Hot Electron Relaxation at the Si(100) 2x1 Surfacd:inking Density-Functional and Density Matrix

Norbert Biicking’, Peter KratzéP, Matthias Scheffler, Andreas Kn6rr ThEOry

Fritz-Haber-Institut, Faradayweg 4-6, D-14195 Berlin (Germany)
) Permanent address: Technische Universitat Berlin, Nichtlineare Dimamd Quantenelektronik, EW 7-1, Hardenbergstr. 36, 10623 Berlin (Germany) TH 26
() Permanent address: Universitat Duisburg-Essen, Fachbereich Physik, &tntHiard 7048 Duisburg (Germany)

Relaxation at the Si (001) 2x1 surface
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Introduction

* Implementation of a new approach for the calcaratf phonon induced relaxation
dynamics at semiconductor surfaces

* Two step approach: ground state structure is b using density functional theory
(DFT), dynamical relaxation is implemented usinggity matrix theory (DMT)

« Parameters of the structure from DFT enter theadyoal equations from DMT via matri

elements of the electronic single particle grouatieswave functions and band structure
« Non-equilibrium population of the conduction band

states Is excited by optical excitation from théerae
bands viaA-p-coupling

» Relaxation dynamics and cooling of hot electrans |
Induced by electron-phonon coupling, considered via
deformation potentials

Theory — linking DFT and DMT

 DFT-LDA calculations are performed on a regldanesh in the reduced Brillouin zone
« Band structure and matrix elements are deternfioed theKohn-Sham-energieemdwave functionsf the DFT
structure calculations for n bands andkheoints:

Energy- and k-dependent population

» Optical excitation with a 50-fs laser pulse (gasshape) at
1.69 eV

 DFT-LDA underestimates the band gap energscissors o
shift of 0.62 eV, derived from GW calculations [i§,applied
to the optical excitation frequency

» Supercell phonon mode spectrum is approximateal tyo-
bulk mode spectrum with one acoustical and onealpti
branch (acoustical mode: c=6.1 meV/nm, optical mode

w=0.057 eV)

» Currently, deformation potentials are incorpordten

fs

« Dynamical equations are derived from an interacki@miltonian based on the second
quantization with of the ground state problem kyoducing electronic (@, a,) and

phononic (h, , b,) creation and annihilation operators:

X

Example system:Silicon 2x1 (001) surface ! \ external data: acoustical mode: 7.37eVoptical mode £
. Syrr:jmetric tilted dimer reconstruction of danglin52'5" 40eV S
onds :  Relaxation is investigated inside the conductiands

« Ddownsyrface band appears below conduction bangl:s bulk bands (including Dﬂownband?, depopulation and hole dynamics of _
inside band gap o | « From Heisenbergs equation of motion for the valence bands are neglected ©

* Surfage t_)and plays a S|g|_1_|f|cant role in the A gcl:Jalllt(t-ebrlljr% operators, dynamical equations are derived  t=0: initial population after completed optical extiba _
deexpltatlon process of silicon (0_0[1)2] | . -\ for the populations f= a, a, in second « Initially (O fs), only surface band is populategtlveen X' and *

* Possible relaxation processes (difterent timescale order born approximation and using a batf « In the electron-phonon matrix elements, G ,peak excitation at 0.55 eV {®" state), highly non-

» Bulk-bulk relaxation from a bulk band to a bulknioa | and a Markov approximation ( Energy both normal (black) and scattering via thermal distribution

* Bulk-surface relaxation from a bulk band to the 3 conserving scattering): umklapp vectors,, (blueandred) are * t>20fs: D" minimum gets populated £
surface band - ;\ - considered « By t=30 fs a major fraction of the population shifts to bulk

* Surface-surface relaxation inside surface band ce-surface « In the current implementation, the surfacfll * t=100fs-500fsbottleneck at 0.1 eV is formed, distribution is

» Optical excitation from valence band and the 1 2ring « Optical excitation is provided as initial condit®to this equation: phonon spectrum and the deformation quasi-thermal in B?*"band bottom and non-thermal at higher,
subsequent relaxation in the conduction bands is and potentials are approximated by one energy
investigated. ’ acoustical and one optical bulk mode * By t=200ps the electrons relax to thed®"minimum atG

(equilibrium state)

©
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Matrix elements for Si (001) (2x1)

Band structure calculations

2. y
* Band structures and Kohn-Sham-wave ::gf“ ¥*
functions are calculated in the supercell
approach for various slabs of different -
size !
» Band structures of the conduction bands:1 5| ﬁ
7-layers D""band is seperated from < ||

the bulk bands, 22 and 40 layer®down 2 |
band dives into bulk bands n
« Ddowngyrface state (&)is located
within the first seven layers for all
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timesteps

slabs surface features are yet de-

scribed by a 7 layer slab, but not bulk-

surface interaction 0 !

I S Conclusions
Matrix element calculations 7 layers 22 layers 40 layers Population in real spac | |
Oa ;[2 Y Y P P eDfS * A new approach has been introduced to calculaelynamics of ultrafast
001 T  Zlaver- B pdown 7 laver - bulke Hotitk . : relaxation processes at semiconductor surfaces
- _7u|ayers G . ! : . _ Electron_ density of the : « Dynamical (DMT) and non-dynamical methods (DFTg eombined in a two

PN 10 ayers Io.g -Io.g * Electron-phonon matrix elements conduction band population at step approach to calculate hot electron relaxation

OOLE 15 tayers _8'3 X _8'3 ~ forrelaxation: matrix elements for several timesteps « The example calculations for a Silicon (001) scefahow that this method is
70014 | —22layers P & transitions between ik} and out » Population is mostly surface- 200fs promising tool for future investigation

i 0.01— 30 layers 06 = 06 = (k') states of the relaxation centered at all timesteps : : : :

% = |—40 layers 05 M 05 = " L « Initiallv: hardlv anv bulk » Good agreement to experimental data [1] is obthitiee existence of two
0-008 - 0.4 o~ 04 ~ ° Tgprllevel. Intraband scattering insid ny' y any timescales is reproduced: The short timescalepi®deiced by the calculations
0.006= 03O _ 0.3 ‘O  D%""band and inside lowest bulk popuiation . the long timescale depends on the slab thickness
0.004 0.2 X 0.2 band (7 layer slab) « 30fs: significant bulk populaﬂonz
0.002 0.1 « Diagonal: equal in and out states * 1ps: only surface states are PS

ot . g (L G D « Upper left side: umklapp populated
G X M X G :
0 05 11 eznergzg,S[eWS 324 45 s K processes low coupling
0 9_103 _7 layer - D"« Houkk((umitkamm) Extension of big scattering matrix
S U ” i elements is widely spread irfDr Relaxation ti lac 06 ] Refe FEnces
025~ | —7layers _ 8 o5 band and narrow in bulk band elaxXalion time scale: -7 = 1] M. Weinelt et al., Phys. Rev. Le#2 126801, 2004
g —12 :aye:s X 1, S (reflection of band structure) | | - 2] S. anaka and L. Tanimura, Surf. Sci. L&298251, 2003

I S I Sﬁé \ 3 “ 5« Bottom levet interband scattering'l * Time scale can be extracted | ° 3] N. Blcking et al., Appl. Phys. 28505, 2007

3 014 30 layers ExM 015 %  bulk band D9%%rband the population rate of thed®n £ | 4] T. Kuhn in E. Scholl: Theory of Transport inrBieonductor Nanostructures,

© [ [ —40myers | : “é 1o, -5 © Scattering is limited to a narrow minimum ] -7 layers ~ Chapman & Hall, London 1998

0.1 ) ' O < range and coupling is weaker than * Two timescales have been g5 22 layers 5] L. T6ben et al., Phys. Rev. L&dd 067601, 2005
- , 0.05 intraband experimentally observed in tr - 30 layers 6] M. Rohlfing and S. Louie, Phys. Rev. L88.856, 1999
- . . P - — 401 - - -
0.05— ./ \J I « Umklapp-scattering is relatively relaxation: 1.5 ps and 190ps i dyers 7] P. Eggert, Dissertation, FU Berlin 2005.
- G X M X' G i o Short timescale is independe 0=l v vl il 0 ol 8] A. Zeiser et al., Phys. Rev. Bl 245309, 2005
Iz N\ K more important _ 10 T 10 10 O] _
05 06 07 08 09 1 11 12 13 « Note: for the absolute scattering slab thickness time [ps] 9] M. Reichelt et al., Phys. Rev.@8 045330, 2003
energy [eV] rate, also the deformation potential « Long timescale is dependent on . 10] J. Fritsch, P. Pavone, Surf. S644159, 1995
’ lab and faster th No. ot fayers 7 | 22|30 40 11] N. Buecking et al, submitted to PRL
: : L : o : and the phonon energy are Slab and faster than . - 9 ’
« Momentum matrix elementsfor optical excitation: linear absorpti@{w) for excitat-ion from valence to conduction bands - 1 ;
. . : . o relevant experiment[1] convergence short time-scale (ps) | 09| 09| 10| 1.0
» Matrix elements calculated from Kohn-Sham-wavefioims no quasi-particle effects, no excitonic spectrum ' oroblem? : : : : Acknowle dgemen ts
« Spectra for different slabs are in good agreer(tep), positions of peaks are still variable (botjo ' ime-
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