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Abstract:



The characteristics of Cu alloy (0.3 wt. % Cr, 0.2 wt. % Zr) thin film deposited by direct current (DC) magnetron sputtering deposition were investigated. The conductivity and adhesion of the Cu-0.3%Cr-0.2%Zr films were optimized by increasing the sputter power to 150 W and reducing the sputter pressure to 2 mTorr. With an annealing process (at 300 °C for 1 h in argon ambient atmosphere), the resistivity of the alloy film decreased from 4.80 to 2.96 μΩ·cm, and the adhesion classification increased from 2B to 4B on glass substrate. X-ray photoelectron spectroscopy (XPS) analysis showed that Cr aggregated toward the surface of the film and formed a self-protection layer in the annealing process. Transmission electron microscopy (TEM) indicated the aggregation and migration of Cr in the annealing process. A further X-ray diffraction (XRD) analysis showed that Cu2O appeared when the annealing temperature reached above 350 °C, which accounts for the increase of the resistivity. Based on Al2O3 and SiO2 substrate surfaces, the Cu-0.3%Cr-0.2%Zr film also showed high conductivity and adhesion, which has a potential in the application of Cu gate electrodes for thin film transistor (TFT).
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1. Introduction


As the large-size and high-resolution thin-film transistor liquid crystal display (TFT-LCD) with high operating frequency becomes more widely used, the copper gate electrode is a promising candidate to substitute for aluminum, owing to its high conductivity to reduce the resistance-capacitance (RC) propagation delay as well as its higher stress-migration and electromigration resistance [1]. However, before it can be used for this purpose, copper has a serious drawback to be addressed, as it is well-known to exhibit poor adhesion to substrates such as SiO2 or glass [2,3,4]. Another challenge in Cu gate electrode technology is how to prevent the diffusion of Cu into neighbor layers under bias, as Cu tends to degrade the dielectric properties of the neighbor layer, resulting in dielectric breakdown and inferior device performance [5,6,7].



Several methods are proposed to resolve this problem, by introducing an extra layer at the interface as a diffusion barrier and adhesion layer, such as Cu/Ti [8,9], Cu/Ta [10], Cu/Mn [11], or Cu/Mo [12,13]. However, the extra functional layer gives rise to a complex pattern process. The differences between the Cu layer and the contact layer make it complicated in the subsequent etching process [14]. In order to improve the reliability and cost of Cu gate electrodes, another method is advocated, namely, the use of Cu alloy (Cu-Mg [15,16], Cu-Ca [17,18,19], Cu-Mn [20,21,22,23], Cu-Ti [24]) instead of pure Cu to form a diffusion barrier and adhesion layer spontaneously [25].



In this paper, we focus on the ternary alloy thin film of Cu-0.3 wt. %Cr-0.2 wt. %Zr (Cu-Cr-Zr). The additive elements of Cr and Zr have limited solid solubility in Cu alloy, and thus will migrate to the interface and be oxidized by the surface oxide layer during subsequent annealing, acting as a self-forming diffusion barrier and adhesion layer [21]. The simultaneous presence of Cr and Zr—two additive elements—results in a higher diffusion coefficient and provides higher conductivity and adhesion than only one. Therefore, the properties of Cu-Cr-Zr thin film were investigated in view of their electronic properties and adhesion, aiming at developing the application of Cu gate electrodes in TFT.




2. Materials and Methods


Thin films of Cu-Cr-Zr were deposited on alkali-free glass substrates by direct current (DC) magnetron sputtering. Prior to deposition, the substrates were first cleaned for 10 min by ultrasonication with deionized water and isopropanol, respectively. The distance between the targets and substrates was set to be 10 cm. The base pressure in the vacuum chamber was 5 × 10−4 Pa; the sputtering power was set at different levels (50 W, 150 W), as well as the argon (Ar) working pressure (2 mTorr and 20 mTorr), which aimed to evaluate the effect of sputtering power and sputtering pressure on the electronic resistivity and adhesion strength by combining experimental parameters with Minitab software, so as to find the optimal parameters for the deposition of thin films. No intentional cooling or heating of the substrates was provided during the deposition. After the deposition, the film thickness was determined by a Veeco Dektak 150 probe surface profiler. The thickness was then fixed at 200 nm, which was controlled by the deposition time under different sputter rates. The sheet resistance was measured by using a four-point probe. Furthermore, the resistance was calculated by the following formula:
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where ρ, Rs, and t are defined as the specific resistance, the film sheet resistance, and the film thickness, respectively. Different substrates were carried out in the same way. The sputter power and sputter pressure was fixed at 150 W and 2 mTorr, respectively. The Ar flow was fixed at 25 sccm. Table 1 shows the detailed parameters of these substrates:



Table 1. Substrate parameters.







	
Substrates

	
Sputtering Mode

	
Sputtering Power (W)

	
Ar Pressure (mTorr)

	
Thickness (Å)






	
Glass

	

	

	

	




	
Al2O3/Glass

	
RF

	
120

	
1

	
300




	
SiO2/Glass

	
RF

	
80

	
1

	
250










The thin film adhesion strength was measured by means of the standard test methods for measuring adhesion (i.e., American Society for Testing and Materials (ASTM) D3359) [26] with the pressure-sensitive tape, and then classified as one of six grades (5B, 4B, 3B, 2B, 1B, and 0B) according to the area percentage of the removal of coating from the substrate after scratching. 5B indicates no coating removal, indicating optimal adhesion. Table 2 shows the classification of adhesion test results.



Table 2. Classification of adhesion test results.







	
Percent Area Removed

	
Classification






	
0%

	
5B




	
Less than 5%

	
4B




	
5–15%

	
3B




	
15–35%

	
2B




	
35–65%

	
1B




	
Greater than 65%

	
0B










The annealing process was conducted in a vacuum annealing furnace with the protection of Ar atmosphere. The Ar flow was set to 110 sccm; the annealing pressure was set to 1 Torr; the annealing time was set to 1 h; the annealing temperatures were set to 300 °C, 350 °C, 400 °C, and 450 °C. The crystalline structure of thin films was determined by X-ray diffraction (XRD) measurement using Cu Kα1 radiation (λ = 0.15418 nm). XRD measurement was performed by an Empyrean Nano edition (PANalytical, Almelo, The Netherlands). The chemical changes in the surface of the films were detected by X-ray photoelectron spectroscopy (XPS) measurements. XPS measurement was performed by an ESCALAB250Xi (Thermo Fisher Scientific, Waltham, MA, USA) at a basic pressure of 7.5 × 10−10 Torr. SEM measurement was performed by a Nova Nano SEM (FEI, Hillsboro, OR, USA).




3. Results and Discussions


3.1. Resistivity


Figure 1 shows the main effects plot (a) and interaction plot (b) of the parameters such as sputter power, sputter pressure, and annealing temperature. It shows that the resistivity of Cu-Cr-Zr thin film is effected more or less by all the three factors: sputter power, sputter pressure, and annealing temperature.


Figure 1. (a) Main effects plot and (b) interaction plot for the resistivity of Cu-Cr-Zr thin films affected by sputter power, sputter pressure, and annealing temperature.
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As shown in Figure 1a, both the power and the pressure act as major effects, and when the temperature is in the range of 300–400 °C, there is little effect, but once exceeding 400 °C, the annealing temperature becomes the main effect factor of the resistance value.



Further analysis shows that higher sputter power and lower sputter pressure will induce a lower resistivity; annealing in a certain range of temperature is advantageous in reducing the resistivity, while too high of an annealing temperature will lead to the opposite effect. When the effect of a factor depends on the quasi-level of another one, the interaction plot can be used to show the interaction between the two factors. The greater the slope difference between lines, the greater the degree of interaction. As shown in Figure 1b, the factors of sputtering power and sputtering pressure interact with each other, but the annealing temperature has little interaction with them. This is reasonable, as the factors of power and pressure work during sputtering deposition at the same time, while annealing is a separate factor that affects the film during post-processing. Thus, we fixed the optimal deposition conditions of the film at 150 W, 2 mTorr, and all the experiments below follow this condition.



Figure 2a shows the resistivity of pure Cu thin films on different substrates with annealing temperatures of 300 °C, 350 °C, 400 °C, and 450 °C. Figure 2b shows the resistivity of Cu-Cr-Zr thin films on different substrates with annealing temperatures of 300 °C, 350 °C, 400 °C, and 450 °C. We learned that an annealing process at 300 °C leads to the best optimized resistivity for Cu-Cr-Zr, which is presumably caused by the reduction of the defect density of the Cu lattice and the increase in grain size to reduce electron scattering at grain boundaries. When the annealing temperature exceeds 400 °C, the resistivity rises sharply, which indicates that the electrical characteristics of the Cu alloy film deteriorate abruptly.


Figure 2. Resistivity on different substrates with different annealing temperatures: (a) Pure Cu; (b) Cu-Cr-Zr.
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3.2. Adhesion


Figure 3a shows the effects of annealing temperature on the adhesion of pure Cu thin films on various substrates; Figure 3b shows the effects of annealing temperature on the adhesion of Cu-Cr-Zr thin films on various substrates. For pure Cu, adhesion strength is very inferior with glass, although its resistivity is lower than Cu-Cr-Zr, as shown in Figure 2. For Cu-Cr-Zr, the strength of adhesion increases after annealing at 300 °C or higher for all of the substrates, reaching almost 0% peeling rate on all substrates, as shown in Figure 3. The adhesion grades of Cu-Cr-Zr thin film on various substrates are shown in Table 3. The adhesion grade varies from 2B to 4B for the as-deposited Cu-Cr-Zr film, and even with no annealing process the adhesion strength was better than that of pure Cu thin film, which was graded at 0B.


Figure 3. Adhesion on various substrates at different annealing temperatures with the contrast of Cu/Ti on glass: (a) pure Cu; (b) Cu-Cr-Zr.



[image: Applsci 07 00820 g003]






Table 3. The grades of Cu-Cr-Zr thin film adhesion on various substrates.







	
Substrates

	
Room Temperature (RT)

	
300 °C

	
350 °C

	
400 °C

	
450 °C






	
Glass

	
2B

	
4B

	
5B

	
4B

	
5B




	
Al2O3/Glass

	
4B

	
4B

	
5B

	
5B

	
5B




	
SiO2/Glass

	
4B

	
5B

	
4B

	
4B

	
5B











3.3. X-ray Photoelectron Spectroscopy (XPS) Results


Figure 4 shows the XPS spectra of Cr2p core levels on the Cu-Cr-Zr thin film surface before and after annealing at 300 °C. The intensity of Cr2p signals for the annealed sample is stronger than that for the as-deposited sample, but the signal at 574 eV is still weak because of the tiny amount of Cr. This is attributed to the low solid solubility of chromium in Cu, which can easily migrate toward the interface and react to form an oxide layer with the annealing process. The oxide layer enhances the oxidation resistance of Cu in air. Another added metal element in the Cu alloy is zirconium, which exhibits the same function as Cr but at a concentration too small to be detected.


Figure 4. XPS spectra of Cr2p core levels on the Cu-Cr-Zr thin film surface before and after annealing. The spectrum of annealed sample (circle dots) was fitted by the Shirley background (dashed line) and fitted with peaks of Cr2p3/2 (573.1 eV), Cr2p3/2 (573.9 eV), and Cr2p3/2 (575.1 eV) (dotted line).
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3.4. Transmission Electron Microscopy (TEM) Results


Figure 5 shows the cross-section of Cu-Cr-Zr/Glass samples as-deposited and after annealing at 300 °C. For the as-deposited sample shown in Figure 5a, the film surface is smooth. In contrast, the sample annealed at a temperature of 350 °C exhibited some particles in the surface, as arrow A shown in Figure 5b, indicating the accumulation of Cr on the surface, as evidenced in Figure 4. It may be speculated that there is also some Cr or Zr enrichment at the interface. The improvement of adhesion is ascribed to the aggregation of Cr and Zr in the surface and interface.


Figure 5. Focused Ion Beam (FIB)-TEM micrographs of the alloy thin films: (a) Cu-Cr-Zr film before annealing; (b) Cu-Cr-Zr film after annealing at 300 °C.
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3.5. X-ray Diffraction Results


Figure 6 shows the XRD photos of Cu-Cr-Zr and pure Cu thin-film samples manufactured in the same way. It indicates that the other two elements of Cr and Zr almost have no effect on the crystal structure of the Cu film, which accounts for the relatively low resistivity of Cu-Cr-Zr thin films.


Figure 6. The XRD of Cu-Cr-Zr and pure Cu thin-film samples.
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Figure 7 shows the X-ray diffraction patterns of Cu-Cr-Zr thin-film samples after annealing at various temperatures. As a comparison, the X-ray diffraction pattern of the as-deposited thin-film sample is also included. As shown in the figure, all the samples exhibit five peaks at 2θ values of 43.45°, 50.55°, 74.25°, 90.05°, and 95.25°, corresponding to Cu (111), (200), (220), (311), and (222) diffraction peaks, respectively, and grow along the Cu (111) preferential orientation. The preferential orientation is Cu (111) because copper, as a face-centered cubic (fcc) crystal, has the maximum atomic density and the least surface energy in the crystal indices, which is beneficial to the growth of the crystal face. In addition, with the annealing process, the Cu peak intensities are strengthened evidently and the Cu peaks become narrower, which indicates grain growth and the densification of the Cu film [17]. The Cu crystallinity becomes better as the annealing temperature increases, but when the temperature exceeds 400 °C, the Cu peak intensities become a little weaker, with some new Cu2O peaks appearing. It is worth noting that a Cu2O (111) peak appears when the annealing temperature exceeds 350 °C, which explains the very slight increase in resistivity, as shown in Figure 2. In addition, at 450 °C some peaks such as Cu2O (110), Cu2O (200), and Cu2O (220) appear and the Cu2O (111) peak intensity increases dramatically, resulting in the rapid deterioration of the membrane resistivity.


Figure 7. The XRD of Cu-Cr-Zr thin-film samples (a) at room temperature (RT), and after annealing at (b) 300 °C; (c) 350 °C; (d) 400 °C; and (e) 450 °C.
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4. Conclusions


Cu-0.3 wt. % Cr-0.2 wt. % Zr alloy thin films deposited by a sputtering technique exhibit a smooth surface on glass substrate with a high sputter power and a low sputter pressure. After annealing at 300–400 °C, with large lateral grown grains, the Cu alloy film exhibits superior low resistivity and high adhesion on different kinds of substrates. X-ray diffraction (XRD) shows obvious grain growth after annealing, which accounts for the decrease of the resistivity. X-ray photoelectron spectroscopy (XPS) shows the migration of Cr toward the film surface, which enhances the oxidation resistance of Cu in air.
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