division into a training set and a test set, model training, and subsequent evaluation using performance metrics [30,31]. The specific process is depicted in Figure 9.




2.2.2. Feature Selection and Data Segmentation


In predicting the film thickness of the composite film, the characteristic inputs for the magnetron sputtering process include sputtering air pressure, current, and time, with the film thickness as the output. Similarly, for the vacuum evaporation process, the inputs encompass the evaporation amount and resistance evaporation current, yielding the film thickness as the output. The predicted film thicknesses from both approaches are aggregated to obtain the overall predicted film thickness of the composite film [32,33].



To enhance prediction accuracy, this article selects 15 samples for the magnetron sputtering process and 10 samples for the vacuum evaporation process. These samples were randomly divided into training and test sets, and the ratio of training and test sets was ensured to be 4:1.



Dataset division is a critical step. A standard method allocates four-fifths of the dataset for training and parameter optimization, reserving the remaining one-fifth for testing model performance. This approach ensures a relatively independent test set while retaining a substantial number of training sets, facilitating the accurate evaluation of model performance in real scenarios. The training and test datasets for both processes are presented in Table 1 and Table 2, with an asterisk denoting the training set.




2.2.3. Model Training and Effectiveness Evaluation


We constructed linear regression (LR), a random forest model (RFM), K-nearest neighbors (KNNs), decision tree (DT), and bagging and boosting models using Python in the PyCharm IDE. The performance of these models in terms of film thickness prediction was evaluated using metrics such as explained variance score (EV), mean absolute error (MAE), mean square error (MSE), mean absolute percentage error (MAPE), and the coefficient of determination R2 score [34,35,36,37].



We have selected 10 sets of experimental conditions for both magnetron sputtering and vacuum evaporation processes to compare the predicted(test) values from the models with the actual values. Figure 10 shows the comparison of the predicted results (Y_Pred) and the actual values (Y_true) obtained from 10 different experimental conditions in the magnetron sputtering process, using a linear regression model (a), decision tree model (b), random forest model (c), KNN model (d), bagging model (e), and boosting model (f). Similarly, Figure 11 shows the comparison in the vacuum evaporation process under 10 different experimental conditions using the same set of models [38,39]. This is applicable to Figure 10 and Figure 11. In the picture, X-axis: number of samples; Y_True: film thickness true value; Y_Pred: film thickness prediction.



Figure 11 illustrates the training effects of the four sub-models for the vacuum vapor deposition process—decision tree, random forest, KNN, and linear regression—consistently with the magnetron sputtering process. At the same time, the training effect of the quadratic integral model of the vacuum evaporation process is also depicted. In the training effect plot, the horizontal and vertical axes signify the same parameters as in the magnetron sputtering process. In the picture, X-axis: number of samples; Y_True: film thickness true value; Y_Pred: film thickness prediction.



Both Figure 10 and Figure 11 represent the comparison of the test results and actual results for each model in both the vacuum evaporation process and the magnetron sputtering process, revealing a close consistency between the predicted values and the actual values. Therefore, it is recommended to use the Bagging model and the Boosting model for secondary ensemble learning.






3. Results


3.1. Platform Hardware Introduction


To validate the effectiveness of the selected equipment for composite film preparation, experimental validation was conducted. The choice of equipment was guided by considerations of applicability, precision, and adaptability to various process conditions. Drawing upon the preceding design and selection criteria, the experimental platform depicted in Figure 12 was constructed. This platform encompasses essential components such as the vacuum module, magnetron sputtering module, vacuum evaporation module, and transmission lifting module.




3.2. Surface Topography Inspection


The 2D–3D diagrams of Cr films, Cr-Al composite films, and Al-Cr composite films prepared by composite film preparation equipment are shown in Figure 13.



The 2D–3D morphology of the Cr substrate film, prepared through magnetron sputtering, is depicted in Figure 13a,b, with its maximum thickness measured at 0.22 μm.



Subsequently, an Al film was deposited on this Cr base film through vacuum vapor deposition, resulting in the formation of the Cr-Al composite film. The 2D–3D diagrams of this composite film are presented in Figure 13c,d, while the integrated diagrams illustrating the texture, waveform, and roughness of the Cr-Al composite film are shown in Figure 14. The analysis of Figure 13c,d and Figure 14 reveals that the thickness of the Cr-Al composite film reaches a maximum of 0.32 μm. Further examination of the texture, waveform, and roughness of the Cr-Al composite film indicates that the Al film, serving as the upper layer, exhibits the advantages of a uniformly distributed and relatively smooth surface.



The deposition method we used involves magnetron sputtering for the underlying Cr film and vacuum evaporation for the top Al film. This method has been proven to form uniform films over a large area. Our experimental results show that the thickness variation of the Cr-Al film we formed across the entire sample is less than 100 nm, demonstrating its good uniformity.



The same materials are used in different sequences to prepare Al-Cr composite films. The 2D and 3D diagrams and roughness and other parameter distribution diagrams are shown in Figure 13e,f and Figure 15.



As evidenced by Figure 13e,f and Figure 15, the peak of the Al-Cr composite film is 0.21 μm, with the entire film thickness fluctuating within the 0~0.21 μm range. The comprehensive diagram of the texture, waveform, and roughness of the Al-Cr composite film indicates a significant variation in roughness, which is attributed to vibrations or warping during the magnetron sputtering process. The texture and waveform in the diagram also exhibit considerable fluctuations. In conjunction with the two-dimensional and three-dimensional morphology of the Al-Cr composite film, it can be inferred that the presence of large-sized particles on the film surface, i.e., regional non-uniformity, causes this. The deepening of the grooves between large grains also leads to an increase in roughness. This analysis reveals that the magnetron sputtering process exhibits small-area non-uniformity and large-area uniformity, which may be caused by the inherent vibrations or warping in the magnetron sputtering process.




3.3. Algorithm Model Validation


Upon analyzing the results predicted by the established secondary integrated learning algorithmic model, the evaluation metrics for the magnetron sputtering process and vacuum evaporation process are presented in Table 3 and Table 4 below.



The evaluation indexes for the magnetron sputtering process prediction model (Table 3) reveal that the comparative ranking of the training model results for the magnetron sputtering process is as follows: bagging > DF > boosting > DT > KNN > LR. Meanwhile, for the vacuum evaporation process training model (Table 4), the comparative ranking of the results is as follows: bagging ≥ LR > boosting > DT > RF > KNN. Notably, the regression model fit value of the integrated learning bagging model achieves 100%, signifying a perfect model. When comparing the different regression models for both preparation processes, it is evident that in each approach, our designed secondary integrated learning bagging model demonstrates optimal performance, reaching 99% in the magnetron sputtering process and achieving a perfect 100% fit in the vacuum evaporation process. This suggests that the robust regression model designed with secondary integrated learning bagging surpasses ordinary weak machine algorithm models, substantiating its superior performance.





4. Discussion


This study undertook a comprehensive scheme design for the structure of composite film preparation equipment, successfully implementing the film thickness prediction function. Throughout the research process, the following key achievements were realized: (1) The mechanical structure of the composite thin film preparation equipment was systematically divided into different modules, completing the structural design of the core module. Simulation verification ensured the stability and reasonable strength stiffness of the process chamber. (2) The design and implementation of a regression model for predicting the film thickness of composite thin films were achieved. Input features included the sputtering air pressure, sputtering current, and sputtering time for magnetron sputtering process samples, as well as the evaporation amount and evaporation current for vacuum evaporation process samples. The film thickness served as the output feature for both process samples. (3) Experimental validation was conducted using the designed composite film preparation equipment. Cr-Al composite thin films were successfully prepared, and AFM surface morphology analysis confirmed the excellent performance and reliability of both the equipment and the Cr-Al composite films prepared.



Through the comparative analysis of the results of the Cr-Al composite film and the Al-Cr composite film, it is known that there is a step phenomenon on the surface of the single-layer Cr film sputtered by the magnetron in this device. When a composite film is prepared using vacuum evaporation, the step phenomenon will also exist, which is caused by the step-type bottom layer film. By comparing the three-dimensional morphology and height distribution of the two, it can be concluded that the Cr-Al film prepared by first magnetron sputtering and then vacuum evaporation by this device has better uniformity. The magnetron sputtered Cr film serves as the bottom layer, giving the Cr-Al composite film excellent step performance. Furthermore, the Al film prepared by vacuum evaporation as the upper functional layer has better surface uniformity and smoothness. This will allow for the performance of the composite film to be maximized, thereby enhancing its performance, providing this film with better application scenarios and fields.



In the future, the design of composite film preparation platforms should trend towards the greater integration of multiple processes to facilitate the preparation of more complex composite films. Additionally, a focus on enhanced prediction accuracy is recommended, exploring advanced techniques such as deep learning or neural networks to make the models more adaptable to dynamic and evolving preparation conditions.
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Figure 1. Assembly diagram of composite film preparation equipment. 1—sputtering system; 2—process chamber; 3—evaporation system; 4—water cooler; 5—vacuum pump; 6—electronic control cabinet; 7—molecular pump; 8—baffle valve; 9—transmission system. 
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Figure 2. Schematic diagram of sputtering system. (a) Two-dimensional schematic; 1—capacitance manometer; 2—grounding shield; 3—substrate; 4—sample stage baffle; 5—height-adjustable substrate stage; 6—sputtering target head baffle; 7—ion piezometer; 8—grounding shield; 9—target head holder; 10—sputtering gas control valve; 11—connecting vacuum pump; 12—target material; 13—substrate heater; (b) physical image of the sputtering system. 
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Figure 3. Evaporation system structure principle sketch: 1—capacitance manometer; 2—substrate heater; 3—substrate; 4—height-adjustable substrate table; 5—temperature gauge; 6—bellows heat transfer assembly; 7—heat source flange for heating platform; 8—ground shield; 9—water-cooled piping; 10—heating platform for evaporation system; 11—evaporation target; 12—evaporation crucible; 13—connection vacuum pump. 
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Figure 4. Structural design diagram. 
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Figure 5. Physical image. 
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Figure 6. Vacuum chamber structure. 
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Figure 7. Static stress field distribution and deformation distribution resultant plots; (a) static stress field distribution; (b) static deformation field distribution. 
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Figure 8. Thermal coupling analysis of the stress deformation results of the figure; (a) thermal coupling deformation field distribution; (b) thermal coupling strain field distribution; (c) temperature distribution map. 
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Figure 9. Secondary integration learning modeling process. 
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Figure 10. Comparison chart of the test results from six prediction models versus the actual results in the magnetron sputtering process. (a) Comparison chart of the Linear Regression model; (b) Comparison chart of the Decision Tree model; (c) Comparison chart of the Random Forest mode; (d) Comparison chart of the KNN model; (e) Comparison chart of the Bagging model; (f) Comparison chart of the Boosting model. 
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Figure 11. Comparison chart of the test results from six prediction models versus the actual results in the vacuum evaporation process. (a) Comparison chart of the Linear Regression model; (b) Comparison chart of the Decision Tree model; (c) Comparison chart of the Random Forest mode; (d) Comparison chart of the KNN model; (e) Comparison chart of the Bagging model; (f) Comparison chart of the Boosting model. 
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Figure 12. Experimental platform of composite film preparation equipment. (A) Mechanical structure of hybrid film preparation equipment; (B) execution equipment of hybrid film preparation equipment; (C) composite film preparation equipment. 
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Figure 13. (a) Two-dimensional morphology of Cr bottom membrane; (b) three-dimensional morphology of Cr base film; (c) two-dimensional morphology of Cr-Al composite film; (d) three-dimensional morphology of Cr-Al composite film; (e) two-dimensional morphology of Al-Cr composite film; (f) three-dimensional morphology of Al-Cr composite film. 
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Figure 14. Combined texture, waveform, and roughness of Cr-Al composite film; x-axis: film expansion length; y-axis: texture, waviness, and roughness change value. 
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Figure 15. Combined texture, waveform, and roughness of Al-Cr composite film; x-axis: film expansion length; y-axis: texture, waviness, and roughness change value. 
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Table 1. Magnetron sputtering process dataset division: the data group with * is the training set used to train the model, and the data group without * is the test set used to evaluate the model.






Table 1. Magnetron sputtering process dataset division: the data group with * is the training set used to train the model, and the data group without * is the test set used to evaluate the model.





	Dataset No.
	Sputtering Air Pressure/Pa
	Sputtering Current/mA
	Sputtering Time/s
	Film Thickness/nm





	1 *
	0.7
	120
	10
	10.6



	2
	0.8
	120
	14
	10.4



	3 *
	1.4
	120
	30
	16.0



	4 *
	1.5
	120
	14
	10.8



	5
	0.9
	120
	12
	11.2



	6 *
	0.8
	120
	20
	11.5



	7 *
	0.7
	130
	10
	12.3



	8 *
	0.8
	130
	14
	11.9



	9 *
	1.4
	130
	30
	17.5



	10 *
	1.5
	130
	14
	13.3



	11
	0.8
	110
	20
	10.5



	12 *
	0.9
	120
	13
	11.1



	13 *
	0.8
	120
	18
	10.8



	14 *
	0.8
	120
	30
	19.3



	15 *
	0.9
	120
	35
	25.4










 





Table 2. Vacuum vapor deposition process dataset division: the data group with * is the training set used to train the model, and the data group without * is the test set used to evaluate the model.






Table 2. Vacuum vapor deposition process dataset division: the data group with * is the training set used to train the model, and the data group without * is the test set used to evaluate the model.





	Dataset No.
	Evaporation Amount/g
	Resistance to Vaporization Current/A
	Film Thickness/nm





	1 *
	0.2
	30
	0.2



	2 *
	0.4
	30
	0.3



	3
	0.6
	30
	0.4



	4 *
	0.8
	30
	0.6



	5 *
	1.0
	25
	0.7



	6 *
	1.0
	30
	0.7



	7 *
	1.0
	35
	0.7



	8 *
	1.0
	40
	0.8



	9
	1.2
	30
	0.8



	10 *
	1.5
	30
	1.1










 





Table 3. Metrics for evaluating the regression model of a magnetron sputtering process.
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	Assessment of Indicators
	LR
	KNN
	DT
	RF
	Bagging
	Boosting





	EV
	0.91
	0.95
	0.97
	0.99
	0.99
	0.98



	MAE
	146.46
	72.94
	65.39
	32.01
	31.87
	51.15



	MSE
	33,237.01
	20,529.71
	9951.06
	3173.00
	3035.97
	8242.24



	MAPE
	59.44
	12.22
	12.86
	6.42
	7.01
	9.98



	R2
	0.91
	0.94
	0.97
	0.99
	0.99
	0.98










 





Table 4. Regression model evaluation metrics for the vacuum evaporation process.
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	Assessment of Indicators
	LR
	KNN
	DT
	RF
	Bagging
	Boosting





	EV
	1.00
	0.87
	0.98
	0.98
	1.00
	1.00



	MAE
	0.01
	0.08
	0.04
	0.04
	0.01
	0.01



	MSE
	0.00
	0.01
	0.00
	0.00
	0.00
	0.00



	MAPE
	1.15
	17.77
	5.84
	8.28
	1.15
	1.11



	R2
	1.00
	0.87
	0.98
	0.97
	1.00
	1.00
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