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First-principles time-dependent simulation of laser assisted desorption
of hydrogen atoms from H-Si(111) surface
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The dynamics of hydrogen desorption from H-terminated silicon surface clusters has been simulated
in the framework of real space time-dependent density functional theory complemented with
molecular dynamics for ions. It has been demonstrated that by choosing an appropriate frequency
and intensity of the laser it is possible to remove the hydrogen layer from the surface without
destroying the structure of underlying silicon. At the laser field intensities used in the current study
(0.5-2.0 V/A) the desorption process is notably nonlinear. © 2011 American Institute of Physics.

[doi:10.1063/1.3580563]

Bond scission by laser pulses is an ideal way to induce
and control chemical reactions.'™ Selective control of sur-
face reactions” is especially desired as it allows patterning of
reaction areas by creating dangling bonds and fabricating
functionalized structures by active manipulation of chemical
bonds.’ Among the many surfaces explored by experiments,
the hydrogen terminated Si surface is the most studied
system.6_9

Desorption of atoms from surfaces can be induced by
electronic excitations directly by coupling between the laser
field and the bond electrons or by indirect mechanisms,
where the excitation of the substrate transferred to the de-
sorption coordinates.'*"? Desorption of atoms can also be
initiated by other forms of energy transfer to the system, e.g.,
by moving a scanning tunneling microscope (STM) tip close
to the surface.'”" The hydrogen-terminated Si(111) surface
is one of the simplest and basic examples of a semiconductor
interface. Hydrogen atoms chemisorbed onto dangling bonds
of the silicon substrate form a protection layer that prevents
oxidation and adsorption of impurities. In spite of its appar-
ent simplicity, the hydrogenation of H-Si(111) surface is im-
portant for both industrial applications and understanding of
fundamental processes and mechanisms, including those that
occur in more complicated systems.

In this letter, we will carry out first-principles time-
dependent simulations of laser assisted hydrogen desorption
from a Si(111) surface. The physical mechanisms behind the
laser induced desorption are not fully understood and com-
puter simulations are indispensable to gain physical insights
of the problem. The real space real time density functional
calculation complemented with Ehrenfest molecular dynam-
ics simulation presented in this letter shows that the hydro-
gen layer can be removed from a silicon surface with a
proper choice of laser parameters. This process, which does
not destroy the underlying silicon surface, is highly nonequi-
librium and nonlinear. The results of the study enhance our
understanding of the dynamics of electrons and atoms in and
on surfaces.

Hydrogen desorption from silicon has been subject to
various theoretical studies'*™"® including first-principles
time-dependent simulations."” The latter work simulated the
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STM induced desorption: The Si—H bond of the hydrogen-
ated S(111) surface was subjected an excitation by promoting
electrons from o to o™ orbitals and the motion of atoms was
monitored in time after this excitation. In the present work,
we add a time-dependent laser pulse to the Hamiltonian of
the system and simulate the entire desorption process on the
same footing.

The simulations in the present work are carried out in the
framework of the time-dependent density functional theory
(TDDFT) (Ref. 20) using adiabatic local density approxima-
tion with the parameterization of Perdew and Zungelr.21
Norm-conserving pseudopotentials22 were used to represent
core electrons. The initial state of the system was prepared
by performing the ground state DFT calculation. At the time-
development stage we used the following Hamiltonian:

2
H= = 2V, V) + a0 + Vil pl(e)
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where p is the electronic density, defined as p(r,?)
=S (x, 0% V,, V,, and V. is the atomic, Hartree, and
exchange-correlation potential, respectively. V., the explic-
itly time-dependent potential due to the external electric
field. Assuming the direction of the field along the x-axis,
this potential can be written as V,,(r,)=xE(r). Since the
shortest laser wavelength we used (99 nm) well exceeds the
size of the simulations box we assumed E(f) independent
on the spatial coordinates at any given instant. The time-
dependent laser field in our simulations was ramped from
0 to Eg,, using a Fermi-like envelope E(f)=E,(1-[1
+e=9]"1)sin wt, where a and b are parameters controlling
the position and smoothness of ramping (we used a=4.0 fs
and »=0.75 fs), and w is the frequency of the laser. The
maximum amplitude of the laser field, E,,,, applied in our
simulations ranged from 0.5 to 2.0 V/A, which corresponds
to the intensity of 3.3 10'® and 5.3 X 10'7 W/m?, respec-
tively. For the time period of 30 fs when the laser is on this
corresponds to the range of fluences 50—800 mJ/cm?),
which is comparable to the typical values used in
experiments.7’

After setting up the initial state, each Kohn—Sham or-
bital, ¢, was time-propagated using the evolution operator

© 2011 American Institute of Physics

Downloaded 03 May 2012 to 129.59.117.186. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3580563
http://dx.doi.org/10.1063/1.3580563
http://dx.doi.org/10.1063/1.3580563

154101-2

S. Bubin and K. Varga

Appl. Phys. Lett. 98, 154101 (2011)

FIG. 1. (Color online) H-Si(111) surface clusters used in present simula-
tions: Siy,H,g (top) and SiygHys (bottom). The darkened color indicates the
atoms that were allowed to move.

in the form of a fourth order Taylor propagator,23

5 (i)
G(rt+ A=) TH”lﬂk(r,t), (2)
n=1 .

with the time step of Ar=0.001 fs. The total propagation
time was 30 fs, which exceeds the typical Si—-H stretching
period (around 8 fs). All orbitals and the electronic density
were represented using a real space grid with spacing of 0.25
A. To let the electron density oscillate under the laser electric
field unobstructively and to leave a sufficient room for the
ion dynamics the size of our simulation box was chosen such
that the distance from the leftmost/rightmost atom to the
simulation box edge in the x-direction (in the initial configu-
ration) was not less than 7.7 A. For y- and z-direction this
distance was 4.8 A or larger.

The computational cost limits the size of systems in our
numerical simulations and we have used finite clusters to
model the hydrogenated Si(111) surface. Two different clus-
ters, SipH,g and SiygHyug (see Fig. 1), have been used in the
calculations to evaluate the finite size effects on the results.
Both clusters represent four-layer silicon structures. In the
present study we used the bond lengths taken from work.*
Specifically, the bond lengths between neighboring atoms
were as follows (Si j stands for the Si atom in the jth layer):
1.54 A (H-Sil), 2.331 A (Si1-Si2), 2.320 A (Si2-Si3), and
2.352 A (Si3-Si4). The latter value corresponds to the struc-
ture of bulk silicon. Since we used surface clusters of finite
size we also had to passivate all dangling Si bonds on all
sides of our structures with hydrogen atoms (Si-H bond
length of 1.48 A).

The dynamics of the ions in our simulations was treated
classically within the Ehrenfest scheme. Simulations beyond
the classical Ehrenfest trajectories for the ions are an active
area of research® but are not very practical at present. In the
simulations certain ions were allowed to move under the
influence of Hellmann—-Feynman forces, while others had
fixed positions in order to preserve the general geometric
structure of the system under study. In the case of Si,Hyg

FIG. 2. (Color online) Time-evolution of the electron density in SiynH,g
cluster for the case of E,,=1.0 V/A and 99 nm laser wavelength. Two
isosurfaces corresponding to the density of 0.15 and 0.015 A3 are shown.
(enhanced online). [URL: http://dx.doi.org/10.1063/1.3580563.1]

cluster only two atoms were allowed to move (a hydrogen
atom at the surface and the silicon atom which has a chemi-
cal bond with that hydrogen). For the SiygH,q cluster, out of
92 atoms in the system we let 9 move freely (3 H atoms, 3 Si
atoms in the first atomic plane, and 3 Si atoms in the second
atomic plane, as shown in Fig. 1).

When the laser field is turned on the electrons start to
oscillate in time in the direction perpendicular to the surface
(see Fig. 2). This oscillation induces slow nuclear motion. As
the laser field shakes the electron cloud, electron density
bubbles burst out from the hydrogen sites and the Si—H bond
gradually brakes. Figure 2 nicely illustrates the motion of the
desorbed hydrogen atom after the bond scission.

A more quantitative picture of hydrogen desorption, the
time evolution of the atomic positions, is shown in Fig. 3.
Three different laser wave wavelengths A=99, 124, and 248
nm (corresponding to Av=5, 10, and 12.5 eV photon energy),
are used in the calculations. The Si clusters, Si,,H,g and
SiycHyg, have a 7.5 eV optical gap. For weak laser fields the
photon absorption is small for photons whose energy is
smaller than the gap and no dissociation should occur. This
is corroborated by the results presented in Fig. 3 for hv
=5 eV and E,,,=0.5 V/A. When the field is weak (E,;
=0.5 V/A) there is no desorption up to 30 fs even for pho-
ton energies above the gap. If the laser is turned off, the
slightly displaced ions in Fig. 3 would vibrate until their
vibrational energy is eventually transferred to the phonon
degrees of freedom (for the case of an infinite surface).

Upon increasing the intensity of the laser to E,
=1.0 V/A the hydrogen gets desorbed in the case of shorter
wavelengths (99 and 124 nm). As far as the silicon atom is
concerned, its x-displacements remains small regardless of
the wavelength. This suggests that short (20-30 fs) laser
pulses of an about 100 nm laser can be used to strip off
hydrogens without changing the structure of the underlying
silicon. Experimental observation of desorption of atomic
hydrogen from Si surfaces using 157 and 308 nm lasers has
been reported in.”” It should be noted that in the absence of
hydrogens, the clean Si(111) surface in vacuum eventually
evolves into a different reconstruction.
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FIG. 3. (Color online) Time-evolution of the x-displacement (i.e., perpendicular to the surface) of H and Si atoms for various laser field amplitudes and
frequencies in the case of SiygHyg cluster. Sil and Si2 denote atoms in different atomic planes. Sil is the closest one to the desorbed H atom.

At the highest amplitude of the applied laser field
(Epax=2.0 V/A) the dissociation occurs even for 5.0 eV
photon energy. This indicates that we are in the nonlinear
regime where there is significant photon absorption below
the band gap. At this field strength in the case of 10 and 12.5
eV photon energy, the silicon atoms on the surface start to
acquire significant momentum, which may eventually result
in breaking their bonds with other neighboring Si atoms and
escaping. This is in agreement with the experimental results
of Ref. 6, where laser induced desorption of Si atoms from
clean Si surface has been observed. For all values of the laser
amplitude and wavelength the Sil atoms in SiygHye follow a
trajectory close to that of the Si atom in SiyH»g. At the same
time the x-displacements of Si2 atoms in the SiyzgHyg cluster
are significantly smaller. While we did not impose any sym-
metry on the ionic motion, the system maintained the Cj,
symmetry to a very high degree. The results obtained for
SiygHy4e and for SiyyHog are in good qualitative agreement
showing that the size of our clusters is sufficient to extrapo-
late the results to realistic H-Si(111) surface.

In summary, the dynamics of laser induced bond break-
ing at a hydrogenated silicon surface has been studied using
TDDFT. The calculations show that the laser assisted desorp-
tion of hydrogen is a highly nonlinear process, and by choos-
ing the appropriate laser parameters the hydrogen layer can
be removed without destroying the Si surface.
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