First-Principles Study of Electron Dynamics with Explicit Treatment of Momentum Dispersion on Si Nanowires along Different Directions
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ABSTRACT
In this research, ground state structure and optical properties along with photoinduced electron dynamics of Si nanowires oriented in various directions are reviewed. These nanowires can be most significant functional units of future nano-electronic devices. All observables are computed for a distribution of wave vectors at ambient temperature.  Optical properties are computed under assumption of momentum conservation. Under this approximation, the total absorption spectrum is composed of partial contributions to absorption from fixed values of momentum. The on-the-fly non-adiabatic couplings obtained along the ab initio molecular dynamics nuclear trajectories are used as parameters for Redfield density matrix equation of motion. The main outcomes of this study are transition energies, light absorption spectra, electron and hole relaxation rates, and electron transport properties. The results of these calculations would contribute to the understanding of the mechanism of electron transfer process on the Si nanowires for optoelectronic applications.












1. INTRODUCTION
Quantum confinement drastically changes properties of semiconductor materials. Recent achievements in fabrication techniques allow structure preparation of same composition but different sizes. Various kinds of nanostructures have attracted considerable attention due to potential applications in electronic and energy conversion devices  [[endnoteRef:1]-[endnoteRef:2],[endnoteRef:3],[endnoteRef:4]]. We focus on confinement imposed on two directions.  One dimensional (1D) nanowires (NWs) provide additional benefits in two aspects which have been demonstrated in experiments [[endnoteRef:5],[endnoteRef:6]]: (i) visible light scattering and absorption are much enhanced in NWs due to their high length to diameter ratio and a total length reaching hundreds of micrometres [[endnoteRef:7]]; (ii) the 1D geometry facilitates rapid, diffusion-free electron transport to the electrodes [[endnoteRef:8],[endnoteRef:9]]. Silicon, as the most abundant and practically used semiconductor material gives benefits if fabricated as nanostructure. Silicon nanowires (SiNWs) represent a unique and special class of nanomaterials because of their intrinsic properties such as one dimensionality, high surface-to-volume ratio, and biocompatibility [[endnoteRef:10]]. The development of SiNWs provides compatibility with existing silicon-based technology [[endnoteRef:11]]. Several methods for fabricating SiNWs have been reported, most notably (i) nanolithography [[endnoteRef:12]], (ii) the vapour–liquid– solid (VLS) method [[endnoteRef:13]] and (iii) metal-assisted chemical etching (MACE) [[endnoteRef:14]].  These SiNWs are enabling in lasers and solar cells application [[endnoteRef:15]].   In fact, the electronic properties of SiNWs have been extensively investigated theoretically with respect to diameters, growth orientations, morphologies, surface modifications, and doping effects.[[endnoteRef:16]-,[endnoteRef:17],[endnoteRef:18],[endnoteRef:19],[endnoteRef:20],[endnoteRef:21],[endnoteRef:22],[endnoteRef:23],[endnoteRef:24],[endnoteRef:25],[endnoteRef:26],[endnoteRef:27]] Additionally, the optical properties, [[endnoteRef:28],[endnoteRef:29]] structural stability,[[endnoteRef:30]-[endnoteRef:31],[endnoteRef:32],[endnoteRef:33][endnoteRef:34]] and electrical properties [[endnoteRef:35]] have also been reported. In contrast to the broadly studies on electron transport, it is important to determine carrier lifetime [[endnoteRef:36],[endnoteRef:37]] of SiNW with axial arrangement of p-n junctions [[endnoteRef:38]] to assure that the excited state can be processed in a useful way. Nonradiative lifetime is critical for lasing applications since it controls the upper-level population. [1: [] P. G. Collins, H. Bando, and A. Zettl, Nanotechnology 9, 153 (1998).]  [2: []Y. Cui and M. Lieber, Science 291, 851 (2001)]  [3: [] M. S. Dresselhaus, Y.-M. Lin, S. B. Cronin, O. Rabin, M. R. Black, G. Dresselhaus, and T. Koga, Semicond. Semimetals 71, 1 (2001).]  [4: [] Y. Wu, R. Fan, and P. Yang, Int. J. Nanosci. 1, 1 (2002).]  [5: [] B. Tan and Y. Y. Wu, J. Phys. Chem. B 110, 15932 (2006).]  [6: [] K. Zhu, N. R. Neale, A. Miedaner, A. J. Frank, Nano Lett. 7, 69 (2007)]  [7: [] Y. J. Hwang, C. Hahn, B. Liu, P. D. Yang, ACS Nano 6, 5060 (2012).]  [8: []S. Meng, J. Ren, and E. Kaxiras, Nano Lett. 8, 3266 (2008)]  [9: [] P. Deak, B. Aradi, A. Gagiardi, H. A. Huy, G. Penazzi, B. H. Yan, T. Wehling, T. Frauenheim, Nano Lett. 13, 1073 (2013).]  [10: [] Man-Fai Ng, Liping Zhou, Shuo-Wang Yang, Li Yun Sim, Vincent B. C. Tan, and Ping Wu, Phys. Rev. B 76, 155435, (2007).]  [11: [] P. Peercy, Nature 406, 1023–1026, (2000)]  [12: [] Handbook of Microlithography, Micromachining, and Microfabrication, ed. P. Rai-Choudhury (SPIE press, IEE, 1999).]  [13: [] Y. Cui, L. J. Lauhon, M. S. Gudiksen, J. Wang, and C. M. Lieber, Appl. Phys. Lett. 78, 2214 _2001_.]  [14: [] Priolo, F.; Gregorkiewicz, T.; Galli, M.; Krauss, T. F., Nature Nanotechnology 2014, 9, 19. ]  [15: [] P. J. Pauzauskie, P. Yang, Mater. Today 9, 36 (2006)]  [16: [] A. J. Read, R. J. Needs, K. J. Nash, L. T. Canham, P. D. J.Calcott, and A. Qteish, Phys. Rev. Lett. 69, 1232 (1992).]  [17: [] A. B. Filonov, G. V. Petrov, V. A. Novikov, and V. E. Borisenko, Appl. Phys. Lett. 67, 1090 (1995).]  [18: [] B. Delley and E. F. Steigmeier, Appl. Phys. Lett. 67, 2370, (1995).]  [19: [] A. K. Singh, V. Kumar, R. Note, and Y. Kawazoe, Nano Lett. 5, 2302 (2005).]  [20: [] T. Vo, A. J. Williamson, and G. Galli, Phys. Rev. B 74, 045116(2006).]  [21: [] R. Rurali and N. Lorente, Phys. Rev. Lett. 94, 026805 (2005).]  [22: [] M. V. Fernández-Serra, C. Adessi, and X. Blase, Phys. Rev. Lett. 96, 166805 (2006).]  [23: [] Peelaers, B. Partoens, and F. M. Peeters, Nano Lett. 6, 2781, (2006).]  [24: [] P. W. Leu, B. Shan, and K. Cho, Phys. Rev. B 73, 195320 (2006).]  [25: [] M. Nolan, S. O’Callaghan, G. Fagas, J. C. Greer, and T. Frauenheim, Nano Lett. 7, 34 (2007).]  [26: [] A. K. Singh, V. Kumar, R. Note, and Y. Kawazoe, Nano Lett. 6, 920 (2006).]  [27: [] H. Scheel, S. Reich, and C. Thomsen, Phys. Status Solidi B 242, 2474, (2005).]  [28: [] F. Buda, J. Kohanoff, and M. Parrinello, Phys. Rev. Lett. 69, 1272 (1992). ]  [29: [] J. Li and A. J. Freeman, Phys. Rev. B 74, 075333 (2006).]  [30: [] Y. Zhao and B. I. Yakobson, Phys. Rev. Lett. 91, 035501 (2003).]  [31: [] T.-L. Chan, C. V. Ciobanu, F.-C. Chuang, N. Lu, C.-Z. Wang, andK.-M. Ho, Nano Lett. 6, 277 (2006).]  [32: [] T. Akiyama, K. Nakamura, and T. Ito, Phys. Rev. B 74, 033307 (2006).]  [33: [] J. X. Cao, X. G. Gong, J. X. Zhong, and R. Q. Wu, Phys. Rev. Lett. 97, 136105 (2006).]  [34: []R. Q. Zhang, Y. Lifshitz, D. D. D. Ma, Y. L. Zhao, T. Frauenheim, S. T. Lee, and S. Y. Tong, J. Chem. Phys. 123, 144703 (2005).]  [35: [] I. Ponomareva, M. Menon, D. Srivastava, and A. N. Andriotis, Phys. Rev. Lett. 95, 265502 (2005).]  [36: [] M. A. Seo, S. A. Dayeh, P. C. Upadhya, J. A. Martinez, B. S. Swartzentruber, S. T. Picraux, A. J. Taylor, R. P. Prasankumar, Appl. Phys. Lett. 100, 071104 (2012).]  [37: [] Y. W. Jung, A. Vacic, D. E. Perea, S. T. Picraux, M.A. Reed, Adv. Mater. 23, 4306  (2011).]  [38: []. S. Hoffmann, J. Bauer, C. Ronning, T. Stelzner, J. Michler, C. Ballif, V. Sivakov, S. H. Christiansen,  Nano Lett. 9, 1341 (2009).] 

The computational modelling of the hot carrier relaxation in molecules and nanostructures stakes on allowing for energy flow between electronic part and nuclear part and partitioning the total energy between them, going beyond Born-Oppenheimer approximation [[endnoteRef:39],[endnoteRef:40]]. There are some successful computational methods for electronic relaxation are depending on the concept of surface hopping between potential energy surfaces [[endnoteRef:41]]. Molecular dynamics trajectory is a competent approach for calculating the on-the-fly electron-to-lattice coupling in semiconductors [[endnoteRef:42]]. On the basis of density functional theory (DFT), there is an approach to combine Redfield theory [[endnoteRef:43]] of electron relaxation with on-the-fly coupling of electrons-to-lattice [[endnoteRef:44]]. [39: [] S. P. Webb, T. Iordanov, S. Hammes-Schiffer, J. Chem. Phys. 117, 4106, (2002).]  [40: [] S. Hammes-Schiffer,   Abstr. Pap. Am. Chem. Soc. 242, 140-PHYS, (2012).]  [41: [] J. C. Tully, J. Chem. Phys. 93, 1061, (1990).]  [42: []Svetlana Kilina, Dmitri Kilin, Sergei Tretiak, Chem. Rev.  115, 12, 5929-5978, (2015).]  [43: []Redfield, A. G., "The Theory of Relaxation processes“, Adv. Magn. Res. 1, 1-32 (1965)]  [44: [] D. S. Kilin, D. A. Micha, J. Phys. Chem. Lett. 1, 1073 (2010).] 

Previous studies addressed electronic, optical and other various properties of SiNWs in details. A gap remains, however, in studying electron relaxation and optical absorption for multiple k-points. The electronic structure of any periodic solid depends on k-dispersion and radiative and nonradiative transitions need k-points. In this research, we investigate the ground state electronic structure and optical properties, electron-hole dynamics of three types of periodic unit cells of SiNWs grown in <100>, <111>, and <211> crystallographic directions specified with k-point by density functional theory considering momentum is  conserved . The main focus of this manuscript is description of non-radiative relaxation sourced from interaction of electronic and nuclear degrees of freedom. Besides these, other characteristics such as, wavelength of maximum absorption, oscillator strength at that wavelength, trends in the excitation gap, and exciton lifetime are highlighted [[endnoteRef:45]]. Although optical properties, absorption spectra, and precise values of the bandgap are very important, they are not primary focus of this work.  It deals with not only absorption but also non-radiative cooling of carriers. The outcomes of this study are expected to be helpful for technological applications in nanoelectronics, photovoltaics and semiconductor lasers. [45: [] Fatima, Vogel, J., T. Inerbaev, N. Oncel and D. Kilin,  MRS Advances, 1-6 (2018).] 

2. METHODS AND COMPUTATIONAL DETAILS
The initial positions of each ion in the model were used to determine the atomic structure. By using density functional theory (DFT)[[endnoteRef:46]], we find an electronic structure by solving  self-consistent DFT equations with VASP software [[endnoteRef:47]].The main equation is a one-electron Kohn-Sham equation for a fictitious system of non-interacting electrons [[endnoteRef:48]]. [46: [] Hohenberg, P.; Kohn, W., Physical Review B, 136 (3B), B864-& (1964).]  [47: [] Kresse, G.; Furthmuller, J.. Physical Review B, 54 (16), 11169-11186, (1996).]  [48: [] Kohn, W.; Sham, L. J., Physical Review, 140 (4A), 1133-& (1965).] 

        
Where first term represents the kinetic energy T. It is noticeable that Hamiltonian, orbitals and energy depend on k. One finds set of one-electron momentum dependent orbital’s  
and their energies in the equation (1). The combination of orbital occupation function and the orbitals product the total density of electrons
                    )                                                                                         
                            
The highest occupied orbital index may be different for each band. The total density determines the potential:
          
Which is defined as functional derivative of the total energy with respect to variation of total density. This potential includes interactions of electrons with ions, and three electron observables: coulomb, correlation and exchange.  
Momentum dispersion is plotted as Partial DOS for given k is 
					        
Energies can be visualized by the density of states (DOS), which was calculated using:
   
[bookmark: _GoBack]Where  is the energy of a given orbital  and the index i runs over all calculated orbitals. The function  is the Dirac delta function, modeled using a Lorentzian:
                   
The absorption spectrum of the SiNW models computed using the independent orbital approximation (IOA) and conservation of momentum  by using the equations below:
 
Which is for partial spectrum for given value of momentum k. 
(hω-)                                                  
                                                    
   
Where  is the partial absorption spectrum,  is the oscillator strength, and is the transition dipole moment for given value of -vector. The oscillator strength is the probability of an electronic transition occurring between state i and j corresponding to the angular frequency  in resonance of the incident light. The transition dipole represents matrix elements of position operator and correlates the spatial overlap between pair of electronic states and. To account for thermal fluctuations, the delta function in equation (6) is approximated as a Lorentzian distribution. 
In order to explore charge transfer dynamics in our models we implemented adiabatic molecular dynamics with non-adiabatic couplings between nuclear and electronic degrees of freedom where the couplings provide dissipative transitions. On-the-fly non-adiabatic couplings are computed as  
                                                 
In this study we assume conservation of momentum where   The non-adiabatic processing is done using autocorrelation function to provide first non-vanishing contribution to electronic degrees of freedom. The components of Redfield tensor are derived from Fourier transform of the autocorrelation function 
                             
The components of describing rates of transitions  and  are Fourier transform of the autocorrelation function
                         
                           
	To generate the time independent Redfield tensor these components are summed together 
           
	The Redfield tensor provides probabilities of transition rates for dissipative electronic transitions
                                      

To propagate the time evolution of density matrix , dissipative electronic transitions are used
                            
The first term on the right hand side   corresponds to the energy conserving von Neumann equation and the second term   provides electronic energy dissipation due to a heat bath into electron-phonon interactions. The charge density distribution, rate of transitions between electronic energy states, and rate of charge transfer are derived from equation (15). The non-equilibrium charge distribution is a function of time and energy which is defined by
                                                     
       	Here  is the non-equilibrium charge distribution. From the equilibrium distribution change in occupancy of electronic state population is  
                                         
    	Here,  is the equilibrium charge distribution.
Expectation value of energy of a carrier (electron or hole) are computed as follows.
      	
Assuming a single exponential fit of energy dissipation the rate of relaxation of carriers is

                                                                           
The dissipation of holes is computed in analogues way.
[bookmark: OLE_LINK12][bookmark: OLE_LINK13] We use VASP software [[endnoteRef:49]] to solve equations (1)-(3) and to compute total energy, density of states, absorption spectra, and thermal motion. In this software, valence electrons are treated explicitly while core electrons are described with pseudopotentials [[endnoteRef:50]]. All calculations were done based on plane waves. The functional for the electron-electron interaction energy was chosen according to Perdew-Burke-Ernzerhof procedure (PBE-functional) [[endnoteRef:51]] which uses charge density and gradient of charge density. The change of functional from pure DFT PBE to hybrid HSE06 leads two consequences related to energy and couplings. First, the energy subgaps between electronic states which are involved in relaxation are being changed by hybrid functionals. Due to energy gap law the change of subgaps affects the rates of nonradiative relaxation. Second, use of hybrid functionals make orbitals more localized. Since non-adiabatic coupling,  depends on overlap of initial and final orbitals  and , hybrid-functional-induced localization changes nonadiabatic coupling. It has been shown that change in energy is more important than change in coupling [[endnoteRef:52]]. All calculations of this research have been performed by PBE functional. If these calculations are done by HSE06 functional, bandgaps and subgaps in density of states (DOS) will increase and carriers will relax slowly. [49: [] Kresse, G.; Furthmuller, J., Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Physical Review B 54 (16), 11169-11186, (1996)]  [50: [] Vanderbilt, D.,. Physical Review B 41 (11), 7892-7895, (1990).]  [51: [] Perdew, J. P.; Burke, K.; Ernzerhof, M., Generalized gradient approximation made simple. Physical Review Letters, 77 (18), 3865-3868,(1996)]  [52: [] Lin, Y.; Akimov, A. V.,  J. of Phys. Chem.  A 120, 9028-9041 (2016).] 

It has been shown that change of functional for Si has drastically different effects for crystalline and amorphous Si nanostructures [52]. Crystalline Si structures with H passivation have large bandgap and change in functional gives minor influence on relaxation rates. On the other hand, amorphous Si nanostructures with multiple defects have stronger influence on bandgaps and relaxation rates. Since our modeled SiNWs have crystalline structure, the influence of change of functional is expected to be less significant.
In a recent study, a scissor operator technique has been practiced [[endnoteRef:53],[endnoteRef:54]] which comprises details of e-e exchange interaction included in hybrid functionals like HSE06 and B3LYP lead to change in the band gap of semiconductor structures. The rest of details in electronic structure of valence and conduction band are affected in smaller extent. In the scissor-operator technique, one practices systematic shift of all orbital energies in the conduction band by the same correction value , where  is the average orbital energy difference between HSE06 and PBE functionals [[endnoteRef:55]]. The absorption spectrum of semiconductor nanostructures computed with (a) IOA and GGA, (b) IOA and hybrid, and (c) TDDFT have the same state and structure and differ by consistent shift in energy [[endnoteRef:56]-[endnoteRef:57],[endnoteRef:58]]. [53: [] Yu, L., R. S. Kokenyesi, D. A. Keszler and A. Zunger, Advanced Energy Materials 3(1), 43-48, (2013). ]  [54: [] Yin, W.-J., H. Tang, S.-H. Wei, M. M. Al-Jassim, J. Turner and Y. Yan, Physical Review B 82(4), 045106 (2010).]  [55: [] Vazhappilly, T.; Kilin, D. S.; Micha, D. A., J. of Phys.: Cond. Matt., 27, 134204 (2015).]  [56: [] Kilina, S.; Ivanov, S.; Tretiak, S., J. of the Amer. Chem. Soc.  131, 7717-7726 (2009)]  [57: [] Chen, J.; Meng, Q.; May, P. S.; Berry, M. T.; Lin, C., The J. of Phys. Chem. C, 117, 5953-5962 (2013). ]  [58: []  Dandu, N.; Tretiak, S.; Kilina, S.; Kilin, D., Chem. Phys., 481, 144-156 (2016).] 

[bookmark: OLE_LINK5][bookmark: OLE_LINK6]We focus our modeling on silicon nanowires (SiNWs) with the composite formulae of Si50H40, Si38H30, and Si48H48 grown in <100>, <111>, and <211> crystallographic directions respectively. The dimensions of unit cells are , and  of <100>, <111>, and <211> SiNWs respectively and the models are shown in Figure 1 (a), (b), and (c). The diameters of SiNWs along <100>, <111>, and <211> growth directions are , and  respectively. In order to avoid spurious interaction between periodic images we used the vacuum along the directions of a and b [[endnoteRef:59]] and hydrogen atoms were attached to all surface Si atoms to eliminate the effect of dangling bond [[endnoteRef:60]].  The calculation performed at four different k-points for <100> and <111> SiNWs and three different k-points for <211> SiNW.  [59: []  Fatima, Zepeda, M.; Oncel, N., Thin Solid Films, 623, 135-137 (2017).]  [60: []  Fatima; Can Oguz, I.; Çakır, D.; Hossain, S.; Mohottige, R.; Gulseren, O.; Oncel, N., J. Appl. Phys., 120, 095303, (2016).] 

3. RESULTS AND DISCUSSIONS
 The side view of structure of SiNWs oriented in <100>, <111>, and <211> directions are shown in Figure 1 (a) – (c). Hydrogen atoms are used to passivate the dangling bonds on the surfaces. Surface reconstruction was not considered in this research. All of these NWs are periodic along c direction.  Momentum dispersion curves are shown in Figure 2. The cross sections of the models are shown in dispersion curve.
The ground state electronic structure gives the density of states (DOS) and absorption spectra. Figure 3(a)-(c) shows the DOS plot near the band edges for <100>, <111>, and <211> SiNWs. Figure 3 (a) shows that in <100> SiNW, the DOS in valence band (VB) is higher than that of conduction band (CB) which is expected to relaxation of holes faster than electrons. Moreover, there is a subgap around 0.1 eV on the edge of conduction band which delays the dissipation of electron. The band gap energy of this nanowire is about 2.2 eV. Figure 3 (b) represents the DOS plot of <111> SiNW where DOS in VB is lower than that of CB which is expected to relaxation of electrons faster than holes. There is a Subgap about 0.1eV in VB that delays the dissipation of holes. The band gap energy of <111> SiNW is around 1.8 eV whereas it is approximately 1.7 eV for <211> SiNW. The presence of subgapes on the CB and VB prompts both the electrons and holes are expected to relax slower in SiNW oriented in <211> crystallographic directions as shown in Figure 3 (c).  However, the electrons are expected to relax comparatively faster due to higher DOS in the CB.  
The plots of absorption spectrum in Figure 4 (a) – (c) indicate that most of the transitions for all three nanowires start at wavelength 150 nm and end at around 400 nm and the strong absorption occur in this range [[endnoteRef:61]]. The quantum confinement effect appears when diameter of SiNWs <3nm and experimental study shows that optical gaps of SiNWs are 3.5 eV and 2.3 eV at diameter 1.3 and 2.0 nm respectively [[endnoteRef:62]]. Figure 5 shows absolute values of selected elements of Redfield tensor  for <100>, <111>, and <211> SiNWs at different k-points. The calculated Redfield tensor elements related to population transfer. The diagonal line (from the left bottom corner to the right top corner) resembles to very small transition rates, exhibit transition between same orbital, which are not physically meaningful [[endnoteRef:63]].  The nonvanishing transition rates along the subdiagonal lines indicate that nonradiative transitions most likely occur between the nearest neighboring states with close energies. The elements of Redfield tensor near the bandgap  are different for SiNWs at different k-points. It appears in Figure 5 that the transition rates for electrons are higher than that for holes corresponds to stronger nonadiabatic couplings in the CB compared than those in the VB [[endnoteRef:64]].  [61: [] Liu, Y., Ji, G., Wang, J. et al. Nanoscale Res Lett 7, (2012) ]  [62: [] Ma DD1, Lee CS, Au FC, Tong SY, Lee ST., Science 299, 1874 (2003).]  [63: [] Jiangchao Chen, Andrew Schmitz, Talgat Inerbaev, Qingguo Meng, Svetlana Kilina, Sergei Tretiak, and Dmitri S. Kilin, J. Phys. Chem. Lett. 4, 2906−2913 (2013).]  [64: [] Talgat M Inerbaev, James D Hoefelmeyer, Dmitri S Kilin, J. Phys. Chem. C, 117 (19), 9673–9692, (2013).] 

The distribution of electron density as a function of energy and time with respect to ground-state equilibrium by equation (20) from method is shown in Figure 6 for <100>, <111>, and <211> nanowires at different k-points. In order to fit the expectation values of electron energies an exponential function is used (dashed line) by equation (23) from method. The red, green, and blue regions present the gain in population (electron), equilibrium value of electronic population, and the loss in population respectively. Initial photoexcitation occurs at  on the left-hand side of the plot. Due to change of excitation energies, electrons and holes populate different sequence of states within the valance band and conduction band. Therefore, electron lifetime can vary for each specific initial excitation. Both charge carriers reach their respective band edges after a certain period of time and the expectation value of excitation energy remains constant under an approximation of no recombination. It is noted that in <100> SiNW, the exciton cooling relaxation rate for holes are faster. On the other hand, the exciton cooling relaxation rate for electrons are faster than those of holes in both of the SiNWs along <111> and <211> crystallographic directions, in agreement with the previous expectation based on DOS on energy bands and transition probability [[endnoteRef:65]]. [65: [] Dayton J. Vogel, Andrei Kryjevski, Talgat Inerbaev,  and Dmitri S. Kilin, J. Phys. Chem. Lett. 8, 3032−3039, (2017).] 

The exciton cooling relaxation rates exhibit possible trends following equation below as shown in Figure 7 (a) - (c), 
 

All the parameters of equation (25) are given in Table 1. 
In order to study the photo-induced non-radiative electron dynamics of SiNWs, three different models grown in three different crystal growth directions were irradiated by instantaneous light pulse. In both <111> and <211> SiNWs, electrons relaxation is quicker than the hole relaxation due to larger spacing of orbitals in valence bands smaller spacing in conduction bands. The higher-energy excitations relax more quickly which is going to against the energy gap law [[endnoteRef:66],[endnoteRef:67]]. In addition to subsequent cascade relaxation between neighboring states 𝑖→ (𝑖 – 1)→ (𝑖 – 2), SiNWs model might experience “over the neighbor” transitions 𝑖→ (𝑖 – 2), illustrated by nonzero Redfield tensor off-diagonal elements in Figure 5.  [66: [] Englman, R.; Jortner, J., Mol. Phys. 18, 145-164, (1970).]  [67: [] Bixon, M.; Jortner, J.; Cortes, J.; Heiele, H.; Michel-Beyerle, M. E., J. Phys. Chem.  98, 7289-7299, (1994).] 

 In case of each nanowire explored at various k-points, transition with the highest oscillator strength and probability is used as an example initial state to find the rate of exciton cooling relaxation. It appears in Figure 6 that the electron dynamics are represented for a time interval until 100 ps. Most of charge rearrangements are complete by this time [[endnoteRef:68]]. Only recombination and chemical reaction dynamics are experienced by the system beyond this time range and more advanced methodology focusing on dissociative limit of coupled electron nuclear dynamic is needed to study this phenomenon [[endnoteRef:69]].  Since electrons and holes pass different number of channels in order to travel from excited state to band edges, they have different relaxation rates.  Electrons relax faster than holes in <111> SiNW at every k-points except at k=0.33. A dispersed DOS in conduction band delays the dissipation of electron at k=0.33 whereas at all other k-points dispersed DOS appears in valence band.  In this research, we assume momentum is conserved. It needs further study to investigate electron-hole dynamics when momentum of electrons is changed by  value. The band gap of all NWs here is more than 1.6 eV. In order to reduce the dangling bond and band gap, SiNWs surface was passivated by hydrogen. The outcomes of this research can be readily verified experimentally. [68: [] Shuping Huang, Talgat M. Inerbaev, and Dmitri S. Kilin, J. Phys. Chem. Lett. 4, 5,2823-2829, (2014). ]  [69: [] Chen, J.; Meng, Q; May, P. S.; Berry, M. T., Kilin, D. S., Mol. Phys.  112, 508-517 (2013).

































FIGURES and TABLES



Figure 1: The side views of unit cells of SiNWs grown in <100>, <111>, and <211>  crystallographic directions are shown in (a), (b), and (c) respectively. The crystal growth direction is along c and vacuum is applied along the other two directions a and b. The purple and pink balls represent the Si and H atoms respectively.











Figure 2: Computed dispersion curves for periodic silicon nanowires grown in <100>, <111>, and <211> crystallographic directions shown as function of dimensionless wavevector. <100> and <211> nanowires show direct bandgap at gamma point. The <111> nanowire shows conduction band with minimum near k=0.25, related to indirect gap.




Figure 3: Ground-state electronic density of states (DOS) near the band edges for Si nanowires (SiNWs) oriented in (a) <100>, (b) <111>, and (c) <211> direction. The occupied balance band and unoccupied conduction band represented by the shaded and unshaded regions of the spectra respectively. The indicated subgap delays the dissipation.






Figure 4: Absorption spectra of SiNWs grown in <100>, <111>, and <211> crystallographic direction are shown in (a), (b), and (c) respectively. The x-axis represents the wavelength and y-axis represents the absorption coefficient. The strong absorption occur at 150-400 nm wavelength range.













Figure 5: Selected elements of Redfield tensor near the band gap for studied SiNWs models (a) <100>, (b) <111>, and (c) <211>. The units of Redfield tensor elements which corresponds to population transfer are inverse femtoseconds.  The maximal values appear for 





Figure 6: Isocontours of the population give the dynamics of photoexcitations for studied SiNWs models (a) <100>, (b) <111>, and (c) <211>. Here, red, green, and blue colored areas represent the distribution in equation (21) for gain, no change, and loss, respectively compare to the equilibrium distribution; red regions can be understood as relating to electrons and blue ones to hole. To fit the expectation values of electron energies an exponential function is used (dashed lines).











Figure 7: Summary of the relaxation rates of holes and electrons for a range of initial excitations of SiNWs models (a) <100>, (b) <111>, and (c) <211>. Here, x-axis represents dissipated energy in eV and y-axis represents natural logarithm of relaxation time in picosecond. 












Table 1: The relaxation rate trends at different k-points of <100>, <111>, and <211> SiNWs. The exciton cooling relaxation rates exhibit possible trends follows the equation
 . The parameters of this equation are given for electrons and holes at different k-points in the following table: 
] 

4. CONCLUSIONS
A theoretical and computational investigation of electron dynamics on Si nanowires (SiNWs) oriented in <100>, <111>, and <211> crystallographic directions is presented. This work shows the structural, electronic properties, and optical properties of these SiNWs in ground state as well additional questions related to photoexcited electronic relaxation properties, specifically, influence of momentum dispersion onto Radiative and Non-Radiative relaxation. All of the characteristics were studied under the assumption of momentum conservation Δ = 0. A combination of density matrix formalism and ab initio electronic structure calculation using an on-the-fly method to compute non-adiabatic couplings with explicit k-points sampling was the key tool to address importance of momentum for optical properties. The non-adiabatic couplings are used as momentum resolved parameters in Redfield density matrix equation of motion which helps to provide explanation of the photoinduced charge redistribution at the studied periodic Si nanowires models. 
It has already been exhibited many auspicious applications of SiNWs, qualitative trends of large size NW have been successfully described by use of reduced-size small models. Even if there is possibility to use these theoretical models of nanowires as functional unit of future nanoelectronic, optoelectronic, and photovoltaic devices, many properties of these extremely thin nanowires create technological challenges to transit them from a prototype to a consumer product. But at the same time some properties offer very unusual opportunities. In Si nanowire grown in <111> direction, at lower energy transitions, electrons relax faster than holes due to specific pattern of subgaps,  which can benefit potential photovoltaic applications. This work identifies a challenge to study the above properties when momentum is not conserved Δ𝑘⃗ ≠ 0.
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