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Abstract

:

A study of boron impurities deposited on a Si(100) surface in a SiHCl3-BCl3-H2 system is reported in this paper, using periodic density functional theory with generalized gradient approximation (GGA). The results show that the discrete distances of BCl3 and SiHCl3 from the surface of the Si(100) unit cell are 1.873 Å and 2.340 Å, respectively, and the separation energies are −35.2549 kcal/mol and −10.64 kcal/mol, respectively. BCl3 and SiHCl3 are mainly adsorbed on the surface of the Si(100) unit cell in particular molecular orientations: the positive position and the hydrogen bottom-two-front position from the analysis of the bond length change and adsorption energy. The adsorption of SiHCl3 and BCl3 is accompanied by a charge transfer from the molecule to the surface of the unit cell of 0.24 and 0.29 eV, respectively. BCl3 reacts more readily than SiHCl3 with the Si(100) surface, resulting in the deposition of boron impurities on the polysilicon surface.
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1. Introduction


With the rapid development of the electronic information industry, silicon is a very important raw material for semiconductor manufacture, and electronic-grade polysilicon materials play a pivotal role [1,2]. Polysilicon has a high mobility in semiconductor circuits, and consequently it is widely used in such industries as semiconductors, integrated circuits and computer chips [3,4]. The polysilicon materials used in the semiconductor and electronic information industries are electronic-grade polysilicon, and are generally 99.9999% pure Si [5]. For a long time, the production technology for electronic-grade polysilicon has been monopolized by many countries. The demand for electronic-grade polysilicon in China is almost entirely dependent on imports, which are highly dependent on the international environment [6]. Because of my country’s insufficient research on semiconductor materials, the purity of polysilicon has never reached the international level, and the lack of sufficiently pure silicon has become a key factor that directly hinders the development of my country’s semiconductor industry.



The main processes for the production of polysilicon include chemical vapor methods and metallurgy [7]. The representative of the chemical vapor deposition methods are the modified Siemens method [8], and the fluidized-bed [9], silane [10] and gas-liquid-deposition methods [11]. The main metallurgical methods are the thermite reduction method and the regional hot-melt purification method, but the thermite reduction method is only suitable for use in a laboratory [12,13]. Since the development of the improved Siemens chemical vapor deposition method, no other method can produce the same purity in the product and the process [14], and hence this is currently the method mainly used in industry to produce polysilicon. However, there is an unavoidable problem in production by the improved Siemens method: distilled trichlorosilane (SiHCl3) and a small amount of boron trichloride (BCl3) enter the Siemens reduction furnace, causing a heterogeneous reaction on the surface of the silicon rod, which results in the doping of boron into the polysilicon [15]. However, research on boron impurities arising in the production of polysilicon by the improved Siemens method is still relatively weak, and research on this process is therefore of great significance.



The impurities in high-purity electronic-grade polysilicon come mainly from the boron impurity in the acceptor, and the content of this needs to be controlled below 0.33 ppb [15]. To control the B doping of polysilicon in chemical vapor deposition, it is important to reduce the content of impurity B in the product and improve its purity [16,17], and this requires in-depth and systematic research on B-doping in the polysilicon deposition process. To study the chemical vapor deposition rate, Jenkinson and Pollard experimented to explore the deposition rate of boron in a BCl3-H2 system in a parallel flow reactor [18]. However, under these conditions, the boron deposition rate was limited by the transfer process of BCl3. To describe the kinetics and reaction mechanism of the BCl3 hydrogenation process more accurately, Sezgi designed a collision-jet chemical vapor deposition reactor [19]. The role of the reactor was to minimize the impact of the transfer process on the boron deposition rate. On this basis, Sezgi further studied the kinetics of the process of boron chemical vapor deposition in the BCl3-H2 system and obtained a deposition rate of B in the range of 75–1350 °C [20]. The Key Laboratory of Ultra-High Temperature Structural Composites of Northwestern Polytechnical University studied the influence of temperature on the kinetics of chemical vapor deposition during the preparation of Si-B-C ceramics. The results showed that the process is controlled by chemical reaction kinetics with an activation energy of 271 kJ/mol, the initial step of the deposition kinetics being BCl3 (g) + H2 (g) → HBCl2 (g) + HCl (g) [21]. That study also proved that this step is one of the main reactions in the thermodynamic analysis of ZrB2 synthesized using the ZrCl4-BCl3-H2 system [22].



The doping mechanism of B in polysilicon chemical vapor deposition has been studied both domestically and abroad. To accurately and economically reflect the actual industrial situation, this study uses the method of simulation by quantum chemistry calculation to study the B-doping control mechanism in the process of polysilicon chemical gas deposition in a vacuum environment. The properties of different atomic positions of BCl3 and SiHCl3 on the Si(100) surface are calculated and analyzed using the first-principles method, and the most favorable state is determined by comparing the different adsorption energies. At the same time, the optimal adsorption density of states is calculated and the adsorption reaction mechanism is obtained.




2. Calculational Methods


On the basis of functional theory, the plane-wave method employing a supersoft pseudopotential was adopted, and a GGA-BLYP functional (a Becke–Lee–Yang–Parr functional incorporating the generalized gradient approximation) was used for the approximate calculation [23]. The DMol3 module [24] in the Material Studio software package (Version 8.0, Accelrys Company, San Diego, CA, America) was used for the calculation of the gas-phase reaction, which includes the optimization of the SiHCl3, BCl3 and H2 molecules and the calculation of the energy and frequency. The CASTEP (Cambridge Serial Total Energy Package) module [25] was used to calculate the gas–solid reaction, involving mainly the calculation of the relevant parameters of the adsorption reaction of the adsorbed molecules on the surface of the basic model and a search for the transition state of the entire adsorption reaction. For the Si(100) surface, a 7-layer structure was adopted, with the cutoff energy selected as 450 eV and the k-point grid set to 3 × 3 × 1 [26]. In the supersoft pseudopotential method, the convergence criteria of the pseudopotential have to be selected [27]. The convergence criteria for energy, force and maximum displacement are selected at the same time, with values chosen as energy (2 × 10−5 eV/atom), force (0.05 eV/Å) and maximum displacement (2 × 10−3 Å). The internal stress between atoms must be less than 0.1 GPa [28]. The path of the Brillouin zone was set to GFQZG, the complete LST/QST method was adopted for the transition state search, and a vacuum layer with a thickness of 12 Å was selected to eliminate interaction between the layers. The error in the surface energy was limited to 0.05 J/m2. The formula used to calculate the surface energy is shown in Equation (1) [29]:


  σ =    E  s l a b   − n  E  b u l k     2 A    



(1)




where Eslab is the total energy of the unit-cell of the model, Ebulk is the energy of a single atom in the unit cell, n is the number of atoms in the unit cell, and A is the total surface area of the unit cell.



The mechanism of SiHCl3 decomposition on the low index plane of the polycrystal silicon is performed the same as silicon [30]. Therefore, the adsorption energy (the change in the total energy before and after adsorption) of the SiHCl3 and BCl3 molecules on the surface of the Si(100) unit cell is calculated using Equation (2) [31]:


   E  a d s o r p t i o n   =  E  s u r f a c  e *    −  E  s u r f a c e   −  E  m o l e c u l e s    



(2)




where Eadsorption represents the adsorption energy of BCl3 or SiHCl3 onto the surface of the Si(100) unit cell, Esurface* represents the energy of the adsorption base surface, Esurface is the energy of the surface without any interactions, and the total energy of the molecules before adsorption is represented by Emolecules.



Figure 1a shows the geometric structure of the model Si(100) unit cell. Its surface contains three types of Si atoms: top, bridge and acupoint Si atoms. To study the adsorption of related molecules on the polysilicon (100) surface, a complete unit cell surface must first be established. The thickness of the vacuum layer was set to 12 Å to avoid layer-to-layer interactions. In the process of establishing the model, in order to satisfy the stability of the model and the accuracy of the experiment at the same time, we did not impose any restrictions on the upper three layers of atoms but fixed the lower four layers of atoms. Simultaneously, to saturate the covalent bonds of each silicon atom in the bottom layer, two H atoms were added to each Si atom in the bottom layer, adding hydrogen atom at the bottom can increase the stability of the model, and the silica–hydrogen bond at the bottom is conducive to the stable convergence of the model, and the surface and near-surface layer atoms were fully relaxed. The supercell chemical formula for the entire unit cell is Si83H9. After surface optimization, the optimization curve finally reached a stable convergence state, as shown in Figure 1b, which proved that the surface structure met the experimental requirements.




3. Results and Discussion


3.1. Adsorption of BCl3 on the Surface of Polysilicon Si(100)


The molecular structure of BCl3 is a plane regular triangle. The structure of BCl3 adsorbed on the Si(100) surface was obtained by placing BCl3 molecules on a super cell (3 × 3) surface and fully relaxing it. The surface optimization of BCl3 with different structures was performed as follows. A BCl3 molecule was used to establish stable adsorption models for three orientations: the side position, lateral position and positive position of the molecule. The changes in the distance before and after adsorption were compared and analyzed. The results are shown in Figure 2.



Changes in the distance between the molecules and the surface before and after the reaction for the three adsorption structures were observed. It was found that when BCl3 molecules are adsorbed on the Si(100) surface of the unit cell in the three possible structures, the distance before and after the adsorption has changed correspondingly, and the distance between the molecules and the surface of the unit cell in the three structural configurations is correspondingly shortened. This shows that an adsorption reaction between the BCl3 molecule and the Si(100) surface occurs readily. The distances of the ortho-adsorbed BCl3 molecule before and after optimization were markedly different, at 2.971 Å and 1.873 Å, respectively. The B atom in BCl3 forms a covalent bond with the Si(100) surface and one of the B–Cl bonds is elongated, indicating that the Si atom has an attractive effect on Cl. Table 1 shows the change in distance before and after adsorption in each of the three positions.



The adsorption energies of the three adsorption structures were then calculated. The smaller the adsorption energy, the easier it is to adsorb, and vice versa. The calculated results for the adsorption energy of the side, lateral and positive positions of the molecule are shown in Table 2.



According to the data in Table 2, the adsorption energies of the three adsorption modes on the Si(100) surface are all negative, indicating that BCl3 molecules are readily adsorbed by the Si(100) surface and that the adsorption reaction occurs easily on the surface. The relative adsorption energies of the three molecular orientations are as follows: E (lateral position) > E (side position) > E (positive position). It can be seen that the orientation in which BCl3 molecules are most easily adsorbed on the Si(100) surface is the positive position. Thus, the change in the molecular adsorption distance after adsorption was verified, and the most favorable orientation for adsorption was the positive position.



Differential electron density analysis (Figure 3a) and calculation of the charge distribution (Figure 3b) of BCl3 molecules adsorbed on the Si(100) surface were also carried out. The color of the Si atoms depicted at the bridge sites on the Si(100) surface is denser, indicating that a large amount of charge is transferred in this local area and that the charge has migrated after the adsorption reaction has occurred. The B–Cl bond on the right side is clearly elongated, and an electron cloud is formed between the Cl atom and the silicon atom at the adjacent bridge site on the right, indicating that the silicon atom at the adjacent bridge site on the right has an attractive effect on the Cl atom.




3.2. Adsorption of SiHCl3 Molecules on the Surface of Polysilicon Si(100)


The molecular structure of SiHCl3 is tetrahedral, and we discuss here the adsorption process of optimized SiHCl3 on the Si(100) surface. Figure 4 shows six possible adsorption positions on the surface, which can be described as the hydrogen top-one-positive position, hydrogen bottom-one-front position, hydrogen top-two-front position, hydrogen side-one-front position, hydrogen side-two-front position, and hydrogen bottom-two-front position. After the optimization calculation, the distance between the molecule and the surface was found to have been shortened, indicating that SiHCl3 is prone to react with the surface of the Si(100) unit cell. This conclusion can also be drawn from the changes in the distance before and after adsorption at the six adsorption sites listed in Table 3. When SiHCl3 is adsorbed at the second bottom-front position of the hydrogen, its distance changes from 3.000 Å to 2.340 Å. The Si atom of SiHCl3 forms a covalent bond with the Si atom at the bridging position, indicating that the SiHCl3 molecule has been adsorbed on the Si(100) unit cell. Simultaneously, it is observed that the Si–Cl bond of the SiHCl3 molecule is distinctly elongated, which indicates that the Cl atom is attracted by the Si atom adjacent to the bridge site.



Table 4 shows the calculated adsorption energy of SiHCl3 on the Si(100) surface. The adsorption energies obtained for the six adsorption structures are all negative, indicating that SiHCl3 reacts readily with the Si(100) surface. The order of the adsorption energies of the several positions is as follows: E(hydrogen side-two-front position) > E(hydrogen top-two-front position) > E(hydrogen top-one-positive position) > E(hydrogen bottom-one-front position) > E(hydrogen side-one-front position) > E(hydrogen bottom-two-front position). The adsorption energy (E) of SiHCl3 is greatest when the adsorption structure of the second hydrogen base is in the front position, indicating that adsorption is more likely to occur in this orientation, at the front position of the hydrogen base 2. From the calculated adsorption energies, it can be seen that the adsorption of SiHCl3 molecules in the hydrogen bottom-two-front position corresponds to the most favorable orientation, and the calculated adsorption distances confirm this conclusion.



To gain a deeper understanding of the charge distribution in the adsorption process of SiHCl3, we can use the electronic levels to characterize the reaction. The differential electron density and charge distribution of the SiHCl3 molecules adsorbed on the surface of the Si(100) unit cell from the face center downward were calculated. The calculated results are shown in Figure 5a,b. From the results shown in the figure, it can be seen that the color representing the charge concentrated in the bond between the Si atoms on the Si(100) surface and the Si atom in SiHCl3 is darker than that for other bonds. This not only shows that electrons have been transferred after adsorption, but also shows that a large amount of charge is transferred in this local area. Looking at the image of the adsorbed SiHCl3 molecule, it is seen that the three Cl atoms and the bonding angles between the H and Si atoms in the molecule have changed, and both the Cl and H atoms show an upward posture. In addition, it can be seen that the silicon atoms on the surface and the two Si atoms at the right and back of the bridge silicon atoms adjacent to the bonded Si atoms and the corresponding Cl atoms form an electron cloud. This proves that the two have an attractive effect.




3.3. Co-Adsorption of BCl3 and SiHCl3 on the Surface of Polysilicon Si(100)


A BCl3 molecule and a SiHCl3 molecule were placed together on the surface of the Si(100) supercell to investigate the adsorption reaction. Figure 6 shows the structural changes before and after the co-adsorption of BCl3 and SiHCl3 on the Si(100) surface. Compared to the structure before adsorption in Figure 6a, it can be concluded from the structure after adsorption (Figure 6b) that the Si atom in the SiHCl3 molecule forms a covalent bond with the B atom in BCl3. A Cl atom in each of the BCl3 and SiHCl3 molecules undergoes a dissociation reaction and is adsorbed on the Si atom at the nearest bridge site on the Si(100) surface. The bond lengths of the other Cl–B bonds in the BCl3 molecule are significantly elongated, and the B atom is adsorbed on the Si(100) surface at the same time. These results indicate that BCl3 and SiHCl3 molecules are placed on the Si(100) surface simultaneously. After the adsorption reaction, it is evident that BCl3 is more easily adsorbed on the Si(100) surface than is SiHCl3. When BCl3 and SiHCl3 coexist on the Si(100) surface, they are more likely to have an effect than SiHCl3 alone on the surface. Moreover, their simultaneous presence there will be accompanied by a dissociation process; in which each dissociates a Cl atom, and the Cl atom in the BCl3 molecule is attracted by the Si(100) surface.



A microscopic electronic analysis was also performed of the charge distribution and differential electron density when BCl3 and SiHCl3 are present together on the surface of polysilicon. The darker blue color between BCl3 and SiHCl3 in Figure 7b indicates that there is a large amount of electron transfer, and it can be seen that the B–Cl bond in the BCl3 molecule is distinctly elongated, and a dissociated Cl atom is adsorbed on the Si(100) surface, indicating that it charge transfer has occurred during the adsorption process. From the charge density results in Figure 7a, indicating charge transfer between the surface and the molecules, we can also see where the electrons accumulate, which proves the occurrence of the adsorption reaction.




3.4. Electronic Structure Analysis


To further understand the bonding mechanism of the adsorption of BCl3 and SiHCl3 on the Si(100) surface, the adsorption density of states, partial density of states, and Mulliken charge distribution were calculated, and the results are shown in Figure 8 and Table 5. It can be observed that the Si3s orbital lies far away in energy from the Fermi level on the surface of the Si(100) unit cell. After the adsorption reaction, the electrons of the Si3s orbital are not easily transferred. The valence band where electron transfer occurs is Si3p, which constitutes the valence band on the left side of the Fermi level on the surface of the Si(100) unit cell. Although it is theoretically impossible for the Si3s orbital to transfer electrons, a very small amount of electron transfer does occur from the Si3s orbital after the reaction. The valence state on the right side of the Fermi level is composed of Si3d orbitals, and the bandgap between the top of the valence band and the bottom of the conduction band is 1.502 eV. After the reaction, the bandgap is reduced to 0.087 eV. The narrowing of the bandgap indicates that the Si is more likely to react, and its chemical properties become more active, which in turn indicates that it is more likely to interact with BCl3 and SiHCl3 molecules.



By analyzing the electronic density of states of BCl3 and SiHCl3 molecules adsorbed on the surface of the Si(100) unit cell in Figure 8, it is found that after the two molecules are adsorbed on the surface of the unit cell, their band gaps are narrowed and the electrons inside the molecules are transferred to the outermost electron layer and to the conduction band, which is more reactive. Based on molecular chemical structure theory, we know that the B atom in the BCl3 molecule has three coordination sites, and the electron configuration of B is 1s22s22p1, showing that B is an electron deficient atom. Six electrons are provided by three Cl atoms, and each of the three Cl atoms also provides a filled 2p orbital that is side-by-side with an empty p orbital of the B atom and is thus able to form a strong π bond. The formation of bonds by sp2 hybridization can explain the three B–Cl bonds in BCl3. Similarly, for the SiHCl3 molecule, electrons are transferred to the outermost electron layer. The Si atom in the SiHCl3 molecule has four coordination sites and the outermost electron configuration is 3s23p2, which is eventually completed by the four covalent bonds formed with Si. This can explain the origin of the four covalent bonds, and it can be concluded that the spatial configuration of SiHCl3 is a that of a regular tetrahedron.



From the Mulliken charge distribution of the two molecules shown in Table 5, it can be observed that when SiHCl3 is adsorbed on the surface of the Si(100) unit cell, charge transfer occurs, and there are two charge transfer paths. The first is the transfer of 1.30 eV of charge from the Si atom of the SiHCl3 molecule to the surface of the unit cell. The second is charge transfer from the surface of the unit cell to the three Cl atoms and the H atom of the SiHCl3 molecule, a charge transfer of 1.06 eV. After fitting and offsetting, it is found that during the entire adsorption reaction of SiHCl3 on the surface of the Si(100) unit cell, the Si atom in the SiHCl3 has transferred a net 0.24 eV of charge to the surface of the Si(100) unit cell. When BCl3 is adsorbed on the surface of the Si(100) unit cell, significant charge transfer also occurs, and there are two charge transfer paths. The first is a transfer of 1.52 eV from the B atom in BCl3 to the surface of the unit cell. The second is a transfer of 1.23 eV from the surface of the unit cell to the three Cl atoms and one H atom in the BCl3 molecule. After fitting and offsetting, during the entire adsorption reaction of BCl3 on the surface of the Si(100) unit cell, the B atom in BCl3 is seen to have transferred 0.29 eV of charge to the surface of the Si(100) unit cell.



According to the results for transfer of electrons between SiHCl3, BCl3, and the surface of polysilicon during the adsorption process, both molecules transfer charge to the surface of the unit cell during adsorption, with BCl3 transferring 0.05 eV more charge to the surface of the Si(100) unit cell than SiHCl3 does. It can be shown that the surface of the Si(100) unit cell has a definite adsorption effect on BCl3 and SiHCl3 molecules, and that the B atoms in BCl3 are more easily adsorbed on the Si(100) surface, which means that B and polysilicon will be deposited on the silicon rod together during the production process. The above results also explain the phenomenon that when BCl3 and SiHCl3 molecules are co-adsorbed on the surface of the Si(100) unit cell, the Si atoms in the SiHCl3 molecules first form a covalent bond with the B atoms in BCl3.



The B impurities may deposit on the surface of the silicon rod competing with polysilicon and the trace B-compound impurities may be enriched by the influence of transport phenomena. The above two phenomena are the main reasons causing the high-impurity B in the silicon production. It is obvious that the adsorption of BCl3 on silicon to cause the deposition of B on silicon surface. Therefore, transport phenomenon investigation may be effective method to reduce boron impurity inside poly-silicon, such as increasing mole fraction of H2 and temperature.





4. Conclusions


	(1)

	
BCl3 and SiHCl3 are mainly adsorbed on the surface of the Si(100) unit cell in the positive position and the hydrogen bottom-two-front position of the molecule, respectively. The discrete distances of BCl3 and SiHCl3 from the surface of the Si(100) unit cell are 1.873 Å and 2.340 Å, respectively, and the separation energies are −35.2549 kcal/mol and −10.64 kcal/mol, respectively.




	(2)

	
Compared with SiHCl3, BCl3 reacts more easily with the Si(100) surface, and when BCl3 and SiHCl3 coexist, BCl3 reacts more readily than SiHCl3 with the Si(100) surface. When BCl3 and SiHCl3 are present simultaneously, the gas phase reaction is accompanied by a dissociation process, in which each molecule dissociates a Cl atom that is adsorbed on the Si(100) surface. At the same time, a distinctly elongated B–Cl bond shows that the Si(100) surface also has an attractive effect on Cl atoms.




	(3)

	
After the adsorption of SiHCl3 and BCl3, 0.24 and 0.29 eV of charge, respectively, are found to have been transferred from the molecule to the surface of the unit cell. Both BCl3 and SiHCl3 are readily adsorbed on the surface of the Si(100) unit cell, but BCl3 is more easily adsorbed. These results confirm that the B atom in BCl3 in the adsorption model forms a covalent bond with the Si atom on the Si(100) unit cell surface, and the Si atom in the SiHCl3 molecule forms a covalent bond with the B atom in BCl3.
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Figure 1. Model geometry and optimization curve of Si(100) surface. (a) is the Si(100) model geometry; (b) is the model optimization convergence curve. 
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Figure 2. Diagrams of the molecular structure and distance of BCl3 before and after adsorption on the Si(100) surface. Diagrams (a–c) show the adsorption structure before reaction, (a’–c’) the adsorption structure after the reaction, ((a,a’) show side position of the molecule, (b,b’), lateral position of the molecule, and (c,c’) positive position of the molecule). 
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Figure 3. Differential charge density (a) and charge distribution (b) of BCl3 adsorbed on the Si(100) surface of the unit cell. 
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Figure 4. Diagram of molecular structures and distances of SiHCl3 before and after adsorption on the Si(100) surface. Diagrams (a–f) show the adsorption structures before reaction, (a’–f’) those after reaction ((a–f,a’–f’) show hydrogen in the top-one-positive, bottom-one-front, top-two-front, side-one-front, side-two-front, and bottom-two-front positions, respectively). 
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Figure 5. Differential charge density (a) and charge distribution (b) after SiHCl3 is adsorbed on the Si(100) surface. 
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Figure 6. Structure changes before (a) and after (b) the co-adsorption of BCl3 and SiHCl3. 
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Figure 7. Differential charge density (a) and charge distribution (b) before and after the co-adsorption of BCl3 and SiHCl3 on the surface. 
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Figure 8. State density changes of BCl3 and SiHCl3 molecules after the adsorption on the Si(100) cell surface. (a) is the density of states of Si(100); (b) is the density of states for the BCl3 adsorption model; (c) is the density of states for the SiHCl3 adsorption model; (d) is the density of states for the co-adsorption of BCl3 and SiHCl3. 
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Table 1. Distances before and after the adsorption of BCl3 on the Si(100) surface.






Table 1. Distances before and after the adsorption of BCl3 on the Si(100) surface.





	Adsorption Mode
	Distance before Optimization (Å)
	Optimized Distance (Å)





	Side position of the molecule
	3.191
	2.836



	Lateral position of the molecule
	3.139
	2.447



	Positive position of the molecule
	2.917
	1.873
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Table 2. Adsorption energy of BCl3 after adsorption on Si(100) surface.
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	Adsorption Mode
	Eadsorption (kcal/mol)





	Side position of the molecule
	−29.2613



	Lateral position of the molecule
	−23.5846



	Positive position of the molecule
	−35.3549
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Table 3. Distances before and after the adsorption of SiHCl3 on the Si(100) surface.
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	Adsorption Mode
	Distance before Optimization (Å)
	Optimized Distance (Å)





	Hydrogen top-one-positive position
	3.018
	2.530



	Hydrogen bottom-one-front position
	3.041
	2.602



	Hydrogen top-two-front position
	3.242
	3.023



	Hydrogen side-one-front position
	3.476
	3.009



	Hydrogen side-two-front position
	3.023
	2.804



	Hydrogen bottom-two-front position
	3.000
	2.340
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Table 4. Adsorption energy of SiHCl3 after adsorption on the Si(100) surface.
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	Adsorption Mode
	Eadsorption (kcal/mol)





	Hydrogen top-one-positive position
	−4.02



	Hydrogen bottom-one-front position
	−6.07



	Hydrogen top-two-front position
	−3.41



	Hydrogen side-one-front position
	−8.92



	Hydrogen side-two-front position
	−2.47



	Hydrogen bottom-two-front position
	−10.64
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Table 5. Mulliken charge co-adsorption of BCl3 and SiHCl3 molecules on the surface of Si(100) unit cell.
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Project

	
Species

	
S

	
p

	
d

	
Total

	
Charge

(eV)

	
Change

(eV)






	
Ideal BCl3

	
B

	
0

	
6.26

	
2.44

	
10.87

	
1.13

	
0




	
Cl1

	
1.96

	
5.33

	
0

	
7.28

	
−0.28




	
Cl2

	
1.96

	
5.33

	
0

	
7.28

	
−0.28




	
Cl3

	
1.96

	
5.32

	
0

	
7.28

	
−0.28




	
Ideal SiHCl3

	
Si

	
3.18

	
7.42

	
3.36

	
13.96

	
1.13

	
0




	
Cl1

	
2.08

	
6.12

	
0

	
8.20

	
−0.32




	
Cl2

	
2.08

	
6.12

	
0

	
8.20

	
−0.33




	
Cl3

	
2.08

	
6.12

	
0

	
8.20

	
−0.35




	
H

	
1.76

	
4.28

	
0

	
6.04

	
−0.30




	
Si(100) surface adsorption BCl3

	
B

	
0

	
6.23

	
2.17

	
10.68

	
1.32

	
0.29




	
Cl1

	
1.95

	
5.36

	
0

	
7.34

	
−0.31




	
Cl2

	
1.95

	
5.32

	
0

	
7.27

	
−0.27




	
Cl3

	
1.95

	
5.33

	
0

	
7.28

	
−0.28




	
Si(100) surface adsorption SiHCl3

	
Si

	
2.21

	
6.14

	
2.13

	
10.48

	
1.02

	
0.24




	
Cl1

	
1.95

	
5.39

	
0

	
7.34

	
−0.34




	
Cl2

	
1.95

	
5.39

	
0

	
7.24

	
−0.34




	
Cl3

	
1.95

	
5.33

	
0

	
7.29

	
−0.29




	
H

	
1.95

	
5.36

	
0

	
7.34

	
−0.31
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