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Ab Initio Molecular Dynamics Study of the Desorption ofD, from Si(100)
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Ab initio molecular dynamics calculations of deuterium desorbing from Si(100) have been performed
in order to monitor the energy redistribution among the variddsand silicon degrees of freedom
during the desorption process. The calculations show that a considerable part of the potential energy
at the transition state to desorption is transferred to the silicon lattice. The deuterium molecules leave
the surface vibrationally hot and rotationally cold, in agreement with thermal desorption experiments.
The mean kinetic energy, however, is larger than found in a laser-induced desorption experiment. We
discuss possible reasons for this discrepancy. [S0031-9007(97)03603-X]

PACS numbers: 68.35.Ja, 82.20.Kh, 82.65.Pa

Hydrogen adsorption on and desorption from Si surfaces To help clarify these various confusing and, in fact, par-
are of great technological relevance for, e.g., the etchingally conflicting results, we have studied the associative
and passivation of Si surfaces or the growth of Si crystalslesorption oD, from Si(100) by determining how the po-
(see, e.g., Ref. [1] and references therein). Besides, thential energy at the barrier is distributed over the various
dynamics of the hydrogen interaction with Si surfaces idegrees of freedom of this system{ vibration, rotation,
also of fundamental interest, caused, among other thingand translational energy, and substrate vibrations). The
by the so-called barrier puzzle: While the sticking coeffi-calculation of PESs is an important prerequisite for under-
cient of molecular hydrogen on Si surfaces is very smalktanding reaction dynamics. For a quantitative analysis,
[2-5] indicating a high barrier to adsorption, an almosthowever, a calculation of the dynamics is indispensable.
thermal mean kinetic energy of desorbing molecules waSince the substrate relaxation plays such an important role
found [6], indicating a low adsorption barrier. In order to for the hydrogen desorption from Si(100), a proper de-
explain this puzzle it was suggested that one take the strorggription of the Si dynamics during the desorption event
surface rearrangement of Si upon hydrogen adsorption intig required. We feel that a reliable dynamical calculation
account [6]: The hydrogen molecules impinging on therequires the consideration of the six degrees of freedom of
Si substrate from the gas phase typically encounter a $he hydrogen molecule plus at least two degrees of free-
configuration which is unfavorable for dissociation, while dom of the Si surface (dimer stretch and tilt). gantum
desorbing hydrogen molecules leave the surface from dynamical treatment of the desorption dynamics taking
rearranged Si configuration with a low barrier. Unfortu- these eight degrees of freedom simultaneously into account
nately, at this point it is unclear how low the barrier really is presently not possible. The record still stands at six
is, because the results for the dissociative adsorption proldimensions [18]. We have therefore perfornadalinitio
ability of Refs. [3] and [5] differ by almost 3 orders of molecular dynamics calculations to monitor the energy dis-
magnitude. This difference translates into a difference ofribution of D, molecules desorbing from Si(100). We will
the minimum barrier heights measured in these two experishow that the molecules leave the surface vibrationally hot
ments of about 0.4 eV. and rotationally cold, in agreement with thermal desorption

Total-energy calculations using the cluster approactkexperiments [19]. Roughly 0.1 eV of the potential energy
[7-9] have found activation barriers for dissociative ad-at the transition state is transferred to the substrate. Also,
sorption of about 1 eV. With th@d hoc assumption the molecules receive a noticeable kinetic energy which is
of a lattice rearrangement energy of about 0.7 eV, theat variance with a laser-induced desorption experiment [6].
experimental adsorption results of Refs. [4abdthe de- We will discuss possible reasons for this discrepancy.
sorption results of Ref. [6] could be reproduced by quan- Intheab initio molecular dynamics approach [20,21] the
tum dynamical model calculations [10,11]. In view of forces necessary to integrate the classical equations of mo-
density-functional theory (DFT) calculations for Si(100), tion are determined by DFT calculations. The exchange-
a lattice-relaxation energy of 0.7 eV seems to be too higleorrelation functional is treated in the generalized gradient
[12]. Indeed, detailed DFT calculations of tHe /Si(100)  approximation (GGA) [22]. For the hydrogen atoms the
potential energy surface (PES) [13-15] found adsorptiofiull 1/r potential is used. In previous slab studies the total
barriers of only 0.3-0.4 eV with a substrate rearrangeenergies were calculated within the local density approxi-
ment energy of about 0.15 eV. Consequently, quantumrmation (LDA) with a posteriori GGA corrections [14].
dynamical studies using a three-dimensional approximathe main effects of using the GGA in the complete self-
tive PES [16,17] based on the slab calculations [13] reconsistent cycle are a small increase of the theoretical
sulted in large quantitative differences with the desorptioriattice constant of Si [23] and a slight rise in the bar-
experiment [6]. rier height fromE, = 0.3 eV [14]t0 E;, = 04 eV. To

0031-900797/79(4)/701(4)$10.00 © 1997 The American Physical Society 701



VOLUME 79, NUMBER 4 PHYSICAL REVIEW LETTERS 28 JLy 1997

correctly represent the up and down buckling of the cleamnisotropy of the PES, molecular rotations are very effec-
Si(100) surface, we use(a X 2) surface unit cell. The Si tively quenched during the desorption event.

slab consists of five atomic layers. The topmost three of The mean kinetic energy dd, desorbing from Si(100)
them are free to move in the molecular dynamics simulawas determined by laser-induced thermal desorption at a
tions, while the remaining two layers are fixed at their bulkrather high surface temperature®f = 920 K. In order
positions. The density-functional theory calculations arego simulate these experimental conditions, we have per-
performed with twok points in the irreducible part of formedab initio molecular dynamics calculations with the
the Brillouin zone and 40 Ry cutoff energy. The equa-initial conditions corresponding to the experimental sur-
tions of motion are numerically integrated with a predictor-face temperature. The system was allowed to equilibrate
corrector scheme with a time step of 1.2 fs. for more than 500 fs, whereby the deuterium atoms were

Since the barrier to associative desorption of hydrogekept close to the transition state by auxiliary forégsact-
from Si(100) is rather highK; = 2.5 eV [14,24,25]), it  ing on the deuterium atoms
makes no sense to perform molecular dynamics calcu- 0 |AR;| < AR’
lations starting with the deuterium atoms at the adsorp- Fi(R;) = { - a0 @
tion sites due to the extremely low number of desorption _kng(AR")AISL’ |AR;| = AR; 0
events. Therefore we started the desorption trajectoriedith AR; = R; — R;' and AR; = |AR;| — AR;. The
close to the transition state for dissociative adsorptiofiorce constantk = 5.2 X 10> Nm™' is taken from the
which was determined in the earlier study [14]. The de-vibrations of the free molecule. The indexdenotes
sorbing D, molecule originates from two D atoms which the CgrteS|an coordinates ar{f are the.transmon state
were bonded to the same Si dimer; this prepairing mechgzoordinates of the two D atoms (see Fig. 1). The extra-
nism [15] is consistent with the observed first-order ki-force-free region is given by
netics in experiment [24,25]. In total, we have computed AR = { 0.1A, i=12 )

40 trajectories ofD, desorbing from Si(100). Eight tra- ! 008A, i=3.

jectories were determined with the Si lattice initially at We estimated that the constrained region includes ini-
rest. Figure 1 shows snapshots of such a trajectory. Thigal conditions that correspond to the majority—at least
dark Si atoms correspond to the relaxation of the Si lat90%—of reactive trajectories at the chosen surface tem-
tice after the desorption event. Approximately 0.1 eV ofperature. The additional potential was switched off when
the potential energy at the transition state is transferred tno extra forces were acting on the D atoms, and the energy
vibrations of the Si lattice, which is a rather large amountdistribution of theD, molecules desorbing from the ther-
compared to what is known from other systems [26]. Atmal surface was monitored. In addition, trajectories were
the transition state the D-D distance is about 40% largerun with the constraining potential switched on so that the
than theD, gas-phase bond length; consequently, molecuehanges in the trajectories of the Si substrate atoms due to
lar vibrations are excited during the desorption, as hathe desorption event could be followed. This specific tra-
been well known for a long time in associative desorp-jectory was then also used for the next desorption event.
tion studies (see, e.g., Ref. [26]). Because of the stron@Ve have checked that indeed all the desorption trajecto-
ries correspond to true reactive events by also calculat-
ing the time-reversed trajectories with an energy cutoff of
20 Ry, which is sufficient to reproduce the essential fea-
tures of the PES [13,14].

Thermal desorption does not usually correspond to a
genuine equilibrium situation since it is commonly studied
in vacuum. However, desorption events are, in general,
not affected by the presence or absence of gas molecules
in front of the surfaces. This makes it possible to treat
thermal desorption as if it corresponds to a thermal equi-
librium situation [27]. In addition, recrossings of trajecto-
ries at the transition state are very unlikely in the system
D,/Si(100). Because of the high binding energy, thereis a
large energy gain of the D atoms upon adsorption. In spite
of the large mass mismatch, this leads to an efficient energy
FIG. 1. Three snapshots of a trajectoryldf desorbing from  transfer to the substrate which makes an immediate desorp-
Si(100) starting at the transition state (TS) with the Si atomdion after adsorption energetically impossible, as confirmed
initially at rest. At the TS the D-D bond length is stretched by hy our calculated time-reversed trajectories. And, for des-
40% with respect to its gas-phase value; the buckling angle 8{)rbing molecules, there are no restraining forces in the gas

the Si dimer below the hydrogen molecule is reduced by abo - . "
5° with respect to the clgaﬁzi 2) surface, and the Si-d)i/mer phase. This allows the application of the transition state

bond length is stretched by about 0.1 A. The dark Si atomdheory [28] and, equivalently, also the assumption of ther-
show the Si positions after the desorption event. mal equilibrium for the initial desorption conditions at the
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transition state. By our treatment we closely follow the The mean total, kinetic, vibrational, and rotational en-
ideas of Bennett [29], who employed constraining potenergies of theD, molecules averaged over the 32 ther-
tials to calculate jump rates in atomic diffusion. mal desorption events are listed in Table I. The results

In total, 32 “thermal” desorption trajectories were cal- show vibrational heating, i.e{(E.i») > kgTy, and rota-
culated. Figure 2 shows an example of such a trajectortional cooling, i.e.{E.) < kT, in agreement with the
with a total run time of 1060 fs. For the first 1020 fs the experiment [19]. TheD, center-of-mass kinetic energy,
molecular dynamics was run with the additional potentialhowever, is much larger than the experimental value of
Ve, Att = 1020 fs, the extra potential was switched off (Exi,)*P = 0.165 eV = 2kgT, [6]. The difference be-
and the molecule was allowed to desorb. The projectiotween the experimental and theoretical results corresponds
of the trajectories of the desorbing deuterium moleculeoughly to the barrier heigh, = 0.4 eV. A closer
and of the Si dimer closest to the transition state onto thanalysis of the trajectories reveals that approximately
xz plane is shown in Fig. 2(a). Clearly, the vibrational 0.1 eV of the potential energy at the transition state is
excitation of the desorbin®, molecule can be seen. In still transferred to the Si lattice, but due to the Si lat-
Fig. 2(b) the energy redistribution during the last 140 fstice vibrations the mean adsorption barrier is increased by
of the run is plotted. Besides the vibrational excitation,roughly the same amount. Possible contributions to the
the quenching of the rotational motion can be followed.discrepancy between theory and experiment could be the
Also, the acceleration of thB, center of mass is obvious. following:

(i) Insufficient statistics—Certainly, 32 thermal trajec-

3 — tories are not enough in order to claim that a true ther-
B mal average has been performed. However, the widths of
/'/ ? 1 our distributions seem to be converged quite well, and we
2t / . are convinced that by sampling more points of the phase
= ¢ < space at the transition state as initial conditions the excess
% %/ é ] translational energy of 0.4 eV would not disappear.
£ 1 D D . (i) Quantum mechanical effects:Classical molecular
‘g dynamics does not take into account tunneling and zero-
Q ] point effects. However, low-dimensional quantum dy-
N ootk @SI - namical studies oD,/Si(100) have already shown that
. a) tunneling is strongly suppressed due to the thickness of
S ] the barrier [16,17]. As for zero-point effects, it has been
-1 T S R shown [13] that the sum of all zero-point energies of the
-2 -1 o 1 2 3 hydrogen molecule at the transition state approximately
x—coordinate (4) equals the gas-phase zero-point energy of hydrogen. In
0.5 {1 such a situation, zero-point effects cancel out as far as the
[ —— D, center-of-mass kinetic energy 1 center-of-mass kinetic energy is concerned since they lead
04 ' ———. inefic energy of Si atom closest to TS ] to an almost constant energetic shift of the minimum en-
0.3 ] ergy paths in the hydrogen coordinates [30]. Hence we
0.2 - infer that quantum mechanical effects do not significantly
% 0.1 “ ] cha}_nge _thg energy of desorbiiy. _
= 0.0 i (iii) Dissipation chqnnels not conS|dereeIr.A further _
2 I Lo channel for energy dissipation at surfaces is the excita-
@ —— D, vibrational kinetic energy 3 A . . A
5 %4 - D, rotational energy b) 1 tion of electron-hole pairs. This channel is not taken into
0.3 A 1 account in theab initio molecular dynamics sir_nul_ations_,
o2f poa A _ where the electrons are assumed to follow the ionic motion
AEAWATE ] adiabatically in the electronic ground state. While elec-
01 ”’\NAI’: v "'I‘%\A/\J\A/\N\M/ ] tronic excitations of theD, molecule requi too |
XLV AAY LAL V=0 YV, 2 quire a too large
00020 940 960 980 1000 1020 1040 1060 energy, the excitation of a surface exciton with a hole in the
Time (fs) dangling bond at the upper Si atom and an electron in the

FIG. 2. Example of a thermal desorption trajectory (run timeloWer Si dangling bond is in fact a possibility. This exci-
1.06 ps). (a)x and z coordinates of the trajectories of the ton might have some resemblance to that at the GaAs(110)

two D atoms and the two Si atoms of the dimer underneath

the transition state (TS). The final positions of the atomstag| E |
are marked by the large dots. (b) Energy redistribution as g, e of D, molecules desorbing from a Si(100) surface at a
function of the last 140 fs of the run time. Upper panel, SO“dsurface temperature df, = 920 K (ksT, = 0.079 ¢V)

line: D, center-of-mass kinetic energy, dashed line: kinetic a B - -

energy of the Si atom closest to the TS. Lower panel (g ) 0.70 = 0.18 eV (Eyip) 0.12 = 0.09 eV
solid line: D, vibrational kinetic energy, dash-dotted |inB; (Ein) 0.55 = 0.14 eV (Evo) 0.03 = 0.05 eV
rotational energy. o : : o : :

Mean energy distribution averaged over 32 trajec-
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