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Abstract

:

Nanostructured materials with optical transmittance with sufficient electrical conductivity are feasible for the transparent electrical devices and optoelectronic applications. Copper (Cu) possesses inherent superior electrical conductivity. Cu thin films on glass substrates provide the basic design understanding of the transparent electrodes for humidity sensors and solar cells applications. To understand the fundamental fabrication and electrical properties, a single-step facile fabrication approach was applied for Cu nanofilms through the DC sputtering method. Correlation of thickness of Cu nanofilms with optical and electrical properties was established. Parameters such as current, voltage, vacuum pressure, and time of coating were varied to develop different thickness of metal coating. Under optimized conditions of 10−1 torr vacuum, 1.45 KV voltage, and 4–6 min coating time, a conductive path is successfully established. A 1 min coated sample demonstrated resistance of 4000 ohm and conductance of a 6 min coated sample was raised to 56 m-mho. A higher surge of voltage assisted the production of relatively thick and uniform coatings with the crystallite size of 12 nm. The average coating thickness of 19.8 nm and roughness of 4.5 nm was obtained for a 5 min coated sample through AFM analysis. Further, it was observed that uniform nanostructured coating is essential to establish a mean free path of coated particles.
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1. Introduction


In recent years, nanotechnology, a scientific revolution of the 21st century, has grown fast due to worldwide research and experimentation. For the advancement of this sector, nanoscale matter creation is of paramount importance [1,2]. Nanoparticles are particles with a minimum one dimension of 100 nm. Quantum dots, for example, may have no dimensions [3]. Nanoparticles reveal completely new and improved properties. The innovative and enriched features are mostly caused by size, distribution, and shape [4]. Nanoparticles have a large surface-to-volume ratio [5]. Nanomaterials are classified into three types based on their origin: natural, incidental, and engineered. Aside from the origin classification, there are metal, bimetallic, oxides, and other inorganic nanoparticles. There are four types of nanostructures: zero-, one-, two-, and three-dimensional structures. Due to their reduced dimensions, both quantum dots or quantum boxes have been referred to as zero dimensional [6,7].



Colloids, spherical nanoparticles, precipitates, fullerenes, and dendrimers are examples of nanostructures in three dimensions, which show all dimensions at the nanoscale [8]. Catalytic, magnetic [9], absorption, mechanical, sensitivity, and bioimaging properties, as well as applications in the agricultural, industrial, and medical domains, have all been revolutionized by these materials [10]. Nanomaterials have the potential to be used as lubricants. Paints and coatings, batteries, ceramics, clay, and fuel cells are only a few of the applications. Due to their wide use in a variety of disciplines, metal nanoparticles are extremely important [11].



Metal nanoparticles were discovered by Faraday, and Mie provided a quantitative explanation for their color. In addition to catalysis [12], metal nanoparticles are used in sensing, opto-electronics, and electrical engineering [13,14] because of their absorption sensitivity, medicinal, electrical [15], and catalytic properties based on shape, size, and structure. For their antibacterial properties against V staphylococcus aureus bacteria and Bacillus subtilis and for their applications in medicine and dental materials as well as sunscreen lotions, water treatment, and coatings, nanoparticles made of copper, gold, zinc, silver, magnesium, and titanium are of particular interest [8,9,10,11,12,13,14,15]. Their quality is dependent on their size, as well as the material in which they are embedded. It is possible to change the surroundings of nanoparticles in order to get the desired properties.



Metallics Copper nanoparticles are used in a variety of applications such as electronics, optics, and medicine, as well as the production of lubricants, conductive films, nanofluids, and antimicrobial agents [15,16,17,18,19,20]. Copper nanoparticles are preferred over silver nanoparticles because of their lower cost, relatively better chemical and physical stability, and ease of combining with polymers [21]. Smaller nanoparticles have a higher activity; however, they may form clusters, resulting in a loss of critical features [22]. Despite the extensive history of bulk copper “Cu” uses in numerous domains “e.g., optics, electronics, etc.”, however usage of nanoparticles is restricted because of inherent instability of Cu, “under atmospheric circumstances and susceptibility of oxidation”. Enhancement of Cu NPs sensitivity towards oxygen, water, and other chemical entities have prompted the development of more complex Cu-based NPs, such as core/shell Cu NPs or copper oxide systems.



Nanoparticles with high activity, stability, robustness, selectivity, and low cost pose the biggest challenge in developing catalytic NPs [23,24]. The main objective of this work is to develop the relationship of optical and electrical properties of Cu nanofilms, where the coating thickness is controlled through the combination of various parameters. A simple fabrication approach was chosen to prepare thin films of copper “Cu” with varying thicknesses that were deposited on the glass substrate using an Edwards Sputter Coater S150B and systematically studied the effects of vacuum pressure, voltage, and coating time on light transmittance, electrical resistance, and conductance of the prepared films.




2. Experimental Work


Using an Edwards Sputter Coater S150B, Crawley, West Sussex, RH10 2LW, UK a relatively easy fabrication process was chosen to prepare thin films copper “Cu” of various thicknesses that were coated on the glass substrate. The sputtering chamber settings “voltage and vacuum pressure” were also changed to see how these factors affected the optical and electrical properties of thin films. Light transmittance and electrical conductance used to characterize these thin films. The Digital LUX meter, Guangdong, China was used to calculate the light transmittance of thin coatings. Top view of the Cu coated samples was observed by a Stereozoom Microscope, “Nikon SMZ-2B, Tokyo, Japan”.



Prior to coating, acetone was utilized for ultrasonic cleaning of glass substrates for 10 min and rinsed in de-ionized water. In addition, the substrates are plasma cleaned for 5 min. To produce a homogeneous coating of different thicknesses, glass substrates were cut into 2 × 2 cm2 pieces and then cleaned as per standardized process. The glass substrates were impressed in acetone for 15 min in an ultrasonic bath, then rinsed with deionized water and dried.



2.1. Substrate Cleaning


Glass substrates were used as substrate for thin films. Cleaning of the glass substrates was done to remove dust and contamination from the surface of the substrates, to avoid any impurity in the thin films. To clean the substrate, sonication was done in ethanol for 15 min.




2.2. Sputtering of Copper


Copper target, argon “Ar” gas, and glass substrate were used in this experiment. Copper thin films of three different categories were deposited by using “Edwards Sputter Coater S150B”, by varying the conditions “Voltage & Vacuum pressure” of the sputtering chamber. The constant parameters for sputtering were pressure of “Ar” gas from cylinder = 0.5 barr, vacuum before coating = 10−2 torr and time of coating = 1–5 min. The coating thickness is controlled through the combination of various parameters (coating as a function of deposition time is about 10–15 nm/min at given conditions, according to standard machine manual). The varying parameters for three different categories of coating are summarized in the Table 1.




2.3. Light Transmittance of Copper Nano-Films


The percentage of light transmittance was calculated. In the first step, the intensity of the light source was measured. The light intensity was then measured by placing a glass substrate and coated samples between the light source and the lux meter. It is important to realize that the visual inspection is first part of the characterization where through naked eye one can see the uniform or uneven covering of sputter coated films. However, the thickness was measured through detailed atomic force microscope (AFM) and discussed in the later part. Figure 1a depicts the configuration utilized in the current study and Figure 1b demonstrate the sample after copper coating while Figure 1c explains the mechanism of the coating involved in the current study.



The data obtained by the Lux meter are given in Table 2.




2.4. Measurement of Conductance of Copper Nanofilms


The I–V characteristic of the thin films of category-3 was measured by using four probe method. In the experiment current was kept constant and corresponding voltage produced was measured by using the source meter. The schematic diagram of the experimental set up is shown in following Figure 2.



Resistance and conductance of thin films were assessed by measuring their I–V characteristics. As



V = IR “Ohm’s law”



Therefore,



Resistance “R” = V/I “ohm”



Conductance “G” = 1/R “mho”



The conditions applied during the experiment and data obtained from it are given in Table 3.



Due to non-uniform and uneven coatings of category 1 and 2, it was not possible to measure the I–V characteristics of these thin films. So, we were not able to calculate the electrical resistance and conductance also.



X-ray diffraction “XRD” analyses was performed by “Model PW 3710, Philips Panalytical X-pert, Almelo, The Netherlands” with Cu as Kα radiations and Scherrer’s formula was used to estimate the crystallite size. Atomic force microscope (AFM) analysis was carried out to measure the coating thickness and surface roughness of the coated film. FlexAFM C3000i controller by Nanosurf (Gräubernstrasse, Liestal, Switzerland) was utilized for the analysis.





3. Results and Discussions


Figure 3 shows a graphical illustration of the relationship between coating time and percentage light intensity transmitted. The observed percentage of light transmitted at 1 min is 53 percent, as can be seen. However, as time passes, the percentage of light transmittance decreases. The percentage of light transmitted through the coated samples decreases as the coating duration rises, as shown in this graph. This demonstrates that the coating thickness grows as the coating duration increases.



At constant voltage of 0.9 KV, Figure 4 depicts how the proportion of light intensity transmitted through samples changes as the vacuum pressure changes. At low vacuum pressure, the proportion of light intensity transmitted is higher as compared to proportion of light intensity transmitted at high vacuum pressure. When the results obtained at low vacuum pressure “2 torr” and high vacuum pressure “10−1 torr” at constant voltage “0.9 KV” are compared, it is obvious that the coating at high vacuum pressure is superior to the coating at low vacuum pressure, as shown in Figure 4. This is because the mean free path of the coated particles increases at high vacuum pressure.



At constant high vacuum pressure of 10−1 torr, Figure 5 depicted the effect of applied voltage on the percentage of light transmittance as a function of time. At 1 min, the percentage of light transferred at high applied voltage is 44 percent, whereas at low applied voltage, the percentage of light transmitted is 53 percent. These findings indicate that at high voltage, a more uniform coating is obtained. This is demonstrated in Figure 5 by comparing the curves obtained at low voltage “0.9 KV” and high voltage “1.45 KV” at constant high vacuum pressure “10−1 torr”.



Figure 6 depicted the percentage light transmittance as a function of voltage at various time intervals. It is clear from this graph that the light transmittance of the coating obtained after 6 min is almost zero. The substrate coated for 12 min at high voltage “1.45 KV” and high vacuum pressure “10−1 torr” is almost opaque even at the source intensity of 700 Lux. When all three coating categories are compared, it is obvious from Figure 6 that the coating at high vacuum and high voltage is the best of all.



The number of electrons per unit volume, the electric charge -e “−1.6010−19 C”, and the electron drift velocity Vd all affect the electron flow in a metallic film subjected to potential difference [25]. The current density “J” is calculated using the following formula:



Current density “J” = neVd



When the coating thickness is increased, the number of charge carriers “-e” increases as well. The conductance of the coatings will increase as the thickness of the coating grows due to an increase in current density. The data acquired for the coatings exhibit the same pattern as that presented in Figure 7.



Figure 8 depicts the relationship between coating resistance and conductance. As illustrated in Figure 8, this is further confirmed by comparing the conductance of the coatings with their resistance. The maximum resistance of 4000 ohm was obtained for a 1 min coated sample, while the conductance of a 6 min coated sample was surged to 56 m-mho. The conductance of the samples increased over time, indicating that the coating thickness is directly proportional to the conductance and eventually inversely proportional to the resistance of the produced films.



XRD analysis is used to determine the crystallite size of thin films and to ensure that no oxide or other compound forms during the sputtering process. Figure 9 shows the results of the XRD scan. The XRD pattern is in good agreement with previous study [26]. The XRD analyses indicated the presence of single Cu crystalline phase and absence of copper oxide phase, “within the detection limit of XRD equipment”. The existence of small Cu nanocrystals can be suggested by broadening of XRD peaks [26,27].



The Scherrer’s formula was applied to measure the crytallite size, which is as follows:


  t =    K ∗ λ     B ∗ Cos   θ B     











The size of the crystallite formed is “t” = 12 nm that confirms the generation of nanoscale crystals in the deposited films, according to the findings. As a result, by adjusting the deposition conditions, nanoscale crystalline can be produced in the easy and reproducible sputtering process. This work reported the relationship of optical and electrical properties of Cu nanofilms, where the coating thickness is controlled through the combination of various parameters [28,29,30,31].



AFM analysis was carried out to evaluate the surface topography of the Cu-coated film. Figure 10 demonstrates the AFM analysis of the Cu film of category-1 with 5 min sputtering time. Overall uniform coating of Cu was obtained by using the given parameters, and AFM images suggest the average coating thickness is 19.8 nm, as shown in Table 4. Figure 10a,b shows the uniform distribution of Cu particles throughout the surface of the scanned surface where the size of maximum film thickness is ~37 nm. The Cu particles are connected with each other and the anticipated long mean-free path is well developed for enhanced conduction. Figure 10c,d reveals the selected area of individual Cu island, which has grown to a maximum height of ~50 nm. Despite the formation of individual islands, the average roughness behavior remained similar, as summarized in Table 4.




4. Conclusions


In this work, single-step Cu nanofilms were generated by using the simple and reproducible DC sputtering method. Parametric variation was carried out, and correlation of thickness of Cu nanofilms was established with optical and electrical properties. The non-uniform coatings were attained in categories 1 and 2, where the vacuum and voltage were low. The significant porosity and discontinuity in these films were demonstrated by higher values of the percentage of light transmitted, and inconsistent and unreliable I–V characteristics. Under optimized conditions of 10−1 torr vacuum, 1.45 KV voltage, and 4–6 min coating time, a conductive path was successfully established. The maximum resistance of 4000 ohm was obtained for a 1 min coated sample, while the conductance of a 6 min coated sample surged to 56 m-mho. Coatings were relatively thick and uniform with a crystallite size of 12 nm in category 3, where vacuum pressure and voltage were rather high. The average coating thickness of 19.8 nm and roughness of 4.5 nm was obtained for a 5 min coated sample through AFM analysis. Further, it is suggested that for the production of thin and uniform coatings, the pressure and voltage must be high enough to give the coating particles a long mean-free path for enhanced conduction.
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Figure 1. (a) Plasma assisted coating in the sputtering chamber, (b) Stereoscopic optical image of Cu coated sample, (c) Schematic representation of the sputtering phenomenon. 
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Figure 2. (a) Side view of setup to measure the transmitted Light intensity, (b) Top view with light source turned on, and (c) Schematic of Four probe system. 
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Figure 3. Relationship between coating time and % age light. 
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Figure 4. Comparison of Sputtered Coatings at Different Vacuum. 
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Figure 5. Comparison of Sputtered Coatings at Different Voltages. 
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Figure 6. Comparison of Sputtered Coatings under Different Conditions. 
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Figure 7. Relationship between coating time and conductance. 
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Figure 8. Relationship between Resistance and Conductance of the Coatings. 
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Figure 9. (a) X-ray diffraction analysis of synthesized nanofilms, (b) FWHM of the Cu peak. 
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Figure 10. (a,b) AFM images of densely Cu-coated film showing the uniform film thickness, (c,d) AFM images of selected area of the Cu deposited island showing the maximum film thickness. 
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Table 1. Varying conditions for different categories of coatings.
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	Category No.
	Pressure during Coating “torr”
	Voltage “K-Volt”
	Current “mA”





	1
	2
	0.9
	25



	2
	10−1
	0.9
	25



	3
	10−1
	1.45
	13
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Table 2. Percentage of light transmitted through thin films.
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Coating Time “min”

	
1

	
2

	
3

	
4

	
5






	
Percentage Light Intensity Transmitted

	
Category 1

	
68.93

	
56.1

	
52.27

	
36.4

	
33.3




	
Category 2

	
52.24

	
34.33

	
31.34

	
18.18

	
14.93




	
Category 3

	
43.87

	
28.39

	
17.1

	
7.74

	
2.26








Initial intensity of light source = 150 Lux. Light intensity transmitted through substrate = 145 Lux. Percentage of light transmitted through sample   =    Light   tarnsmitted   through   film     Light   transmitted   through   substrate    × 100  .
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Table 3. Electrical properties of thin films of category 3.
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	Time of Coating “min”
	1
	2
	3
	4
	5





	Voltage “volt”
	40.26
	21.23
	2.71
	0.75
	0.33



	Resistance “Ω”
	4026
	2123
	271
	75
	33



	Conductance “m-mho”
	0.248
	0.471
	3.69
	13.33
	30.30







Experiment performed at room temperature. Current supplied = 10 mA.













[image: Table] 





Table 4. Statistical quantities of AFM analysis for Cu film for 5 min sample.
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	Sr. No.
	Average Thickness “nm”
	Average Roughness “nm”
	Maximum Island Thickness “nm”





	Area 1
	19.8
	4.3
	36.6



	Area 2
	20.7
	4.5
	50.1
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