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Abstract

:

Various processes based on atomic layer deposition (ALD) have been reported for growing Ti-based thin films such as TiN and TiO2. To improve the uniformity and conformity of thin films grown via ALD, fundamental understanding of the precursor–substrate surface reactions is required. Herein, we present a density functional theory (DFT) study of the initial nucleation process of some titanium halide precursors (TiCl4, TiBr4, and TiI4) on Si surfaces having –OH or –NH2 functional groups. We consider the most favorable adsorption site in the reaction between the precursor and functional group of the surface, based on the thermodynamics and kinetics of the reaction. Sequential dissociation reaction mechanisms of halide ligands were systematically investigated. The exothermicity of the dissociative adsorption was found to be in the order of: TiI4 > TiBr4 > TiCl4. In addition, the precursors were observed to be more exothermic and show higher reaction rate constant when adsorbed on the –OH–terminated surface than on the –NH2–terminated surface. These observations reveal the selectivity of deposition by surface functional groups.
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1. Introduction


Considerable research efforts have been channeled on improving the integration density of semiconductors via device scaling, and attention has been focused on developing materials to overcome various problems induced by the miniaturization of metal-oxide-semiconductor field-effect transistors (MOSFETs) [1]. For a long time, novel electrode materials have been researched to minimize the deterioration of device characteristics, such as depletion effects, caused by conventional doped polycrystalline silicon gates in metal-oxide semiconductors. Alternative materials for these polycrystalline silicon gates are required to exhibit moderate work function (4–5 eV), low electrical resistivity, and metallic properties. Titanium nitride (TiN), one of the metals satisfying these conditions, has a high melting point, thermal stability, and conductivity, and, as such, it adequately satisfies the performance requirement of a metal electrode in a MOSFET [2]. TiN thin films exhibiting such excellent material properties are widely used to prevent device degradation caused by high-temperature heat treatment in a Cu interconnection of the ultra-large-scale integration structure as a potential diffusion barrier [3,4]. On the other hand, a similar Ti-based material, TiO2, possesses properties different from those of TiN, including low carrier mobility and photocatalytic effect. TiO2 exists in several different crystalline phases—rutile, anatase, and brookite—each having a different bandgap energy (3, 3.2, and 3.1 eV, respectively) [5] and exhibiting different photoactive effects. In addition, non-stoichiometric properties, such as oxygen vacancies on the TiO2 surface, influence the electrical properties of semiconductor materials. This has attracted considerable research [5,6].



Various techniques, such as sol–gel method [7,8], liquid phase method [9], chemical vapor deposition (CVD) [10,11], and RF magnetron sputtering [12], have been employed to grow high-quality Ti-based thin films. Among these, atomic layer deposition (ALD) possess unique advantage of conformal and uniform deposition via controlled surface reactions [13]. The ALD technique is especially employed when excellent film quality and precise thickness control are required, such as in metal gates, oxide films, and capacitors. There are several precursors used for growing pure titanium, such as TiCl4 [14,15,16], Ti(OMe)4 [17], Ti(NMe2)4 [18,19], and Ti(OiPr)4 (TTIP) [20,21]. Among them, TiCl4 exhibits relatively simple vapor deposition chemistry and excellent thermal stability, and, hence, it does not readily decompose in the gas phase. In addition, TiCl4 has a higher vapor pressure than other halides, including fluorides, bromides, and iodides and hence exists in a liquid phase at room temperature [22]. It is, therefore, a good precursor candidate for the CVD/ALD technique [23]. As an example, TiN thin films have been successfully deposited via ALD using TiCl4 and pure NH3 as the precursors. Several studies have also reported superior qualities of thin films, such as low electrical resistance and good crystallinity, via ALD [24,25]. However, halide contamination commonly found in thin films affects the device reliability, and the hydrogen halide generated as a byproduct may damage not only the underlying layer but also the ALD reactor and its piping system [26,27]. Although many studies are ongoing to resolve these problems (e.g., plasma-enhanced ALD [28]), the titanium halide series still holds commercialization potential. On the other hand, while the use of TiCl4 as an ALD precursor has been extensively studied, less consideration has been given to the deposition studies of other halide precursors, especially regarding comparison between them. The other titanium halides (TiF4, TiBr4, and TiI4) have been less utilized than TiCl4 possibly because of the following reasons. TiF4 would produce highly toxic HF as byproduct, and is more often used as a precursor for fluorine than titanium [29,30]. On the other hand, TiBr4 and TiI4 have with vapor pressure [22] and often require heating for evaporation.



In this study, the initial adsorption reactions of titanium halide precursors, including TiCl4, TiBr4, and TiI4, are analyzed on Si surfaces bearing –OH and –NH2 functional groups. To analyze this initial nucleation mechanism, quantum simulations based on density functional theory (DFT) were performed, and the calculation results obtained were evaluated based on thermodynamic and kinetic perspectives. Current study may contribute to further understanding on the experimental behaviors of these titanium halide molecules on the surfaces.




2. Computational Methods


A Si cluster (Si15H16) with four –OH– and –NH2–terminating groups, as shown in Figure 1, was employed to model the surface. The cluster models are local structures that represent the characteristics of Si (001), and the dangling bonds present on the truncating plane were deactivated by passivation with hydrogen atoms, thereby minimizing the errors that could occur during the electronic structure calculations [31]. All calculations were performed using Gaussian 16 package [32]. The atomic mechanism for the thermodynamic and kinetic analysis was investigated using B97-D3 functional including empirical dispersion correction [33]. To obtain the ground-state geometry in all calculations, LANL2DZ effective core potential was used for the I atom, and def2-tzvp basis set was used for the other atoms [34].



The thermodynamic properties covered in this study include thermal energy (E), enthalpy (H), entropy (S), and Gibbs free energy (G). Their values were obtained by calculating the vibrational frequency according to the desired temperature, based on the optimized structure in the gas phase [35,36]. The rotational and translational degrees of freedom appearing in the entropy term were excluded from the calculations involving surface reactions on Si clusters [37,38]. In other words, only the vibrational degree of freedom was considered, and thus, the Gibbs free energy (G) was derived using the following thermodynamic Equation:


  G = H − T S  



(1)







The reaction kinetics between the surface and precursors were evaluated using the transition state theory. After determining the magnitude of the energy barrier observed in the transition state, the reaction rate constant (k) was obtained from the Eyring Equation [39]:


  k =   κ  k B  T  h   e    Δ  S ‡   R     e  −   Δ  H ‡    R T      



(2)




where    k B    is the Boltzmann constant, κ is the transmission coefficient, h is the Planck constant, T is the temperature, R is the ideal gas constant, and   Δ  S ‡    and   Δ  H ‡    are the changes in entropy and enthalpy between the transition state and reactants, respectively.



The bond dissociation energy (BDE) of the TiX4 precursors was calculated through the following equation:


  BDE =  E X  +  E    TiX  3    −  E    TiX  4     



(3)




where    E X   ,    E    TiX  3     , and    E    TiX  4      are electronic energy of each chemical species involved in homolytic Ti–X bond dissociation.




3. Results and Discussion


To investigate the initial nucleation of ALD of Ti-based thin films, the reactions between the titanium halide precursor and the Si surface with different functional groups were considered. Several cases when TiCl4, TiBr4, and TiI4 precursors were introduced over two Si clusters with four –OH and –NH2 functional groups. To simulate the first half-reaction of TiN and TiO2 ALD, we adopted the mechanism reported in the existing literature that studied the surface reaction between the titanium halide precursor and the Si surface [40]: the hydrogen of the surface functional group reacts with the halogen ligand of the precursor, to form hydrogen halide (HX) as a byproduct, as well as Si–O–TiX3* or Si–NH–TiX3*, depending on the functionalized surface (Figure 2). In other words, a proton-transfer, Brønsted–Lowry acid–base reaction between the surface functionalities and the halide ligands occur, so that Ti undergo ligand-exchange and form direct bond with the surface.



Figure 3 shows the optimized geometries obtained by dividing the reaction process into five steps until the first ligand of the TiCl4 precursor is removed. In addition, PES (potential energy surface) was represented at different temperatures along with the Gibbs free energies at each stage. As TiCl4 approach the Si surface at room temperature, a physisorbed state can form spontaneously with a slight exothermicity. At this point, an interaction occurred between the d-orbital of Ti and the lone pair electrons of the surface functional group element (O or N), which affected the Ti–Cl bonding. This was confirmed by the change in the bond length of the TiCl4 precursor, and the Ti–Cl bond length increased from 2.18 to 2.27 Å in the adsorbed state. Subsequently, a transition state appeared during the process of forming a new bond between the hydrogen and chlorine atoms, and had a distorted triangular-pyramid shape, as shown in Figure 3, Structure 3. At room temperature, the energy barriers for Cl ligand dissociation of the adsorbed TiCl4 were 20 and 67 kJ/mol for –OH– and –NH2–terminated surfaces, respectively. Therefore, the reaction rate was faster at the –OH–terminated surfaces. In addition, the Si–NH–TiCl3* structure was thermodynamically endothermic with a molar energy of 19 kJ/mol, whereas Si–O–TiCl3* was exothermic with an energy of −36 kJ/mol. Considered thermodynamically and kinetically, both the lower activation energy and greater exothermicity of the –OH–functionalized surface showed higher reactivity with the TiCl4 precursor compared to the –NH2–functionalized surface. Previous DFT calculations and experimental studies using tetrakis(dimethylamido)titanium precursors have revealed that the initial nucleation was more favorable at the –OH–terminated surfaces than the –NH2 surfaces [41,42], which is consistent with the results obtained here.



Besides these PESs at room temperature, we further investigated the effect of reaction temperature on the change in Gibbs free energy. As shown in Figure 3, the reaction free energy tended to increase with the reaction temperature for the first HCl removal process. The molecular adsorbed state of the precursor exhibited a negative Gibbs free energy up to room temperature in both surface models. However, at or above 500 K, the Gibbs free energy became positive, indicating that the adsorbed complex was less stable than it was before the adsorption. Interpolating the free energy of molecular adsorption at each temperature, we find that the temperatures at which the change in Gibbs free energy are equal to zero are 346.5 and 424.5 K on –OH and –NH2 terminated surfaces, respectively. These are the temperatures at which molecular adsorption may occur reversibly for the respective surfaces, such that the molecular adsorption of the precursor may be energetically nonspontaneous above these temperatures. Therefore, a direct, non-physisorption-mediated reaction path might prevail at higher temperatures, while molecular physisorption can be expected to precede chemisorption at lower temperatures. Experimentally, relatively wide ALD temperature windows of ca. 100–500 °C (373–773 K) for TiO2, and ca. 350–500 °C (623–773 K) for TiN were reported for thermal ALD processes utilizing TiCl4 with H2O and NH3, respectively [43,44], which are mostly above the temperatures at which molecular adsorption of the precursors are nonspontaneous. More clear correlation with the ALD temperatures would require consideration on the reactivities of the secondary reactants on the surfaces [45].



After initial adsorption of the TiX4 precursor on the surface, successive ligand removal reaction can occur through additional bonding of H atoms of the surface functional groups with the other halogen ligands of the precursor. However, for each surface model employed, we encountered a new challenge in selecting the surface functional group to react with the second ligand of the precursor. For example, as shown in Figures S1 and S2 (Supplementary Materials), there were multiple possible reaction pathways for removing the second ligand of the TiCl4 precursor adsorbed onto the surface, and each reaction pathway had a significant reaction energy difference of up to 30 kJ/mol. Therefore, we realized that there could be multiple reaction pathways to remove the ligand for each surface model employed, and we classified the reaction pathways according to the adsorption sites and investigated the preferred structures from the thermodynamic and kinetic perspectives. For the example discussed above, when removing the second ligand of TiCl4 adsorbed on the –OH–terminated surface, it was divided into three reaction pathways, and the subsequent ligand removal reaction pathway proceeded consistently. In contrast to –OH, the –NH2–terminated surface had two hydrogen atoms for each functional group, and, hence, we investigated the second and third ligand removal reactions by dividing them into four and three reaction pathways, respectively. With these, an optimized model of each ligand removal step was developed, as shown in Figure 4. We were unable to obtain the activation energy when the fourth ligand was removed; however, we empirically estimated that both surface models had higher activation energies because of the high endothermicity exhibited by the fourth ligand removal reaction (  Δ  E  − OH     = 274.5 kJ/mol and   Δ  E  −   NH  2      = 348 kJ/mol). The quasi-planar square structures that are imposed to Ti after removal of all four ligands would affect such product to be strongly unfavored.



According to the sequential adsorption reaction shown in Figure 4, the change in the free energy is obtained (Figure 5). A change in free energy was observed until all four hydrogen halides were removed, based on the initial adsorption energy of 0 kJ/mol. All surface models exhibited consistently high energies at each step in the order: TiCl4 > TiBr4 > TiI4. The reactivity between the precursor and the surface varied with the size and electronegativity of the halogen element [46]. The higher the electronegativity of the halogen element is (Cl, Br, and I: 2.88, 2.75, and 2.6, respectively [47]), and the shorter the Ti–X bond length is (TiCl4, TiBr4, and TiI4: 2.18, 2.34, and 2.57 Å, respectively), the stronger the Ti–X bond would become [48]. The Ti–X bond dissociation energy (BDE) calculated at the current DFT level of theory are 413, 359, and 304 kJ/mol for TiCl4, TiBr4, and TiI4, respectively, confirming such hypothesis. In previous studies, the relative reactivities of the compounds containing halogen ligands were compared experimentally, and a similar reactivity hierarchy was reported (I > Br > Cl) [46,48]. Our results are consistent with these findings, and the above theory suggests a comparative analysis among the different titanium halide precursors.



As shown in Figure 5, the two surface models with –OH and –NH2 terminations showed different energy changes during the ligand removal reaction. The adsorption mechanism on the –OH–terminated surface model is shown in Figure 5a. It is observed that, when the second ligands of the three precursors were removed, they exhibited an energy barrier of 20 kJ/mol and an exothermicity of less than −44 kJ/mol. We thus presume that this could be a spontaneous process. However, when the third ligand was removed, an energy barrier of 79 kJ/mol and an endotherm of 27 kJ/mol were obtained, and, thus, the spontaneity of the reaction could not be ascertained only from the quantity of energy. Given an endothermicity of 301 kJ/mol, the removal of the fourth ligand was expected to possess a significant energy barrier; thus, this was an unfavorable reaction step. Ghosh et al. confirmed that two chlorine ligands were released when calculating the self-limiting reaction of TiCl4 on an –OH–functionalized Si surface, which is in good agreement with our obtained results [49].



Applying such concept to the –NH2–terminated surface shown in Figure 5b, we obtained different results compared to those obtained for the –OH–terminated surface model. Unlike the –OH–terminated surface, when the first ligand was removed, it exhibited an energy barrier of 46 kJ/mol and an endotherm of 19.5 kJ/mol. Although this amount of free energy was theoretically known to cause a non-spontaneous reaction, it is still difficult to determine its spontaneity, due to the relatively low endothermic value. However, when the second ligand was removed, although an energy barrier of 100 kJ/mol and an endotherm of 71 kJ/mol were obtained, it was still difficult to define the process as a spontaneous reaction by the energy size alone. As a result, we observed the energy change in the ligand dissociation reaction of the adsorbed precursor on the functionalized surface, and, through this, we determined the self-limiting reaction in each surface model. When the ligands of the precursor were removed by the functional groups on the surface, one or two ligands remained on the –OH–terminated surface and three or four ligands remained on the –NH2–terminated surface. The subsequent dissociation reactions were, therefore, non-preferred from the aspects of thermodynamics and kinetics.



To confirm the deposition rate of titanium-halide precursors on the –OH–terminated surface and the –NH2–functionalized Si (001) surface under different temperatures, we employed the transition state theory to calculate the reaction rate constant, k. As shown in Figure 6, k values on the –OH–functionalized Si surface were consistently higher than those on the –NH2 surface at all temperatures. This means that the –NH2 functionalized Si surface may show more significant nucleation delay than –OH surface, if there exists any. On the other hand, k of each titanium halide precursors was on the order of: TiI4 ~ TiBr4 > TiCl4. Together with the thermodynamic analysis, TiI4 appears to provide the highest reactivity among the halide precursors.




4. Conclusions


In this study, we performed quantum chemical simulations to investigate the chemical phenomena that may occur during the initial film formation of TiO2 and TiN in ALD half-reactions. To achieve this, we modeled Si (001) clusters comprising four –OH and –NH2 functional groups, and selected TiCl4, TiBr4, and TiI4 precursors. Based on the reactions between the ligands of the precursors and the hydrogen atoms of the surface functional groups in the precursor–surface reaction, the hydrogen halides were removed and the reaction energies until the complete removal of the HX byproducts (HCl, HBr, and HI) were analyzed. Then, it was confirmed that several reaction pathways exist for the removal of each ligand, and, thus, the path exhibiting the lowest reaction energy was designated as the preferred adsorption mechanism. In our results, the reaction on the –OH–terminated surface generally exhibited lower energy than those on the –NH2 surface and thus a better reactivity. This suggests that reactivity can be selectively varied depending on the functional groups, even on the same Si substrate. In addition, each surface reaction exhibited high reactivity in the order of: TiI4 > TiBr4 > TiCl4. Two or three ligand dissociation reactions were expected to occur on the -OH-terminated surfaces, whereas, in the case of –NH2, one or two were expected. Finally, we confirmed the selectivity of the reaction according to the surface functional groups and determined the self-limiting reaction by increasing the reaction energy as the ligands were removed. This study may find applications in comparing the difference between the adsorption behaviors, which can vary according to the precursors and surface functional groups during the ALD process.
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Figure 1. Cluster models: (a) –OH functionalized Si cluster; and (b) –NH2 functionalized Si cluster (red = O, blue = N, white = H, green = Si). 
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Figure 2. Suggested adsorption mechanism of TiX4 on: (a) –OH functionalized Si cluster; and (b) –NH2 functionalized Si cluster. 
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Figure 3. Potential energy surface (ΔH0) and Gibbs free energy surfaces at 298 K (ΔG298), 500 K (ΔG500), 800 K (ΔG800) for the initial adsorption of TiCl4: (a) on –OH functionalized Si surface; and (b) on –NH2 functionalized Si surface. ((1) Before adsorption; (2) molecular adsorption; (3) first transition state; (4) product complex; and (5) desorption of HCl) 
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Figure 4. Considered adsorption structures for the sequential adsorption of TiX4: (a) –OH functionalized Si surface; and (b) –NH2 functionalized Si surface: (1) Molecular adsorption; (2) desorption of first HX; (3) desorption of second HX; (4) desorption of third HX; and (5) desorption of fourth HX. 
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Figure 5. Gibbs free energy change for sequential adsorption of TiX4 on functionalized Si surface at room temperature: (a) –OH functionalized Si surface; and (b) –NH2 functionalized Si surface. (1) Before adsorption; (2) molecular adsorption; (3, 6, 9, and 12) transition states; and (4, 7, 10, and 13) HCl-desorbed chemisorption state. 
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Figure 6. The reaction rate constants for Ti halide precursors first ligand dissociation on –OH, NH2 functionalized Si surfaces at different temperatures. 
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