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Hydrogen passivation of silicon surfaces: A classical molecular-dynamics study
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We present a computationally efficient classical many-body potential that is capable of predicting the
energetics of bulk silicon, silicon surfaces, and the interaction of hydrogen with silicon. The potential includes
well established models for one-component Si and H systems and incorporates a newly developed Si-H
interaction. It is shown that the present model yields hydrogen diffusion barriers, hydrogen abstraction, and H
desorption reactions on silicon surfaces in excellent agreement with experiment and/or pegvimito
results. Detailed molecular-dynamics simulations are performed that elucidate the complex balance between
adsorption and abstraction reactions during hydrogen passivation(bd0Ssurfaces. We find a very high
sticking coefficient of 0.6 for atomic hydrogen on cleafil8D)2Xx 1 surfaces and provide a detailed qualitative
and quantitative explanation for this prediction. Furthermore, we find that there are two efficient competing
surface reactions of atomic hydrogen with monohydride Si surfaces. One is the Eley-Rideal abstraction of H
molecules, and the other one is adsorption. Additionally, adsorbed hydrogen on hydrogenated Si surfaces acts
as a reservoir that can lead to complete passivation of Si surfaces despite the efficient creation of voids in the
hydrogen layer by the abstractidi50163-182608)00620-1

. INTRODUCTION of H onto the Si dangling bondslenoted by * Si),*

The extremely complex microscopic processes that take H+*-Si — H-Si, 1)

place on silicon surfaces during chemical vapor depositioréven thouah. to the best of our knowledae. the rate of this
(CVD), passivation, or wet chemical cleaning are still puz- an, ge,

zling and surprisingly poorly understoddn spite of the ex- reaction has never been established fo1@)2x1 sur

traordi technoloaical rel £ th 23 faces. In addition, one has recently found very efficient de-
racrdinary tecnnological relevance of th€se processes. sorption processes that compete with the former adsorption
While many intriguing and sophisticated experiments hav

. o . VSteaction, namefiPt
shed light on specific aspects of adsorption or desorption b

processes in recent yedrs,the microscopic processes that H+H—Si — Hy(g)+*—Si . )
play a role in the hydrogen passivation or other hydrogen
reactions at silicon surfaces are still under deBaté. The use of different isotopes made it possible to unambigu-

From a theoretical side, most surface deposition processesisly discriminate between molecules that form during the
occur on time scales and sample sizes that are beyond theaction with the surface and within the gas phase, respec-
scope of first-principle approachtgven though they con- tively. These experimerfts!’ indicated that the abstraction
stitute an indispensable tool for reliable predictions ofreactions are exothermic processes with a relatively large
ground-state properti¢é-1*1t is the immediate goal of the energy gain of approximately 1 eV per,Hnolecule and
present work to develop a carefully designed and computanvolve an Eley-RidealER) abstraction mechanism. Indeed,
tionally efficient classical many-body potential that allows the data showed reactidf) to occur with a high probability
one to study the reaction dynamics of atomic hydrogen withof 0.3+0.2 and to be nearly independent of the incident ki-
silicon surfaces. While the precision and reliability of classi-netic energy, as is typical for nonactivated processes.
cal potentials is clearly inferior to quantum-mechanical first- These data have opened up the question of why passiva-
principles approachés, it still useful to have at hand an tion with atomic hydrogen works at all or, phrased differ-
approximate but quick scheme to identify and analyze Si-Hently, why the above exothermic desorption processes do not
reaction processes. In situations that involve intrinsically dydimit the achievable maximal hydrogen coverage and thus
namic nonequilibrium processes, classical molecularthe quality of passivation. To be sure, STM imafeand
dynamics schemes often constitute the only framework that EED datd® have revealed perfectly orderé®x 1) mono-
allows a realistic prediction of dominant reaction paths. Inhydride phases at 600 K, with a hydrogen coverage very
addition, we will show that the present classical dynamicslose to 1 monolayer.
study provides a vivid and physically transparent insight into  In this paper, we present detailed molecular dynamics
the transient dynamics of hydrogen passivation. simulations to elucidate the complex balance between ad-

For the passivation of silicon surfaces such as the techneorption and desorption during hydrogen passivation on
logically most relevant $100) surface, one uses atomic hy- Si(100) surfaces. We have calculated the sticking coefficient
drogen H or deuterium D, since the sticking coefficient offor reaction(1), the probability of H abstraction such as re-
molecular hydrogen on Si surfaces is known to be extremelyction (2), as well as the adsorption of additional H on the
low.®1® For a long time, the only relevant reaction in the hydrogenated surface that will be shown in this work to play
passivation process was believed to be the direct adsorptica dominant role in maintaining complete H-coverage.
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This paper is arranged as follows. In Sec. Il, we present TABLE I. Parameters entering the potential te¢i,j) and the
and explain the presently developed Si-H potential modelcutoff functionf.(r;;) as a function of the atom pair,{), wherei
Section 1l provides a critical assessment of this potentialandj can be either silicon or hydrogen. The units of each parameter
We have computed a wide range of surface and bulk propare given in parentheseg;and & are dimensionless.
erties with it and compare the results with experimental and

previous theoretical findings. Section IV discusses computa-arameter (Si,S) (Si.H) (H.H)
tional details such as supercell sizes and statistics. Sectio%§ ev) 1830.8 323.54 80.07
V and VI present the central predictions of this paper. Sec @V) 471.18 84.18 31.38
tion V deals with the sticking coefficient of atomic H on Si 2
. . A (A) 2.4799 2.9595 42.075
surfaces, and Sec. VI provides a detailed account of surface A) 17322 16158 1.7956
reactions relevant for H passivation. The paper ends with a° 0 '78734 '100 '100
summary(Sec. VI. " ' ; '
1) 0.635 0.80469 0.80469
R® (A) 2.35 1.475 0.74
Il. THE Si-H INTERATOMIC POTENTIAL R (A) 2.85 2.25 1.40
, , . D (A) 0.15 0.15 0.30
In this paper, we wish to develop a classical many-body
potential for systems containing silicon and hydrogen. Previ-
ously developed classical empirical interatomic potentials for
the Si-H interactiofP~**have focused on bulk and molecular fe(ry)  for i=Sij=H,
rather than surface related properties. In this section, we gen- N(i )= ki )
eralize these models to properly account for Si-H interac- 2 i o
tions at Si surfaces, yet to reproduce the known molecular fe(rj)  for i=H,j=Si.

X

propertiegsuch as bond lengths, vibrational frequencies, and
binding energiesof silicon hydride molecule$®?*The func-  The sum ovek runs over all atoms in the sample. The func-
tional form of this model potential is based on Ref. 23 andtion N(i,j) represents the effective number of nearest neigh-
contains four additional Si-H parameters. The Si-Si interacbors of the Si atom in the paiii (). The real valued func-
tion is taken to be the Tersoff-3 potentialand we have tions B;(N) and B,(N) in Eq. (3) characterize the bond
employed the Brenner mod@lfor the H-H part. The latter strength between particle pairaindj. If atom typei equals
two models have been critically assessed and tested exteatom typej, we setB;(N)=B,(N)=1 irrespective of the
sively in the literaturé®?’ We represent the total potential value ofN. For unlike atom pairsi(j), the functionsB; and
energy of a sample containing Si and H atoms in the form 0B, are given in Table Il for integer argument valudsand
three-body terms that are written as a sunoaferedatom  have been spline interpolated for noninteger values. Equation
pairs, (3) contains, in addition, a three-body term that is always
greater or equal to zero and weakens the attractive potential
part, and is given by

V=§j [o(i,1)+ (D If(ri),

&(,j, k) ="Fc(ri)| c(i,j,k)+d(i,j,k)

o(i,))=aB[N(i,j)Jexp(—Nqrjj)
—a,Bo[N(i,j) Jexp(—Narij)

n) —6
> s(i,j,k>)] : 3

k#(1j)

{ . rij'rikr}
X ®[M(I=Jvk)]_ o .

Fijlik
xexpa(i,j,K)[(rj—R) = (ry—REH]AIWY
6)

For a two-particle system, the expressiéi,j,k) is set
quual to zero. The distance paraméﬁ? is given in Table
I. The three-body parametees(i,j,k), B(i,j,k), c(i,j,k),
andd(i,j,k), depend on therderedtriplets{i,j,k} and are
summarized in Table Ill. The real valued function
O[M(i,j,k)] determines the energetically optimal angular

X4 1+

Here,r;; denotes the distance between particlesdj. The
range of all interactions is constrained by a smooth cuto
function f¢(r;;)="f(r;) that depends on the type and dis-
tance between the atong. It is set equal to 1 for;; <R
—D and to O forr;;>R+D, and

1 9 rij—R 1 rij— TABLE II. Values for the functions8;(N), B,(N), and®(M)
fe(ri)=5 =765 ™55 | ~ 18N 37 5p | 4 that enter the Si-H potential for integer argumektand M.
for the rangeR— D <rj; <R+ D. The parametera,, a,, \,, N Bi(N) Ba(N) o M)
No, 7, 6, R, andD in the equations above are symmetric 1 1.005 0.930 —0.040
with respect to the particlesandj and are summarized in 2 1.109 1.035 —0.040
Table I. In order to avoid index cluttering, we have omitted 3 0.953 0.934 —0.276
the indicesi,j wherever it is unambiguously possible to do =4 1.000 1.000 —0.470

so. The quantityN(i,j) is defined as
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TABLE lll. Dimensionless parameters for the many-body term  TABLE IV. Calculated total energies of bulk Si with a hydrogen
&(i,j,k) of the Si-H potential as a function of the ordered triplets atom in various interstitial positions. All energies are given in eV
{i,j Kk} and relative to the total energy of Si with an H atom at the tetrahe-
dral site @/2)(111). The other interstitial sites are labeled Hy
{si,si, st {si,Si,H, {H,Si, Sk {HMHH}, {H,SiH (hexagonal C (C site), and bc(bond centerexl respectively(Ref.

{Si,H,H}, {H,H,Si} 33). All coordinates refer to the conventional unit cell of lattice
{Si,H,Si constant.
B 3 3 1 1 1 position Present theory Previous theories
C 0.00 0.0216 0.70 4.00 1.23 s
d 0.160 0.27 1.00 0.00 oo H ga(lll) 0.59 O-Gf
® —0.059826 -1.00 0.00 0.0 c 7a(122 3.7 3.1,
bc 1a(331) -1.23 -0.88,L —1.2°¢

L . , ®Reference 33.
distribution of the atomgi,j,k}. ®(M) is taken to be con- breference 34.

stant for the ordered triplets  {i,j,k} ‘Reference 32.
={Si,Si,st,{H,Si,S},{H,Si,H},{H,H,Si},{H,H,H} irrespec-
tive of the value ofM. The corresponding constants are A. Si surfaces

given in  Table . For the triplets {i.jk} Since the Si-Si interaction in our model potential is iden-

:{S'.’S"H}’{S"H’S}.’ and{S|_,H,H}, on the other hand,_the tical to the Tersoff-3 potentidf it reproduces the same sur-
function ®(M) is given for integer argument valudd in g0 pronerties that have been reviewed in Refs. 24,26 and
Table Il and is spllng .|nterpolateq for r]onlnteger .vz.alues of15_ For a free $L00) surface, the energy gain associated
M. The quantityM(i,j k) itself is defined asM(i,j,k)  with a S{1002x 1 reconstruction is found to be 1.6 eV

=2 nxife(rin), wheren runs over all atoms. per dimer, in good agreement wiét initio calculations that

The two Si-H cutoff parameteR andD in Table | differ  gjve values in the range of 1.5 to — 1.8 eV?*~3!As is well
from those of Ref. 23 and have been fitted to properly acknown, the short-range nature of the Tersoff-3 potential fails
count for the total energies of Si containing interstitial hy- g capture the small energy difference of approximately
drogen at the H and T sitesee Sec. Il B. In addition, we  —0.15 eV between the symmetric and asymmetric buckled
have chosen the many-body Si-H parameteendc for the  dimers®3! and always yields a symmetric dimer ground
triplet {H,Si,H} to reproduce first-principles results for thg H state. Fortunately, our studies reveal that the buckling is un-
desorption barrier heigh{Sec. Ill D) and to ensure the exis- likely to be of relevance for the adsorption and desorption
tence of an exothermic path in the Si-H potential energyprocesses oftomic hydrogen on clean or passivated sur-
surface of the Eley-Rideal abstractisee Sec. Il E faces, as will be discussed in Sec. VI.

Without the three-body terré(i,j,k), the potential would
only yield closed packed structures. Thus, this term is impor-
tant for stabilizing structures such as the diamond structure
of bulk Si. To further illustrate the expression E), let us We have calculated the total energy of bulk silicon con-
consider the equilibrium geometry of a Sikinolecule. In  taining a single hydrogen atom in various interstitial posi-
this case, only the triplefSi,H,H} contributes to&(i,j,k).  tions. We have taken a large Si superdsie Sec. IV for
This yieldsM =2.0 and, correspondingh®[2.0]=—0.040 detail9 with an H on the tetrahedral interstitial site as the
(see Table I. Thus, the tern{@[M]—r ;- rik/(rijrik)]2 in  reference system that sets the zero of energy. The energies of
Eq. (6) becomes minimal for an angle of 92.3° in accordanceseveral other interstitial configurations are summarized in
with experiment?® Table IV and can be seen to agree very well with first-

In the subsequent sections, we will apply this Si-H poten-principles local-density-functiondLDA) calculationd? and
tial also to Si-D systems without modification since the tinyab initio Hartree-Fock-type calculatioi$®* The diffusion
differences due to nuclear spin effects are negligible. barrier between the tetragonal and hexagonal site is particu-

larly well reproduced by our model. For the bond centered

position, all calculations fully included the relaxation of Si
. ASSESSMENT OF THE POTENTIAL atoms. For the latter position, we find H to cause an elonga-

tion of the Si-Si bond by 30.4%, in excellent agreement with

In this section, we show that the empirical potential de-the Hartree-Fock value of 34%8.We note that the previous
veloped in this paper yields results for H diffusion and de-model of Refs. 22 and 23 yielded no energy difference be-
sorption that are in excellent agreement wathinitio results  tween the tetragonal and hexagonal sites.
and with experiment. Earlier modé¥s2%involving Si and H
focused on Si-H molecular energies and have not been opti-
mized for accurately capturing H-related diffusion barriers.
As a consequence, H diffusion barriers such as discussed Hydrogen adatom diffusion barriers on Si surfaces are
below were typically off by a factor of 2 and some exother-crucial in understanding hydrogen molecule desorption,
mic reactions such as the abstraction of already absorbed since the desorption process is believed to be initiated by
were endothermic. adatom diffusiort®3’ We have calculated the potential en-

B. H-interstitial diffusion barriers

C. H adatom diffusion barriers
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FIG. 1. Diffusion paths for atomlc_ hydrogen on thQ]S]O)ZXl_ FIG. 2. Calculated potential energy surface for the symmetric
surface. The large black circles depict two parallel rows of dimers L - ;
. . ._“recombinative H desorption from a $1002 X 1:H surface. In the
of the topmost Si layer. The small dotted circles show adsorption : . . .
. . . ) . - Inset, a schematic plot of the reaction geometry is depicted. The
sites for atomic hydrogen, i.e., the dangling bond sites. Atomic

s : . Igliashed line corresponds to the lowest energy reaction path from the
hydrogen adsorbed at one of these positions can diffuse to a nEIgs[Jrface to the gas phase. The contour plot shows the potential en-
boring dangling bond site via intradimer diffusi¢a, intrarow dif- gas p : P P

fusion (b), or inter-row diffusion patHc) ergy as a function ofl,,(H-H), i.e., the lateral distance between the
’ P ' H atoms, and the distance between theriblecule and the surface,
ergy surface for hydrogen adatom diffusion, following the denoted byd(H,-Si). The monohydride configuration is taken as

general procedure of Refs. 38 and 36. The H adatom iéero of energy and the spacing of the contour lines is 0.4 eV.

pla?ed at \./tanoltljs Ia(';e][al posﬁlons .\{Y'th'?hth?(]t&lo)ZX1 . calculations differ appreciably from one another. However,
surtace unit cetl, and lor each position the tota) energy 13, methods, including the present one, agree in that the high-
minimized with respect to the distance of the adatom from

the surface. We have performed total eneray minimization est barrier occurs for the inter-row diffusion and the lowest
. ' ave perl o ; 9y Yor the relaxed interdimer path. The present results lie within
both with fully optimized Si positions in the supercell as well

as with frozen Si atoms. In accord with the first—principlesthe range of the barrier heights predicted by the parameter-

. ! ) free methods. We find the Si lattice relaxation to be largest in
LDA calculations of Ref. 36, we find the dangling bond po- ; : e ;
siion of H to be the most stable orenarked by dotted the case of intradimer H diffusion where the dimer bond gets

0,
circles in Fig. 1. The local minima of the total energy indi- elongated by 37% from 2.37 A to 3.23 A,

cate three major directions for H-adatom diffusion that are, As we have pointed out in Sec. Il A, our calculations
J . L : . assume a symmetric dimer ground state, whereas the first-
also plotted schematically in Fig. 1, namely the intradimer

. . . . iak ‘principles results are based on buckled surfaces. Neverthe-
intrarow, and interrow diffusion trajectori€s.The energy less, we believe that the comparison between the two ap-

rbnaxllma a_lllﬁng each of thesg qudl?r Ilgles\;jeflrzje the d'ﬁUZ'OEroaches is well justified for the following reasons. First, the
arriers. they are S“Tg@‘;‘”ze In Table V and compared Q¢+ of |attice relaxation of the dimer atoms during the
first-principles resulf$*>*"for unrelaxed and fully relaxed jffusion process is much larger than the effect of buckling
Si atom coordinates. The numerical details, such as SuPerC(%lecond the diffusion barriers are much higher than the 0 1'5
size, that were employed in our calculations are dis_cg;sed ié‘v gain’in energy due to buckling. Third, the initial and finél
Sec. IV. As one can see from Table V, the varialsinitio configuration in the diffusion process corresponds to a dimer
where one bond is saturated with hydrogen. In this configu-
tion, the dimer has been found to be already nearly sym-
etric (Ref. 45.

TABLE V. H-adatom diffusion barriers on @002x1 sur-
faces, as calculated with the present model potential and previous
within the local density approximatiofi.DA ), the generalized gra-
dient approximatiofGGA), and the configuration interactidicl).
The diffusion paths are labeled according to Fig. 1. All barrier D. Recombinative hydrogen desorption

heights are in eV. We have determined the potential energy surface for re-
combinative desorptich® of H, from the S{1002x 1:H
monohydride phase, assuming the desorbipgtéms to re-

Diffusion path LDA® GGAP CI¢ This work

relaxed intradimer 1.2 1.9 11 main parallel to the surface. A schematic plot of this desorp-
intrarow 1.3 2.4 1.8 tion mechanism is shown in the inset of Fig. 2. This figure
inter-row 292 3.1 24 depicts the total energy of the system as a function of the
lateral H-H separation and the vertical distance between the
unrelaxed intradimer 25 11 26 H, molecule and théfrozen Si surface. The neglect of lat-
intrarow 20 20 23 tice relaxation corresponds to a sudden desorption &ent
inter-row 27 29 3.2 where the light H molecule leaves the surface faster than the
Si atoms can relax. If the perfect monohydride phase is taken
aReference 36. as the zero of energy, we find the desorption barrier fotcH
bReference 13. amount to 2.9 eV per molecule, in excellent agreement

‘Reference 37. with first-principles generalized-gradient-corrected LDA
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rors in total energies due to the finite size of the supercell to
lie well below 0.05 eV. The forcef per atom have been
minimized until|F|<10~* eV/A was reached for all atoms.

In the total energy studies of surface related properties, we
have employed finite slabs with periodic boundary condi-
tions for the lateral cells. These supercells consisted of eight
atomic layers and 144 Si atoms in total, which guaranteed
the same level of convergence.

The dynamical simulationsee Secs. V and Ytalled for
larger lateral supercells containing 616 Si atoms, arranged in
11 atomic layers and 56 Si atoms per layer. The bottom two
layers were fixed at their equilibrium positions, while all
. . other atoms were allowed to move freely in response to the

d(H-H)[A] d(H-H)[A] time-dependent potential. The equations of motion were in-
tegrated using a fourth order Runge Kutta algorithm, with

FIG. 3. Calculated potential energy surface foy &bstraction, jme steps in the range 0.1-0.25 fs in order to ensure total
as predicted by the present mod@) and by previous first- energy conservation throughout the simulation.
principles calculationgRef. 39 (b). In both calculations the motion The temperature of the substrate has been set by the fol-
of the H atoms is constrained onto the dashed line as depicted in tI]SWing well established proceduf‘%:lnitially random’ ve-
inset_of @. The contour plots show the p_otential energy fo_r this locities are assigned to the atoms. Subseciuently, the system
reaction as a function of the H-H separati(H-H) gnd the dis- is iteratively equilibrated for a period of several ps and the
tance between the Hmolecule and the surfad{H,-Si). The zero . " - S

@joduh of the velocities are rescaled until the average kinetic

of energy is taken to be the monohydride phase. The spacing b . .
tween the contour lines is 0.2 eV except between 0 and 0.1 eV. energy per unit cell corresponds to the desired sample tem-
perature.

calculation$® that give 3.0 eV. Experimentally, this barrier
height has been found to lie in the range between 2.0 and 2.9 V. PREDICTIONS: STICKING COEFFICIENT

eV (see Ref. 6 and references thejein OF ATOMIC HYDROGEN AND DEUTERIUM
ON Si(1002x 1

E. Eley-Rideal hydrogen abstraction The efficiency of H passivation of Si surfaces depends

Next, we consider the removal of a chemisorbed H fromcrucially on the sticking coefficien§ of atomic hydrogen
the monohydride $100) 2X 1:H surface by an additional H that is unknown for 1002 1 surfaces. Experimental data
atom that approaches the surface, i.e., the Eley-Ridgal Hfor (111) surfaces indicat& to lie in the range between 0.5
abstraction reactiof>!’ Figures 3a) and 3b) compare the and 1%! Since the present empirical model potential repro-
total energy of a hydrogenated Si slab with an additional Hduces the energetics of the H-Si interactions faithfully, we
atom that approaches the surface, as calculated by the presémive employed it to analyze the dynamics of atomic H ad-
model and by a first-principles approdtthat is based on sorption as a function of incident kinetic energy. In addition,
the generalized-gradient-corrected LOGGA). These en- we have also analyzed the same process with atomic deute-
ergy surfaces depict the calculated total energy as a functiorium. In the latter case, we have taken the Si-D potential to
of two reaction coordinates that are indicated schematicallype identical to the Si-H interaction potential so that D differs
in the inset of Fig. 89). The first one is the distance between from H only through its larger mass.
the approaching and the adsorbed H atom and is denoted by We have performed extensive simulations fof180)2
d(H-H). The second coordinate is the distance between th& 1 surfaces at temperatures of 500 K, whereddsorption
center of mass of these two H atoms and the topmost Si layés still negligible. This condition corresponds to a set of ex-
and is labeled byl(H,-Si). periments performed in Ref. 4. In our calculations, the inci-

In accordance with the GGA calculatidfsas well as in  dent H or D atom has been positioned outside the interaction
agreement with recent experimefifsthe present calcula- range of the surface. Since atomic H is typically produced by
tions predict the H abstractior{reaction(2)] to be exother- dissociating H molecules at a hot tungsten filament of
mic. The agreement between the results in Figa) and 2000 K*!’ the initial velocities have been chosen to corre-
3(b) is seen to be excellent. The energy gain pentblecule  spond to a kinetic energy of 0-10.3 eV. In addition, we
in the exothermic abstraction amounts t01.5 eV and have assumed vertical incidence of the(ét D) atom and
—1.3 eV, respectively, in the two approaches. It originates irchose its lateral position randomly relative to the substrate
the difference between the binding energy of ghniblecule  surface unit cell. Runs with nonzero incident angles up to
(—4.7 eV) and the binding energy of a single H atom at- 30° did not affect the results noticeably. The trajectory of
tached to a dimer+{3.2 eV). each atom was monitored for a period of 200 fs, and 500

trajectories were analyzed for each incident energy. The time
interval of 200 fs is sufficient to observe well-defined reflec-
tion or chemisorption processes. The size of the supercell

For the bulk properties of Si with H, we have used three-and particularly the number of atomic layeisee Sec. 1Y
dimensional supercells containing 216 Si atoms for unrehas been chosen large enough in the present simulations to
laxed as well as relaxed lattices. We have estimated the eguarantee that the periodic boundary conditions do not lead

IV. COMPUTATIONAL DETAILS



13 300 U. HANSEN AND P. VOGL 57

TABLE VI. Calculated sticking probability of atomic hydrogen
and deuterium on the @i002X 1 surface as a function of the in-
cident kinetic energy of the hydrogen isotope. The surface tempera-
ture has been set to 500 K.

(011)

Energy(eV) H D
0.1 0.71 0.65
0.2 0.59 0.55
0.3 0.52 0.40

(100)

to artificial energy reflections within the simulation time.
First, we summarize the numerical results far These
values were determined from the number of adsorption
events, divided by the total number of computed trajectories.
Table VI shows the results for incident kinetic energies in g 5 (a) Snapshot of the potential energy surface for an H

the range from 0.1 to 0.3 eV. Importantly, we find the ad-atom 1.1 A above the topmost Si layer . The area shown corre-
sorption probability for atomic H to be very high, in quali- sponds to four surface unit cellé) Snapshot of the potential en-
tative accord with experimental findings for tfil1) surface  ergy surface for an H atom moving in the (100) and (011) plane
and with the known efficiency of H passivation. The sticking containing the dimer bond. In both cases, the black circles show the
coefficient of H and D decreases with increasing incideniimer atoms, and the gray circles the Si atoms of the second layer.
energy and is found to be slightly lower for D than for H. The zero of energy is the clean surface and the spacing of the
While the results in Table VI have been obtained with sym-contour lines is 0.5 eV. In the highly repulsive region(bf, only
metric dimers, we do not expect them to change significantlyalues smaller than 3.0 eV are plotted.
for asymmetric charge distributions associated with buckled
dimers as we findS not to change significantly when the 30 fs for Figs. 4a) and 4b), respectively. The discriminating
dangling bond sites are occupiéske discussion in Sec. VI factc_)r in these trajectories is the different initial position of
In order to gain insight into the mechanisms that lead tghe incoming H atom. _ . _
these high values d, it is useful to analyze representative ~ There are three mechanisms that contribute to the high
trajectories of impinging H atoms. Figurega# and 4b) st|ck_|ng_pr(_)babll|ty of aftomlc H. First, the_ potential felt by
show two distinct H trajectories that are projected onto theh€ impinging H atom is strongly attractive on almost the
plane spanned by th@11) and(100) directions. For the sake entire _surface. Seconc_i, the plrono.unced corrugation of this
of clarity, we only show the equilibrium positions of the Potential prolongs the interaction time and enhances energy
substrate silicon atoms in these figures, even though theffissipation in this way. The third factor is the efficient mo-
motion has been fully taken into account in the simulationMentum and energy transfer to the Si lattice.
and will be shown to be highly relevant for the chemisorp- ~ The first factor that contributes % can be deduced from
tion. Figure 4a) shows an H trajectory for a period of 400 fs the potential surface that is felt by the incoming H atom. In
that leads to absorption of the H at one dangling bond siteFig. 5@, a snapshot of this potential surface is plotted at an
By contrast, F|g éb) shows a typ|ca| reflection process that altitude of 1.1 A above the tOmeSt Si Iayer. The pOtential is
occurs within the depicted period of 250 fs. The relevants€en to be markedly attractive over theole depicted area
portions of the two trajectories within the interaction range©f four unit cells. Its shape is roughly that of attractive fun-

of the surface are much shorter and of the order of 200 anfels centered around the dangling-bond positions; only close
to the dimer bond, there are small repulsive protuberances.

The second effect of corrugation is illustrated in Fi¢o)5

(@) (b) This figure depicts the potential energy surface for an H

Hat Hat atom moving in the (100) and (011) plane containing the
dimer bond. The H potential is very steep vertically but con-
sists of a long attractive valley perpendicular to the dangling
bond. This valley provides a guiding channel for the imping-
ing H that diminishes the probability of immediate reflection
and increases the interaction time with the surface. We note
that a similar effect is known to be responsible for the high
adsorption rate of atomic H on Cu surfaéés.

FIG. 4. Projection of the three-dimensional trajectories of hy- 10 Study the third factor of energy transfer to the substrate
drogen atoms impinging on the Si surface onto th@0 and the that eventually leads to adsorption, we have analyzed the
(011) plane. The black circles show the topmost Si atoms, the grafime evolution of the incoming H atom’s energy. Figure 6
circles depict those of subsurface laye@: Typical direct adsorp- Shows the potential energy and total energy of the H atom as
tion event. This trajectory is shown for a period of 400 fs) @ function of time for two types of situations. In the first
Typical direct reflection event for 250 fs. In both cases, the incidencase, we keep the Si lattice rigidly fixed at the atoms’ equi-
kinetic H energies are 0.1 eV. For the sake of clarity, the motions ofibrium positions; in the other case, the calculations take into
the Si atoms are not shown. account the motion of the Si atoms. In both cases, the H

(©11)
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. . FIG. 7. Projection of the three-dimensional trajectories of hy-
FIG. 6. Potential and total energy of an H atom approaching th%rogen atoms approaching the Si surface onto(tt@€) and the

Si surface as a function of time. Full line, rigid Si lattice rigid. H (011 plane. The black and gray circles show the topmost and sub-

leaves the surface after 35 fs. Dashed line, dynamics of the Si ato rface layer Si atoms, respectivelg Typical surface-mediated
taken into account. H systematically loses energy and remains Cal3’dsorp’[ion event(b) Typical surface-mediated reflection event. In

tured. The numbers mark characteristic points on the H trajectoriesboth cases, the incident kinetic H energies are 0.1 eV. For the sake

of clarity, the motions of the Si atoms are not shown.

atom enters the attractive surface potential after approxi-
mately 5 fs(marked by ] and penetrates the strongly attrac- Therefore, they increass even in the case of asymmetric
tive dangling bond funnel. At roughly 12 fsnarked by 2it  dimers with less empty dangling bond sites.
has reached the repulsive part of the potential behind the Finally, this table also reveals the sticking coefficient of D
attractive dangling bond region. At this point, its potential to be slightlysmallerthan that of H. This is somewhat sur-
becomes maximal and, correspondingly, its kinetic energyyrising since the heavier D has a larger momentum and loses
becomes minimal. Subsequently, the particle changes diregnore energy than H in the impact process. Indeed, at zero
tion and moves outwards again until it reaches its outer turntemperatureS of D is slightly higher than that of H. At 500
ing point (marked by 3. K, however, energy transfer occurs not only from the im-

In the case of a rigid Si lattice, the total energy of the Hpinging atom to the lattice but also vice versa due to the
atom is obviously conserved. Nevertheless, the long anghttice vibrations of the Si atoms. Since the energy transfer
deep valley formed by the dangling bond potential causes theetween D and Si is more efficient than that between H and
H atom to oscillate typically once or twice inwards and out-S;j, this temperature-induced energy gain is larger for the

wards before becoming reflected into the gas phase after apeflected D than for H. This effect reduc8sof D at finite
proximately 35 fs in Fig. 6. By contrast, with the motion of temperatures relative to H.

Si atoms taken into account, the H atom systematically loses
energy to the lattice while being accelerated towards the Si
atom. In spite of the small difference in the trajectory during
the first 20 fs, the continuous energy loss of the order of 0.1
eV per oscillation cyclgsuch as positions 1 to 3in Fig) 6 A central question in context with hydrogen passivation
makes it increasingly difficult with time for the H atom to of Si surfaces is how a full monolayer of H can ever be
escape. Indeed, we find that reflections back into the gasbsorbed despite the efficient creation of voids in the passi-
phase can only occur within the first 20 fs. The energy loss igation layer by H abstraction reactions such as read@pf
a consequence of the strongly attractive Si-H interaction. Then this section, we study the interplay of dynamical processes
temperature-induced lattice vibrations occur on a fairly longthat can lead to complete H passivation of Si surfaces.
time scale of typically 70 fs. Therefore, they do not signifi-  First, we have calculated the equilibrium geometry of a
cantly alter the energy exchange mechanisms and, in tursi(1002x 1:H surface, as depicted schematically in Fig. 8.
the value ofS. Finally, we note that its decrease with increas-Our model predicts a Si-Si dimer bond length of 2.43 A
ing kinetic energy of the H atom is simply due to the larger(2.40 A), an angle between the dimer bond and the Si-H
amount of energy that has to be dissipated. bond of 112.4°(110.2°), and the angle between the dimer
The trajectories depicted in Fig. 4 account for about 50%pack bond and the Si-H bond of 112.68P11.7°), where the
of S. Our studies have revealed another type of capture ofirst-principles LDA results are given in parentheses for
reflection process that may be termed surface mediated. omparison. These results also agree well with those based
this case, the hydrogen atom hits the surface and traverses @ the model potential of Ref. 23.
a neighboring dangling bond region where it gets either We have used the same substrate temperature of 500 K,
chemisorbed or reflected. Typical processes of this type are
depicted in Figs. (@@ and 7b). There is a preferential deflec-
tion towards the neighboring dimer row because of the shape
of the potential energy surface as shown in Fifh)5The
repulsive protuberances close to the dimer bond prevent an H
motion within the same dimer row. These surface-mediated
processes are roughly as probable as the “direct” processes
shown in Fig. 4 and lead to the high value f8rgiven in FIG. 8. Side view of the calculated equilibrium geometry of the
Table VI. We note that these surface-mediated processes isi monohydride surface. White circles represent H atoms, black and
crease the number of dangling bonds visited by the H atonyray circles topmost and subsurface Si atoms.

VI. PREDICTIONS: ELEY RIDEAL HYDROGEN
ABSTRACTION FROM Si (1002x 1:H
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TABLE VII. Calculated probabilities for the reactions of atomic
hydrogen(H) and deuteriumD) at S{1002Xx 1:D and ${1002
X 1:H surfaces, respectively. The surface temperature has been set
to 500 K. As deduced from the calculated trajectories, the reactions
are reflection(refl.), abstraction(abst), adsorption(adso), ex-
change(exch), and combined processésomb) that consist of an
exchange followed by an abstraction.

@ © Silicon

O Deuterium

— H trajectory
-« D trajectory

Energy(eV) refl. abst. adso. exch. comb.

H 0.1 0.05 0.39 0.56 0 0
0.2 0.03 0.39 0.58 0 0

D 0.1 0.03 042 0.55 0 0
0.2 0.02 0.40 0.58 0 0
2.0 0.10 0.15 0.60 0.13 0.02

same sample size, and same initial conditions for the incom- FIG. 9. Calculated Hblack ling and D(gray line trajectories

ing H atom as in the preceding section. Since bothfor the HD-abstraction reaction, projected onto ti90),(011)
experiment® and the present theory indicate the(18i0)2 plane. White circles depict the D atoms adsorbed on the surface,
X 1:H surface with symmetric dimers to be the lowest en-Plack aqd gray circlt_e_s topmost and subsurface Si a_uoms_. For clarity,
ergy configuration, our simulations are based on this ConLh_e motion of the silicon atoms is not shown. Trajectories are de-
figuration. We have also performed calculations where D hagicted for a period of 350 fs.

been replaced by H either on the surface or in the gas phase.

For brevity, we will explicitly mention deuterium only in has been estimated to lie in the range of 0.3—0.5 up to inci-
cases where the results differ qualitatively from those obdent energies of 2.7 e¥The present theory predicts a value
tained with hydrogen. By computing several hundred trajecof 0.4 for low energies, in excellent agreement with the data.
tories of incoming H atoms, we have found three principalFor energies exceeding 1.5 eV, however, we predict a Sig-
types of surface reactions, namelly,the approaching H gets pjficantly reduced abstraction rate of 0.15, that has not been
reflected from the passivated silicon surfa@®;the imping-  found in experiment. This discrepancy might be caused by
ing H atom bonds to an H atom of the surface according tQqgjtional reaction paths that become relevant for high inci-
abstraction reactiof2), and an B molecule leaves the sur- yent energies. Our analysis indicates only one additional re-
face, leaving a dangling bond behin@j) the H atom gets  54ion mechanism to occur at high energy, that is, a com-
chemisorbed on the surface. bined H exchange and subsequent abstraction. However, this

By sampling 400 trajectories for each incident energy rocess enhances the total abstraction rate only by a small
(and isotopgwe have computed the respective probabilitiesp . y by
amount as shown in Table VII.

of these processes, as summarized in Table VII. The reflec- Independent of the incident energy, the most likely reac-

tion is seen to occur with very low probability. Even for . .
y P y dion turns out to be the third type of process, that is, the

kinetic energies higher than 1.5 eV, this probability increase . O .
only slightly due to exchange processes where the impingin@dsorpt'on of the incident H atom. It is well known that there

atom gets adsorbed at an occupied surface site while kicking'® deep potential energy minima of the order of 2 eV for H
out the previously adsorbed H atom. The calculated potentidl the second atomic layer beneath the clead(®) surface,
energy surface reveals that this exchange process can ocdlraddition to the dangling bond sité.In the case of a
with no activation barrier. For low energies, however, thispassivated H surface, there are no empty dangling bond sites
process is irrelevant because it is masked by the energeticaljut these secondary minima still persist. Our calculations
more profitable Eley-Rideal abstraction that gives a potentiatonfirm the existence of these adsorption sites that are de-
energy gain of approximately 1.5 elgee Sec. Il E picted in Fig. 10. It shows a snapshot of the potential energy
We now focus on the second type of surface reactionsurface of an H atom moving in the (100) and (011) plane
namely the abstraction. Figure 9 shows a typical abstractionontaining the dimer bond with the attached H atom. The
trajectory. In this example, we consider a deuterium-energy minimum at-0.8 eV in the second layer reaches an
passivated surface and depict the projection of the threeabsolute mininum of—1.2 eV in the plane of the second
dimensional trajectories onto tti@11) and (100 plane. The layer atom shown in gray. The fingerprints of further adsorp-
motion of the Si atoms is not shown to avoid cluttering of thetion sites with shallow minima associated with the top Si
figure. The figure illustrates clearly that the energy gained byayer can be seen in the upper left part of Fig. 10. This figure
forming an H, molecule is converted into rotational and vi- reveals another fairly deep potential minimum above the ad-
brational modes of the extracted HD molecule that leaves theorbed H. However, this minimum isot an adsorption site
surface in a highly excited HD molecular state. The ampli-but responsible for the Hformation that leads to the Eley-
tude of vibration is seen to be smaller for the heavier D tharRideal abstraction discussed above.
for the H atom. The abstraction and,tbr HD formation In conclusion, the present calculations confirm the conjec-
occurs with a high probability of about 40% at low energies.ture of Ref. 4 that additionally adsorbed H atoms on hydro-
Experimentally, the probability for Eley-Rideal abstraction genated Si surfaces act as a hydrogen reservoir that effi-
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VII. SUMMARY

In conclusion, we have developed an interatomic Si-H
interaction potential that provides a basis for classical
molecular-dynamics studies for a wide range of phenomena
involving the interaction of hydrogen with silicon surfaces.
This model potential accurately reproduces the experimen-
tally known vibrational frequencies and bond lengths of sev-
eral silicon hydrides. Furthermore, it also agrees excellently
with experimental data anab initio calculations for a vari-
ety of surface properties, such as diffusion barriers and paths
of H at the surface and in the bulk, and fop desorption
activation energies.

The present model predicts a very high sticking coeffi-

FIG. 10. Potential energy surface for an H atom near the monoeient of atomic H on clean S{100) surfaces,S~0.6 for
hydride surface. The black circle is one of the Si dimer atoms in théncident energies in the range of a few tenths of an eV. The
depicted plane. The zero of energy is taken to be the pure monohyrycial property that determines this adsorption rate of
dride surface, the spacing of the contour lines is 0.4 eV. In thegtomic H is found to lie in the strong anisotropic shape of the

(100)

highly repulsive region, they are drawn up to 2.0 eV.

dangling bond potential that acts as a guiding channel for the
impinging H atom and prolongs the interaction time signifi-
cantly.

ciently closes the voids in the passivation layer created by e have identified three major reactions for H impinging

the H, abstraction reactions.

on a fully hydrogenated surface, namely reflection, Eley-

In passing we note that this surprisingly high rate for HRjgeal H, abstraction, and adsorption. The calculations pre-

adsorption onto the passivated Si surface providea pos-

dict H adsorption to be the dominant process with a prob-

teriori justiﬁcation of USing a Symmetl’ic dimer reconstruc- ab|||ty of 60% even on an a|ready fu”y passivated surface.

tion for calculating the sticking coefficient on cledh00)

This result explains how complete H passivation of Si sur-

surfaces in the preceding section. The lowest energy configyaces can be achieved despite the efficient abstraction

ration with buckled dimefS is well known to lead to a

strongly asymmetric electron density distributirf* If one

that generates voids in the passivation layer. It is this high
adsorption rate of hydrogen that provides the source of hy-

assumes that H atoms can only be absorbed on empty dagrogen on the surface to close these voids.
gling bond sitesS could be reduced by as much as a factor

of 2 on the surface with buckled dime(that contain one

empty and one doubly occupied dangling bpnelative to

the symmetric configuration with two singly occupied dan-
gling bonds per dimer. However, it is known that the adsorp-
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