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Abstract


The TiN thin film is considered a promising electrode layer for 3D capacitors. In this study, TiN thin films were prepared on Si substrates using atomic layer deposition (ALD) at various temperatures from 375 °C to 475 °C. The crystallization behavior, microstructure, and conductance properties of those TiN thin films were investigated. The resistivity of TiN thin films deposited on Si wafers can reach as low as 128 μΩ·cm. TiN thin films showed lower resistivity and worse uniformity with the deposition temperature increasing. In addition, the aging of TiN thin films may weaken the device performance. Optimized deposition parameters were found and full-coverage deposition of thin films on the wall of deep holes with an aspect ratio of approximately 14 has been successfully achieved. The results would be a good reference for the development of 3D capacitors and other microelectronics components.






Keywords:


TiN; atomic layer deposition; 3D capacitor












1. Introduction


The 3D silicon capacitors have gained much attention in recent years for their excellent high-frequency performance and wide working temperature window [1,2]. Unlike the traditional multi-layered ceramic capacitors (MLCCs) achieving high capacitance density by increasing the number of lamination layers and reducing the dielectric layer thickness, the 3D silicon capacitors obtain high capacitance density by increasing the effective area through etching the silicon substrate to form deep holes, grooves, nanopillars, or other 3D microstructures. The 3D capacitors with multi-layer thin films of the electrode layer/dielectric layer/electrode layer would be prepared as conformal with the 3D microstructure in the substrate [3,4]. The electrode layer of the 3D capacitors needs to have high conductivity and no chemical reaction with the dielectric layer. Furthermore, the material can be easily deposited into the deep holes or other 3D microstructures to form a conformal 3D electrode layer. Among many electrode materials, TiN thin films are an excellent choice.



TiN is a versatile hard ceramic material with wear resistance, corrosion resistance, and good electrical conductivity, rendering it a popular electrode choice for fuel cells, super capacitors [5,6,7], resistive random memory (RRAM) [8], resistive-switching devices [9], phase-change memory (PCM) [10], and numerous other electronic devices. Currently, various preparation techniques exist for the preparation of TiN thin films, including magnetron sputtering ion plating (MSIP) [11,12,13], arc ion plating (AIP) [14,15], chemical vapor deposition (CVD) [16,17], and electrostatic spray coating (ESC) [18]. Atomic layer deposition (ALD), as a special chemical vapor deposition (CVD) technology, has attracted researcher’s attention in the past few decades [19,20,21,22]. Because of its self-limiting and self-saturation characteristics, ALD can achieve accurate control of film thickness and composition. In particular, conformal thin films can be formed on the wall of deep holes and other irregular substrates by the ALD method [23,24]. There have been reports on preparing TiN thin films by the ALD method using different precursors on different substrates [25,26] but few reports on deposition TiN thin films on a silicon substrate with deep-hole arrays [27].



In this study, TiN thin films were prepared by ALD at various temperatures, to investigate the effect of deposition temperature on the conductance characteristics of TiN thin films. And, the characteristics of ALD TiN thin films on a silicon substrate with deep-hole arrays at various deposition temperatures were also presented and analyzed. These results should contribute to improving the performance of TiN thin films for 3D capacitor fabrication.




2. Experimental


2.1. Sample Preparation


TiN thin films were prepared using TiCl4 (Kemicro, Suzhou, China) and NH3 (Rauchon Chemical, Shanghai, China) as precursors using the TALD-100R-DL ALD system (Kemicro, Suzhou, China). Typical planar silicon wafers (>10 kΩ·cm, crystal orientation (100)) and a silicon wafer with deep-hole arrays were used as substrates. The substrates were cleaned sequentially with a solution of H2O2 (Sinopharm, Shanghai, China) and H2SO4 (1:3) (Sinopharm, Shanghai, China), HF (>40%) (Sinopharm, Shanghai, China), and acetone (Sinopharm, Shanghai, China), and then blow dried using N2 (Rauchon Chemical, Shanghai, China) gas (the SEM and AFM images of the cleaned wafers are shown in Figures S1 and S2). During the film deposition, an ALD cycle consisted of a 0.4 s pulse of the TiCl4 precursor, followed by another 20 s pulse of NH3. The N2 purge was introduced in between the pulses, to remove the excess precursors and reaction by-products. The purity of liquid nitrogen used in the experiment was 99.999%, and the purifier (Simpure, Shanghai, China) processed N2 purity up to 99.99999%. The ALD TiN process could be regarded as the combination of two half reactions between the TiCl4 precursor and NH3 gas, shown as Equations (1) and (2) [28]:


    T i C l   4   + 2   H N   3   → T i N + 4 H C l +   H   2   +   1   2     N   2    



(1)






  6   T i C l   4   + 8   H N   3   → 6 T i N + 24 H C l +   N   2    



(2)







And, the initial stage of growth has been shown in Figure 1.




2.2. Sample Characterization


The thickness of TiN samples was measured by spectroscopic ellipsometry (SE, V-VASE, J.A. Woollam, Lincoln, NE, USA) with a spectral range of 0.8–5.2 eV per 0.2 eV (wavelength range of 238.5–1550 nm) at three incident angles of 65°, 70°, and 75°. The establishment of a proper model of the film structure and proper dispersion functions for the materials is a key step to fitting the measured ellipsometry parameters, psi and delta. The dielectric function of the TiN thin films can be modeled by a Drude–Lorentz oscillator parametrization and the ellipsometry data can be expressed in terms of the dielectric function Ɛ, which is represented in real Ɛ1 and imaginary Ɛ2 parts. The adopted Drude–Lorentz model consisted of a Drude term and 2 Lorentz oscillators could be described, as below (Equation (3)):


  ε   ω   =   ε   ∞   −     ω   p u   2       ω   2   − i   Γ   D   ω   +   ∑  j = 1   2        f   j     ω   0 j   2       ω   0 j   2   −   ω   2   + i   γ   j   ω      



(3)







Here, the Drude term is characterized by the un-screened plasma energy ħωpu and the damping factor ΓD, and the two Lorentz oscillators are located at energy position ħω0j, with strength ƒj and damping factor γj. Meanwhile, the Ɛ∞ is equal to or larger than unity to compensate for the contribution of higher-energy transitions that are not taken into account by the Lorentz terms. The refractive index and extinction coefficient curves can be derived from a complex dielectric according to Equation (4) [29]:


    ε   1   =   n   2   +   k   2   ,   ε   2   = 2 n k  



(4)







Then, the thickness of the film would be analyzed and calculated by the software WVASE32 v3.736. It can be obtained perfectly from model fitting, which has been demonstrated in previous studies [30,31].



The resistivity of TiN samples was calculated from the square resistance measured by a Four-probe Tester (RTS-9, 4 Probes Tech, Guangzhou, China). The surface morphology of the film was obtained by Scanning Electron Microscope (FEI, Verios G4, Hillsboro, OR, USA; Hitachi, SU-9000, Tokyo, Japan). The crystallization of the films was analyzed by X-ray Diffraction (XRD, D8 DISCOVER, Bruker, Berlin, Germany) with Cu Kα in grazing incidence XRD scan mode at 40 kV and 200 mA. Atomic Force Microscopy (AFM, Ntegra Platform, NT-MDT, Moscow, Russia) was used to characterize the surface topography and roughness in tapping mode. The results were displayed and calculated by Gwyddion v2.43 software. The composition and element valence state of the samples were measured by X-ray Photoelectron Spectroscopy (ESCAlab250 Xi, Thermo Scientific, Waltham, MA, USA). The samples were aged by a High-Temperature High-Humidity Burn-in Test System (H3MKP2010, ATiS HangKe, Zhenjiang, China).





3. Result and Discussion


3.1. TiN Thin Films Deposited on Planar Substrates at Different Temperatures


The ALD temperature is closely related to the various properties of the prepared films. Understanding the effect of deposition temperature on the electrical properties of TiN thin films would be beneficial to obtaining high quality TiN thin films for the electrode layer of the 3D capacitors. For TiN-thin-film deposition, the substitution reaction between the TiCl4 precursor and NH3 reaction gas requires heating the substrate at a temperature to activate the self-limiting reaction. Thus, the same 1000-cycle TiN thin films were prepared at five different temperatures, 375 °C, 400 °C, 425 °C, 450 °C, and 475 °C, for each.



After depositing, variable-angle spectroscopic ellipsometry was used to measure the TiN thin films, followed by dispersion model fitting to obtain the film thickness to calculate the growth rate. It can be seen in Figure 2a that the growth per cycle (GPC) of TiN thin films has no obvious change up to 425 °C (the measurement principle and fitting results of spectroscopic ellipsometry are shown in Figures S3 and S4, and the discussion of measurement error has been described in detail). But, the GPC increases with the deposition temperature increase. Then, the resistivity of the samples was also calculated from the measured sheet resistance and thickness, shown in Figure 2b. Obviously, there is a remarkable decline in resistivity with the increase in the deposition temperature. And, a resistance as low as 128 μΩ·cm could be obtained at a deposition temperature of 475 °C.



In order to clarify how the deposition temperature affects the growth and conductance properties for TiN thin films, the GIXRD was taken to present the phase composition of TiN thin films with various deposition temperatures. The results of GIXRD analysis for TiN thin films confirmed that the films were polycrystalline (Figure 3). The TiN thin films show no preferred orientation at low deposition temperatures and preferred to grow along the (111) orientation at elevated deposition temperatures. It could be explained that the molecules would receive excess energy during the process of forming films with the increase in deposition temperature, which enhanced their diffusion ability on the substrate surface, and promoted the oriented crystallization of TiN thin films.



The SEM characterization of the morphology of the samples was shown in Figure 4a–f. It could be obviously seen that the crystallization degree of the low-temperature samples was much lower than that of the high-temperature samples, and plentiful and large crystalline grains of the 475 °C sample could be seen clearly in the cross-section characterization in Figure 4f as well. Compared with TiN thin films deposited at a high temperature, the grains of samples deposited at a lower temperature were obviously smaller and the grain boundaries were richer, worsening the scattering effect on the carrier, which resulted in the increasing resistivity of TiN thin films. Meanwhile, fewer grain boundaries would also result in fewer channels for oxygen to enter the film, reducing the oxygen content of TiN thin films, which could be confirmed by XPS results.



Figure 5 presents the XPS spectra and the atom contents of TiN samples deposited on planar Si substrates at different temperatures. There are two distinct peaks located at 455.1 eV and 460.7 eV, which can be observed from the spectra. The peaks are very close to the 454.2 eV and 460.3 eV documented in the literature and can be identified as corresponding to Ti2p3/2 and Ti2p1/2 due to Ti2p orbital splitting [32,33]. The XPS spectra can be well fitted into six peaks using Gaussian fitting, which are shown in Table 1. It could be found that the thin films are dominated by the Ti-N bond, and the content of N and Ti atoms rise higher with the increasing deposition temperatures. Meanwhile, the presence of Ti-O-N and Ti-O indicates the introduction of elemental O during the deposition process (the O1s energy spectra of the 375 °C samples were provided, shown in Figure S5). Since the carrier gas used liquid nitrogen after purifier treatment throughout the deposition process, it is inferred that the O element mainly comes from the impure precursors.



Furthermore, according to the previous XRD patterns, the diffraction peaks of TiO2 were not obtained. It is considered that the Ti-O bonds shown in the XPS spectra are due to the substitution of N atoms by O atoms in the TiN lattice, rather than in the form of TiO2 grains. Moreover, the insertion of O atoms into the Ti-N bonds also results in the formation of Ti-O-N bonds, in addition to the substitution phenomenon [34]. It is interesting to see that there is a small increase in O content at 425 °C, which is circled in Figure 5f. When the deposition temperature increased to 425 °C, the crystallization of TiN thin films transformed from polycrystalline into a columnar grain structure dominated by TiN (111) orientation. The microstructure change may result in a lower density of the TiN thin films and a small increase in O content [35].



Meanwhile, the XPS results could also be used to explain the optimization of the resistivity of the TiN thin films. The electrical conductivity of TiN thin films depends mainly on the bonding state between Np and Tid, which results from the hybridization of Ti and N atoms. The weak interaction force between free electrons in the TiN crystal structure is caused by the lower 2p orbital energy level of N atoms compared to the Fermi energy level. This allows the free electrons to move throughout the crystal structure and be shared by the entire structure. Therefore, the resistivity for TiN samples decreases as the quantity of Np-Tid bonding states increases with the increasing atom content for Ti and N. Although TiN thin films deposited at high temperatures have the advantage of high electrical conductivity, it is important to note that an increase in the degree of crystallization may lead to an increase in the roughness of the films [36]. Therefore, AFM characterization was performed on the films deposited at different deposition temperatures, as shown in Figure 6, and the root mean square of roughness was calculated by Gwyddion and is shown in Figure 7.



It can be seen that the overall roughness increases with the increase in deposition temperature, and it can also be seen from the AFM 3D images that the grains on the surface of the TiN films show an increase in number and combined growth. This is consistent with the XRD patterns, which indicated that the crystallization of the film after 425 °C is more and more uniform toward the formation of grains in the (111) direction. The effective crystallization and oriented growth of the TiN thin films at elevated temperatures lead to a significant increase in roughness. For films deposited by ALD, the increase in film roughness is bound to lead to instability in the film growth rate, which may affect the precise growth of film thickness [36].



Furthermore, the highest Rms value observed was 0.58 nm. ALD-prepared films typically exhibit superior surface roughness compared to other preparation methods [37,38]. The surface roughness obtained in this study was slightly better in TiN thin films deposited by ALD, which has been reported previously [39]. This may be due to the difference in annealing time and annealing temperature. Considering that TiN electrodes mainly play a role in 3D capacitors in terms of their electrical properties, TiN thin films with better electrical conductivity are more suitable for use as an electrode layer, which negates the side effect of a small amount of rising roughness. Therefore, the TiN thin films deposited at 475 °C would be more applicable for 3D capacitors.




3.2. TiN-Film Aging Experiments


In order to investigate the changes in TiN thin films under conditions of elevated temperature and humidity, aging experiments were conducted for the application of 3D capacitors. The experiments were conducted by placing the TiN thin films in an environment set at 85 °C and 85% humidity. Samples of 1000-cycle TiN thin films were deposited at 475 °C and characterized after being placed for 0, 1, 5, and 7 days.



A four-probe square resistance test was performed on the sample first and the results are shown in Figure 8. It can be observed that the square resistance exhibits a slight increase with prolonged aging. And, the square resistance reaches approximately 46.7 Ω after 7 days of aging.



To explore the reason for the increase in the square resistance, the samples were characterized by XPS, and Figure 9a illustrates the elemental atom ratios within the films after etching the samples for 120 s. It is evident that the concentrations of Ti and N atoms in the film decrease gradually with increasing aging time, from an initial value of about 45% to a final value of about 30%. Concurrently, the oxygen atom content increases from 7% to 27%, indicating that the O element is introduced into the film in a hot and humid environment, which results in a reduction in the number of carriers present within the films. It is possible that oxygen elements may exist in the layer as TiO2 may replace the N atoms or form Ti-O-N bonds. Therefore, the Ti2p energy spectra of the samples after aging for seven days were analyzed, as shown in Figure 9b. It can be observed that the peak area of the Ti-N bond decreases from 53.2% to 35.7%, while the peak area of the Ti-O-N bond increases from 19.23% to 31.52%, in comparison with the previous section. That means the O element mainly existed as a Ti-O-N bond. Meanwhile, to confirm whether TiO2 grains appeared in the samples after 7 days of aging, the samples were subjected to XRD analysis (Figure 10). The results did not reveal the diffraction peaks of TiO2, and the scattering of the carriers would not be enhanced. Therefore, the square resistance of the aged sample does not increase significantly. The aging process indicates that with the extension of the service cycle, the aging and deterioration of the TiN thin films will affect the performance strength of the 3D capacitors.




3.3. TiN Thin Films Deposited on Substrates with Deep-Hole Arrays at Different Temperatures


To confirm whether similar properties can be exhibited on porous structures, TiN thin films were deposited at various temperatures on substrates with deep-hole arrays. The hole diameter was around 4.61 μm, hole depth was around 64.87 μm, and the pore spacing was around 3.33 μm. The prepared films were then characterized using a four-probe analysis, and the results are presented in Figure 11. The results show that the square resistance of TiN thin films deposited on deep-hole structures at different temperatures decreases significantly with increasing deposition temperature, which agrees with the planar results. And, the SEM characterization was also performed and the results are shown in Figure 12. It can be seen that the film can be deposited perfectly inside deep holes, on the top, the sidewall, and the bottom. This demonstrates the excellent conformality that is unique to the ALD process.



The thickness of the film was measured multiple times at three positions: the top, wall and bottom of the hole. The results are presented in Table 2. The data in the table were processed to obtain the variance of thickness at different locations and deposition temperatures. The thickness data of the three positions were averaged separately and then the variance formula (Equation (5)) was used to obtain the inhomogeneity of the film layers at different positions and temperatures.


  V a r =    ∑        x   i   −   x  ¯      2       n    



(5)




where xi represents the average thickness at different locations,     x  ¯    represents the overall average thickness, and n is the number of samples (n = 3). The corresponding results are presented in Figure 13.



The decrease in film thickness uniformity with increasing deposition temperature is evident. This indicates that the temperature-dependent deposition characteristics of TiN thin films deposited on porous structures are similar to those of planar TiN thin films. This may affect the precise control of the thickness of the film deposited in the porous structure, which in turn, affects the performance of the prepared devices. Further studies will focus on improving the homogeneity of the multi-layers on the porous structure substrates, while completing the preparation and performance testing of the 3D capacitor prototype device.





4. Conclusions


In this study, TiN thin films were prepared using ALD. The temperature-dependent nature of the microstructure, surface morphology, and conductivity properties were analyzed. The conductivity of TiN thin films improved with the increase in deposition temperature. The TiN thin films deposited at high temperatures, both on planar and porous silicon substrates, have good electrical conductivity. TiN films have a low resistivity of around 128 μΩ·cm at 475 °C. In addition, the degree of crystallinity of TiN films increases with increasing temperature, and the crystallographic orientation shifts towards (111) with increasing temperature. Meanwhile, after 7 days aging in the high-heat and high-humidity environment, the electrical properties of TiN thin films were weakened due to the increasing O content up to 27%. The morphology of O elements inside the films of the aged samples was also analyzed, and the results showed that O elements inside the films mainly existed in the form of Ti-O-N. Optimized deposition parameters were found and full-coverage deposition of TiN thin films on the wall of deep holes with an aspect ratio of approximately 14 has been successfully achieved. The results indicated that TiN is a feasible material to use for the electrode layer of 3D capacitors. However, the electrical properties of TiN films weakened during the aging experiments. Therefore, we will improve the deposition process of TiN films in the future experimental program. Meanwhile, the performance of TiN thin films on a multi-layer film structure will be verified and assessed in future research.
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Figure 1. Reaction process for the initial stage of TiN-thin-film growth on Si substrate. 
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Figure 2. (a) The thickness growth per cycle (GPC), and (b) the resistivity of TiN thin films deposited on planar Si substrates at different temperatures. 
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Figure 3. XRD spectra for TiN samples deposited on planar Si substrates at different temperatures. 
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Figure 4. SEM images for TiN samples deposited on planar Si substrates at different temperatures; (a–e) surface, (f) cross-section. 
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Figure 5. XPS spectra of TiN samples deposited on Si substrates at different temperatures: (a) 375 °C, (b) 400 °C, (c) 425 °C, (d) 450 °C, (e) 475 °C, (f) atomic ratio of elements. 
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Figure 6. AFM images for TiN samples deposited on planar Si substrates at different temperatures. 
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Figure 7. Surface roughness of TiN thin films deposited on planar Si substrates at different temperatures (from Gwyddion). 
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Figure 8. The measured and fitted curves of sheet resistance for different aging times. 
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Figure 9. XPS spectra of (a) atomic ratios of elements with different aging times and (b) Ti2p energy spectrum of samples aged for 7 days. 






Figure 9. XPS spectra of (a) atomic ratios of elements with different aging times and (b) Ti2p energy spectrum of samples aged for 7 days.



[image: Coatings 14 00724 g009]







[image: Coatings 14 00724 g010] 





Figure 10. XRD spectra of TiN samples aged for 7 days and unaged. 
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Figure 11. Sheet resistance of TiN thin films deposited on deep-hole Si substrates at different temperatures. 
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Figure 12. SEM images for cross-sections of TiN samples deposited on deep-hole Si substrates. 
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Figure 13. Thickness variance of TiN thin films deposited on Si substrates with deep-hole arrays at different temperatures. 
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Table 1. XPS fractional bond energies of Ti at different deposition temperatures.
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Split Orbit

	
Bond

	
375 °C

	
400 °C

	
425 °C

	
450 °C

	
475 °C






	
Ti2p3/2 (eV)

	
Ti-N

	
454.7

	
454.5

	
454.4

	
454.3

	
454.3




	
Ti-O-N

	
455.8

	
455.6

	
455.4

	
455.4

	
455.3




	
Ti-O

	
457.5

	
457.3

	
457.1

	
457.2

	
457.1




	
Ti2p1/2 (eV)

	
Ti-N

	
460.7

	
460.4

	
460.3

	
460.3

	
460.3




	
Ti-O-N

	
461.9

	
461.4

	
461.6

	
461.6

	
461.6




	
Ti-O

	
463.4

	
463.1

	
463.1

	
463.1

	
463.1











 





Table 2. Thickness of TiN thin films deposited on Si substrates with deep-hole arrays at different temperatures.
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Position

	
375 °C

	
400 °C

	
425 °C

	
450 °C

	
475 °C






	
Top (nm)

	
35.40

	
38.79

	
39.56

	
40.3

	
38.04




	
38.04

	
36.91

	
38.04

	
40.68

	
39.54




	
35.40

	
38.41

	
38.41

	
36.53

	
39.54




	
Wall (nm)

	
32.01

	
35.40

	
36.91

	
38.79

	
36.53




	
31.63

	
33.14

	
35.78

	
38.79

	
38.41




	
33.14

	
36.91

	
37.66

	
32.77

	
37.66




	
Bottom (nm)

	
31.26

	
33.89

	
32.01

	
35.02

	
29.01




	
29.75

	
27.49

	
32.76

	
28.24

	
28.62




	
23.35

	
25.23

	
24.1

	
25.61

	
32.77
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