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Abstract

:

Nickel films of 40 nm thickness were obtained by means of magnetron sputtering on a single-crystalline silicon substrate. The films were subjected to rapid thermal treatment (RTT) for 7 s until the temperature increased from 200 to 550 °C. By means of the X-ray diffraction method, the structural-phase composition of nickel films before and after RTT was explored. The atomic force microscopy method due to direct contact with the surface under study, made it possible to accurately define the microstructure, roughness, specific surface energy and grain size of the nickel films before and after RTT, as well as to establish the relationship of these parameters with the phase composition and electrical properties of the films. Surface specific resistance was measured using the four-probe method. Based on XRD results, formation of Ni2Si and NiSi phases in the film was ascertained after RTT at 300 °C. At RTT 350–550 °C, only the NiSi phase was formed in the film. The microstructure and grain size significantly depend on the phase composition of the films. A correlation has been established between specific surface energy and resistivity with the average grain size after RTT at 350–550 °C, which is associated with the formation and constant restructuring of the crystal structure of the NiSi phase.
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1. Introduction


The good electrical and magnetic properties of nickel, as well as resistance to corrosion and oxidation, allow it to be used in electronics, optics and healthcare [1,2]. The nickel layers are used as orienting layers for growing graphene and copper films [2]. Thin nickel films are used as ohmic contacts [3] in the solar-to-thermal energy converters [1], as well as for electromagnetic radiation shielding [4].



The nickel silicide films hold a particular place in microelectronics. Low specific and contact resistance, and low silicon consumption and formation temperature [5,6,7] have opened up the possibility of using nickel silicide (Ni2Si, NiSi) in CMOS technology as self-aligned silicide contacts in the source, drain and gate regions [6,7,8,9].



Formation of nickel silicide thin films is mainly carried out by a solid-phase reaction of a nickel film with silicon. Nickel is applied by physical vapor deposition [5,6,7,9,10,11,12,13,14,15,16,17] or chemical deposition [8,18] onto a previously prepared silicon wafer. After this, the Ni/Si system is subjected to heat treatment, during which the phases Ni2Si, NiSi and NiSi2 are sequentially formed [8]. The resulting silicides differ in their formation temperatures and the value of their surface-specific resistance [5,6]. Formation of the Ni2Si phase occurs within a temperature range from 175 °C to 300 °C [5,10,14,15,17,18,19]. According to [5,9,15], the transition from the Ni2Si phase to NiSi occurs at temperatures of 275–350 °C, and at a temperature of 700 °C [6,8,14,18], the NiSi2 phase is formed. Heat treatment is carried out by steady-state annealing in a vacuum [5,7,10,11,12], in an atmosphere of argon [8] and nitrogen [9], and rapid thermal annealing (RTA) in an atmosphere of argon [16] and nitrogen [6,7,9,11,13,14,15,17,18]. RTT with lamp heating makes it possible to form nickel silicides within a time frame of 5 to 7 s [9,15,17], while steady-state annealing takes at least 30 min [5,7,8,9,10,11,12].



The formation of silicides is accompanied by changes in the surface roughness [6,11,19] due to an increase in grain size, their integration and agglomeration [6,11,14]. Grain size is one of the factors that has an impact on the resistivity of nickel silicides. The smaller the grain size in NiSi films, the higher the resistivity [14], which is associated with a large number of grain boundaries. To define the grain size, X-ray diffraction (XRD) methods [14,20,21] and electron microscopy [17,22] are used more often than probe methods [6,22].



Atomic force microscopy (AFM) is used more often to monitor changes in surface morphology, roughness [4,19,21,22,23,24,25] and changes in grain size [4,21,22,25] when studying the nickel films on silicon (after annealing). AFM images are used to describe the smoothness [4,22], homogeneity and continuity [4] of the formed films. AFM is also used to verify the process of the film agglomeration during the transition from NiSi to NiSi2 at temperatures from 500 °C when studying the structure, phase composition and resistivity [21]. In this case, attention is focused on changes in morphology [19], the formation of a needle-like [23] or columnar [25] structure and deep depressions [23,25] and an increase in roughness (which is only possible using atomic force microscopy) of the films [4,19,21]. Also, while defining the influence of doping elements on the thermal stability of NiSi films, the roughness values and film morphology identified by the AFM method make it possible to estimate either the improvement or deterioration of its stability. Establishing the relationship and correlation of roughness, specific surface energy, grain size and other properties of nickel films after rapid thermal treatment is quite a challenge now. Probe methods, due to direct contact with the surface under study, make it possible to accurately define roughness, specific surface energy and grain size, which can significantly affect the material properties.



The purpose of this work was to study the impact produced by rapid thermal treatment within a temperature range of 200 to 550 °C on the structural phase composition and properties of nickel films on silicon by means of high-precision probe methods.




2. Materials and Methods


2.1. Application and Processing of Nickel Films


Nickel films of ~40 nm thickness were deposited on silicon substrates by magnetron sputtering of a nickel target with 99.5% purity in an argon environment with 99.993% purity at a pressure of 0.35 Pa and a discharge power of 7.1 kW (the power density was about 8.15 W/cm2 at a discharge voltage of 480 V) at the SNT “Sigma” installation (StratNanoTek Invest, Minsk, Belarus). The vacuum chamber was pumped out to less than 5 × 10−4 Pa (oil-free pumping) before deposition of nickel films.



The silicon substrates represented epitaxial layers of phosphorus-doped silicon with a resistivity of 0.58–0.63 Ω × cm and a thickness of 5.3–5.8 μm, formed on p-type single-crystalline silicon substrates with 10 Ω × cm resistivity and orientation (111). Prior to nickel deposition, the substrates were treated first in an ammonia peroxide solution and then in an aqueous HF solution.



After deposition, nickel films on silicon were subjected to rapid thermal treatment in thermal balance mode using a JetFirst 100 unit (Jipelec Qualiflow Therm, Montpellier, France). The annealing chamber was pumped out twice to 1 Pa, followed by nitrogen injection to atmospheric pressure (oil-free pumping) prior to rapid thermal treatment. The reverse side of the silicon substrates was irradiated with an incoherent light flux from constant power quartz halogen lamps in a nitrogen environment for 7 s. Heating was carried out until the temperature increased from 200 to 550 °C with 50 °C increments. The temperature of the working side of the substrate was controlled by a thermocouple with an accuracy of ±0.5 °C [17].




2.2. Research Methods


The phase composition was studied by X-ray diffraction using ULTIMA IV diffractometer (Rigaku, Tokyo, Japan). A parallel beam geometry was used in copper (CuKα) radiation with a wavelength of 0.154179 nm. The thickness (t) of the films was determined by scanning electron microscopy (SEM) with an S-4800 instrument (Hitachi, Tokyo, Japan). To define the thickness of the films, a vertical shearing cut of silicon wafer with a film was made, and an SEM image was obtained (Figure 1).



The study of the structure, roughness and adhesion force of the film surface before and after rapid thermal treatment was carried out using an atomic force microscope Dimension FastScan (Bruker, Santa Barbara, CA, USA) in PeakForce QNM mode (Quantitative Nanoscale Mechanical Mapping, Bruker, Santa Barbara, CA, USA). Standard silicon cantilevers of the CSG10_SS type (TipsNano, Moscow, Russia) with a curvature radius of 3.2 nm and a cantilever stiffness of 0.26 N/m were used. The film roughness parameters Ra, Rq, Rz and grain size were determined on fields of 1 × 1 μm2. Ra is the arithmetic mean of the absolute values of the surface height deviations measured from the average plane, Rz is the average difference in height between the highest peaks and valleys relative to the average plane, and Rq is the root mean square value of the profile deviations within the base length of the profile.



Based on the surface adhesion force values [26], the specific surface energy γ was determined [27]:


  γ =    F  ad     2 π R   ,  



(1)




where Fad is the surface adhesion force, N; R is the radius of curvature of the probe tip, m. The adhesion force Fad was determined from the force required to break the “AFM probe–surface” contact when the AFM probe was removed from the surface of the film under study.



The specific electrical resistivity of the films was determined using an RS-30 apparatus (KLA Tencor, Milpitas, CA, USA). The error is no more than ±5%. Calculation of the specific electrical resistivity ρ (Ω × cm) of nickel films was carried out according to the formula:


  ρ =  R s  ⋅ t ,  



(2)




where RS is the surface resistance of the sample, Ω/square; t is the thickness of the nickel film on silicon after heat treatment, meter.



The rapid thermal treatment temperature was a criterion for correlation analysis [27]. The relationship between two parameters (roughness, specific surface energy, grain size and specific electrical resistivity) with respect to the third constant feature—rapid thermal treatment temperature—was found. The correlation coefficient of parameters x and y was found by the formula [27]:


    r   x y   =    ∑      x   i   −   x  ¯    ·     y   i   −   y  ¯          ∑        x   i   −   x  ¯      2   ·    ∑        y   i   −   y  ¯      2         



(3)




where y corresponded to specific electrical resistivity at a change in rapid thermal treatment temperature, and x alternately took the values of roughness, specific surface energy and grain size.





3. Results and Discussion


XRD displayed the presence of crystalline nickel with orientation (111), (200) and (220) on the nickel film before RTT (Figure 2). At a RTT temperature of 200–250 °C, the intensity of the nickel peaks changed, but no new phases were formed. The intensity of the peak (220) slightly increased (Figure 2c) at a temperature of 250 °C. After rapid thermal treatment at 300 °C, mainly the NiSi phase is formed in the film (Figure 2c). The peak intensity of the NiSi phase corresponds to orientation at an angle of 45.5° in the film after 300 °C RTT, belonging to the Ni2Si phase, i.e., the silicide layer contains two phases. The NiSi phase in films is presented in the form of orientations (101), (002), (200), (111), (210), (112), (211), (103), (020), (013). The (111) nickel phase disappears after rapid thermal treatment at 350 °C (Figure 2d,e). A further increase in the RTT temperature leads (350–550 °C) to the formation of a NiSi phase only in the film (Figure 2e–i). The highest intensity peaks of the NiSi phase are at the (112) and (211) orientations at angles of 45.9 and 47.5°, respectively. Rapid thermal treatment at temperatures of 400–550 °C (Figure 2f–i) does not lead to virtually any changes in the phase composition of the films; there is only one NiSi phase in the composition.



The change in film thickness (Figure 1) is also explained by a change in the phase composition, as well as solid-phase interaction of nickel with silicon throughout the entire heat treatment temperature range [15]. At RTT 200–250 °C, the film thickness remains virtually unchanged, but the grain size increases (visible in the cross section, Figure 1b). At temperatures of 300–350 °C, due to the formation of the Ni2Si and NiSi phases, the structure on the cross section changes; there is no pronounced granular structure (Figure 1d,e). It should also be noted that the film thickness is uneven. After 350 °C, uniformity in film thickness is observed (Figure 1f). A comparative analysis of the ratio d/d0 (d is the thickness of the nickel film after rapid thermal treatment, and d0 is the thickness of the initial nickel film), carried out in [15], showed that at RTT temperatures of 250–300 °C, there is a complete transition of nickel to the Ni2Si phase (d/d0 = 1.47). At an RTT temperature of 350–400 °C, the formation of the NiSi phase occurs (d/d0 = 2.2). Thus, the Ni2Si–NiSi phase transition occurs in the RTT temperature range from 250 to 400 °C [15], which is in good agreement with XRD (Figure 2).



The microstructure of the film surface before and after rapid thermal treatment is significantly different (Figure 3 and Figure 4). The surface of the film before rapid thermal treatment is smooth with a granular structure and grain size—18.7 ± 4.1 nm (Figure 3a and Figure 4a). Rapid thermal treatment at 200 °C leads to an increase in grain size (Figure 3b and Figure 4b). Such an increase also leads to a rise in the height distribution over the film surface (Figure 3b). Formation of the Ni2Si and NiSi phases after rapid thermal treatment at 250 °C (Figure 3c and Figure 4c) ensues the formation of grains of various sizes from 10 nm to 40–50 nm (Figure 3c). The average grain size on this film was 23.1 nm (Figure 4c). Increasing the RTT temperature to 300–350 °C leads to the formation of a coarse-grained structure (Figure 3d and Figure 4d) with an average grain size from 24.9 nm (at 300 °C) to 27.4 nm (at 350 °C) due to the formation of the NiSi phase only. In this case, there are pores on the film’s surface (Figure 3d, shown by yellow arrows).



The formation of Ni2Si and NiSi silicides occurs by a diffusion mechanism [6,9,13,19], where the diffusion of nickel atoms into the silicon substrate is 10 times higher than that of silicon into the nickel matrix [6]. As a result, the diffusion of Ni atoms from the film surface to the substrate can lead to the formation of pores. Further elevation of the RTT temperature to 500 °C slightly changes the grain size (Figure 3f–h and Figure 4f–h), but leads to a decrease in the quantity of pores on the surface of nickel silicide films. An RTT temperature of 550 °C leads to an increase in grain size to 29.9 nm. It should be noted that in [17], by means of SEM, a larger grain size was observed in the cross section.



The film microstructure after rapid thermal treatment at 550 °C is similar to the film structure in [19], obtained by RTT in 15 s. An increase in grain size during the formation of the Ni2Si and NiSi phases was also observed for films deposited on silicon of different orientation [16,20]. The main difference between the above studies and the results in [16,19,20] is that they generally use rapid thermal treatment for 15 s and above. Thus, in [19], films were studied after rapid thermal treatment in the range of 15–300 s at temperatures of 300–500 °C, as well as after a long annealing process of 45 min at temperatures of 300–500 °C. In [20], rapid thermal treatment was carried out in 60 s at temperatures of 300–800 °C. At the same time, the grain size increased from 17.2 to 35.4 nm for films on (100)-oriented silicon wafers and from 31.2 to 44 nm for films on (110)-oriented silicon wafers [20].



The structures are obtained at the surface and not at a cross section using atomic force microscopy. The difference in grain size is due to the short time of the RTT process, which does not allow the film to be completely restructured. That is, silicon atoms only reach the surface in small quantities, and nickel atoms do not have time to completely diffuse deep into the film. Because of this, large grains comparable to the grains on the cross section in [17] are not formed on the surface. Changes in the film’s morphology can also be traced by height distribution over the surface (Figure 3). Rapid thermal treatment of nickel film leads to an expansion of height ranges and their shift towards higher values. Before rapid thermal treatment, the height distribution over the film surface ranges from 2 to 6 nm. In the presence of the Ni2Si phase in the film (Figure 3c) after rapid thermal treatment at 250 °C, the height range is from 1 to 20 nm, and at a temperature of 300 °C, with the formation of the NiSi phase (Figure 3d) it is from 2 to 22 nm. A further rise in the RTT temperature to 550 °C increases the width of range and maximum height distribution.



In the adhesion contrast (distribution maps of the adhesion force on the surface, Figure 4, blue images), the areas corresponding to pores and grain boundaries have a higher adhesion force (light or white areas in blue images). Due to the presence of pores, and unevenness of the film relief in the temperature range of 200–350 °C, the adhesion force is higher (and, accordingly, the specific surface energy, Figure 5) compared to the surface of films at 400–550 °C.



In addition to grain size, electrical properties of thin films are also affected by surface roughness. Rapid thermal treatment of nickel film leads to an increase in surface roughness (Figure 5) compared to the film roughness before rapid thermal treatment. In the temperature range of 200–250 °C, roughness steps up: Ra increases from 0.5 nm (for the initial film) to 1.6 nm (after RTT 250 °C), Rq—from 0.7 to 2.1 nm, Rz—from 1.7 to 2.9 nm. If we compare the surface roughness within the RTT temperature, then in the temperature range of 300–350 °C, the surface roughness of the films has a maximum value. Roughness Ra increases to 2.6 nm (after RTT 350 °C), Rq increases to 3.3 nm (after RTT 350 °C) and Rz increases to 5.4 nm (after RTT 300 °C). Further elevation of the RTT temperature leads to its decrease. After RTT at 350 °C, the roughness Ra decreases to 1.6 nm, Rq decreases to 2.3 nm, and Rz decreases to 3.0 nm. The roughness Rz varies independently of Ra and Rq. An increase in Rz to 5.4 nm occurs at 300 °C, where the Ni2Si phase transforms into the NiSi phase. Next, the roughness Rz gradually decreases to 2.0 nm at 500 °C and increases slightly to 3.0 nm at 550 °C. A minor increase in roughness Rz at 550 °C is caused by restructuring of the surface, during which the porosity of the film grows and the height differences increase that are visible on nanoprofiles (Figure 3d,i). The difference in roughness (Ra, Rq and Rz) between 200–350 °C and 400–550 °C is explained by the difference in surface structure and phase composition of the films. In the temperature range of 200–350 °C, surface porosity and unevenness of the relief (Figure 2 and Figure 3) are significantly higher compared to the film’s surface at 400–550 °C. Therefore, this significantly affects the values of Ra, Rq and Rz.



Rapid thermal treatment at 200 °C reduces the specific surface energy γ of the film compared to original film from 0.38 to 0.33 N/m (Figure 5). RTT at 250 °C leads to a drop in the specific surface energy from 0.33 to 0.21 N/m. Further elevation in the RTT temperature to 550 °C gradually increases the specific surface energy γ to 0.31 N/m. The increase in specific surface energy γ in the temperature range 400–550 °C is associated with an increase in grain size. A correlation has been established between the specific surface energy and grain size in the temperature range of 400–550 °C.



Resistivity ρ of the films depends significantly on the phase of the formed silicide [10,15]. RTT at temperatures of 200–250 °C (Figure 6) increases ρ by 1.8 times as compared to original nickel films (from 15 to 27–28 μΩ cm). This is due to the presence of the Ni2Si phase, a change in the microstructure and an increase in grain size [10,15].



A decrease in resistivity (up to 15 μΩ cm) at RTT temperatures of 350–400 °C to the level of the original nickel film is caused by the formation of the NiSi phase and high homogeneity over the entire thickness of the film [17]. A further increase in the RTT temperature to 550 °C increases ρ to 18 μΩ cm. This is probably due to the restructuring of the NiSi crystal structure [15], which also manifests itself in changes in the film morphology, roughness and grain size.



The specific surface energy and resistivity correlate with the average grain size (0.94 and 0.81, respectively) within an RTT temperature range of 350–550 °C, at which the film consists of the NiSi phase. This is due to further restructuring of the crystal structure of the NiSi phase and a decrease in the number of grain boundaries with increasing the grain size [14].




4. Conclusions


A study of the effect produced by rapid thermal treatment (RTT) with a temperature range from 200 to 550 °C for 7 s on the phase composition, microstructure and properties of thin nickel films deposited on a silicon wafer with a (111) orientation has been carried out. This study was carried out by applying X-ray phase analysis, scanning electron microscopy, high-precision atomic force microscopy and the four-probe method.



It has been ascertained that RTT at temperatures of 200–250 °C leads to the enlargement of nickel film grains due to the formation of the Ni2Si phase. An increase in roughness Ra, Rq and Rz and resistivity is also observed. Roughness Ra increases from 0.5 nm (for the initial film) to 1.6 nm (after RTT 250 °C), Rq—from 0.7 to 2.1 nm, Rz—from 1.7 to 2.9 nm. The specific electrical resistivity increases from 15 μΩ cm (for the initial film) to 27 μΩ cm (after RTT 250 °C). Rapid thermal treatment at 200 °C reduces the specific surface energy γ of the film compared to the original one from 0.38 to 0.33 N/m. An increase in the RTT temperature to 300 °C leads to the emergence of pores on the film surface, caused by an outflow of nickel atoms during the formation of the Ni2Si and NiSi phases. In this case, the roughness and average grain size increase, and the resistivity decreases. Elevation of the RTT temperature to 350–550 °C leads to the formation of a granular surface with a large height difference and depressions (pits) (from 3.56 nm at 450 °C to 5.1 nm at 500 °C). This is caused by the more active diffusion of nickel atoms to the substrate and the formation of the NiSi phase in the film. Increasing the RTT temperature to 550 °C gradually increases γ to 0.31 N/m. The specific surface energy γ in the temperature range 400–550 °C correlates with the grain size. The resistivity ρ of the films is determined by the silicide phase formed and the homogeneity of the structural phase composition. A correlation (correlation coefficient 0.81) of the resistivity with the average grain size after rapid thermal treatment at 350–550 °C has been established, which is associated with the formation and continuous restructuring of the crystal structure of the NiSi phase with an increasing RTT temperature. Applying high-precision atomic force microscopy made it possible to define the specific surface energy, roughness and grain size of nickel films before and after rapid thermal treatment, and to establish correlations between the obtained parameters and the electrical properties of the films. The established patterns of formation, and the obtained results and properties can be used in the technology of creating integrated electronics products with rectifying contacts.
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Figure 1. SEM images of the cross section of films on silicon: (a) before rapid thermal treatment; (b) after rapid thermal treatment at 200 °C; (c) after rapid thermal treatment at 250 °C; (d) after rapid thermal treatment at 300 °C; (e) after rapid thermal treatment at 350 °C; (f) after rapid thermal treatment at 500 °C. 
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Figure 2. XRD films of nickel and silicides based on them before and after rapid thermal treatment: (a) before RTT; (b) 200 °C; (c) 250 °C; (d) 300 °C; (e) 350 °C; (f) 400 °C; (g) 450 °C; (h) 500 °C; (i) 550 °C. 
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Figure 3. Microstructure with height distribution and profiles (in a field of 1 × 1 µm2) of the film surface before (a) and after (b–i) RTT: (a) 20 °C; (b) 200 °C; (c) 250 °C; (d) 300 °C; (e) 350 °C; (f) 400 °C; (g) 450 °C; (h) 500 °C; (i) 550 °C. 
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Figure 4. Microstructure of the film’s surface with adhesive contrast (field 200 × 200 nm2) and histograms of grain size distribution before (a) and after RTT (b–i) (a) 20 °C; (b) 200 °C; (c) 250 °C; (d) 300 °C; (e) 350 °C; (f) 400 °C; (g) 450 °C; (h) 500 °C; (i) 550 °C. 
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Figure 5. Film surface roughness and specific surface energy (field 1 × 1 µm2) before and after rapid thermal treatment. 
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Figure 6. The specific resistivity and grain size of films before and after rapid thermal treatment. 
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