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Abstract

Ab initio total energy calculations based on a norm-conserving optimized pseudopotential and density functional theory with
a generalized gradient approximation (GGA) have been used to study the structures and energetics in connection with Si(100)
surface and the silane (Sji-hdsorbed Si(100) surface. The electronic properties, i.e. layer-resolved density of state and atomic-
resolved density of state, of Si(100)-%22) surface and Si(100)-(R 2) (SiHs:H) surface have been calculated. The surface
electronic states arising from the bucklee-Si dimer are characterized to illustrate the bonding nature of Si(10R)2(2and
Si(100)-(2x 2) (SiHs:H). © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction extremely difficult. Moreover, the electronic proper-
ties of Si(100) surface have a significant influence on
Silicon thin film is routinely grown from gaseous the way SiH molecule adsorbs on this surface. There-
molecules in a variety of chemical vapor deposition fore, itis of a paramount importance to investigate the
(CVD) processes, and silane (Q)His the most nature of the surface electronic states arising from
common CVD precursor for Si, Sg&nd other mate-  Si(100) surface and their roles during the dissociative
rials. During the CVD growth of Si film, Sikiinitially adsorption of Sil{ onto this surface.
adsorbs onto the surface of the growing film and then It has been suggested [1] that during the dissocia-
the decomposition of surface Sikk = 1, 2, 3) leads tive adsorption of Sijonto Si(100) surface, Si-and
to film growth and H as a byproduct. H are the initial products and dangling bonds are
Despite the fact that CVD of SiHon the Si(100) required for the initial dissociative adsorption step.
surface has been investigated [1-3] thoroughly with a Therefore, the stability of Sifadsorbed Si(100)
temperature programmed desorption technique and asurface depends on the local environment, i.e. cover-
static secondary ion mass spectrometry, understand-age of dangling bond, near this species. In addition to
ing of (1) both dissociation and formation of covalent providing adsorption sites, the dangling bonds serve
bonds as Silf adsorbs, (2) surface SjHragments as reactive sites for the decomposition of surface
decomposition, and (3) Si film growth still remain intermediates. As a result, the dangling bonds can
also act in a way to control the competition of parallel
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suggested that the buckled=Si dimer on the Si(100)
surface, i.e. Si(100)-(X 2), after reconstruction is
more stable than the symmetrical=Sii dimer, i.e.
Si(100)-(2 x 1), on the same surface. They also
proposed that for Si(100) surface, theinteraction
would cause the formation of symmetrical=Sii
dimer and it would lead to a metallic state. However,
in this case, the Jahn—Teller-like distortion leads to
buckled SiSi dimers. As a result, the-SEi dimer on
the Si(100) surface is semiconducting. To rationalize
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splitting and introducing a Si—Si anti-bonding compo-
nent into the HOMO to intepret the correlation of
surface orbitals with their reactivities. Finally, they
use the calculated Mulliken charges to illustrate an
asymmetric surface electron distribution. They state
that many features of the reaction path and adsorbate
geometry can be rationalized in terms of the differ-
ence in electron density at the two sites.

Although many theoretical studies of surface chem-
istry on Si surfaces based on cluster models [8—15]

further this interesting feature, they proposed that this have been reported recently, the study of forming and
Jahn—Teller-like distortion could be traced back to breaking of covalent bonds as Sikidsorbs on differ-
electronic properties of the constitutent atoms. For ent Si surfaces is still extremely difficult. In addition,
example, the 2p orbitals of C are more localized for the finite sizes of cluster model, it is unlikely to
than the 2s orbitals since there are no p states in theinclude a long-range interaction through the whole Si
C core. Therefore, p-like orbitals of C are able to surface and to treat the edge effect precisely.
localize their charges in the bonding region, which Recently, Penev et al. [16] investigated the effect of
leads efficiently to a strong tendencysobond forma- the cluster size in modeling the,Hiesorption and
tion [5]. However, for Si, the tendency of formingma dissociative adsorption on Si(100), and suggested
bond is clearly suppressed, since in this material the p that the smaller clusters generally overestimate the
valence orbitals are more extended than the s valenceactivation barrier and reaction energy. They even
ones. Therefore, the charges of p-like orbitals of Si are suggested that some of the previous works using smal-

energetically favorable to polarization through the
Jahn-Teller-like distortion, thereby weakening the
SiFSi bond strength. Apparently, this formation of
buckled S+Si dimer with the dangling bonds on the
Si(100) surface is crucial for rationalizing the
mechanism of Sildissociative adsorption onto the
Si(100) surface [6,7].
Another recent work [8], that of Liu and Hoffmann,

ler clusters will need revision. In this study, we there-
fore devote ourselves to the density functional study
of the energetic, structural and electronic properties of
buckled S&Si dimer, i.e. Si(100)-(Z 2), and SiH
adsorbed Si(100)-(2 2) surface, i.e. Si(100)-(R 2)
(SiHs:H), using periodic slab model. We also calcu-
lated the layer-resolved density of states (LDOS)
[17,18] and atomic-resolved density of states

concerning about the acetylene chemisorbed Si(100) (ADOS) [17,18], to illustrate the electronic properties
surface suggested that there is partial electron transferof Si(100)-(2x 2) surface and their effects on the
to the buckled-up Si, making it a nucleophilic site. energetics of dissociative adsorption of gibinto

The buckled-down Si atom should be electrophilic. this surface. In particular, we introduced the ADOS
In other words, the buckling of SSi dimer has to investigate the bonding nature of Si(100)X2),

substantial effects on the electronic structure and the and clearly explain how Jahn—Teller-like distortion
chemical reactivity of the Si(100) surface. Therefore, influences the chemical reactivity in connection with

we believe that the surface electronic states arising SiH, dissociative adsorption onto this surface.

from the buckled SiSi dimer play a key role in
understanding of its reactivity toward silane. In addi-
tion, more recent work of Konecny and Doren [9] and
Fattal et al. [10] which explore the @ and BH
adsorption on Si(100)-(X 1) and NH adsorption
on Si(100)-(2x 1), respectively, suggest that the
buckling of SiSi dimer affects the overlap of the
surface orbitals with the reactants. Furthermore,
Konecny and Doren introduce the concept of mixing
« and " orbitals, increasing the HOMO-LUMO

2. Computational methods

Density functional theory (DFT) [19] with a gener-
alized gradient approximation (GGA) is applied to
perform the ab initio total energy pseudopotential
calculations [20,21]. This technique allows one to
calculate the relative energies of chosen atomic
configurations and has been shown to yield an
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Table 1

The energy cut-off tests for the bond length of Si—H within Siidd
the dissociative adsorption energy of gilddsorbed onto the
Si(100)-(2x 2) surface

the periodicity along the [100] direction. Finally, our

choice of unit cell size can only apply to a higher

coverage of Siljadsorbed onto the Si(100) surface.
The pseudopotential of silicon was constructed as

Energy cut-off (eV) Si—H bond length jA Eaus. (€V) usual from an all-electron atomic calculation, with the
ndition of norm nservation [26-2 nd th

200 1514 Log4 co th of h0 codse at(?c [ .6 S]da_ d fF e
300 1493 1.966 continuity of t e pseudo-wave unction an its first
400 1.487 1.958 and second derivatives at the core radius. We have
500 1.484 used the standard Kerker method of pseduopotential
600 1.481 generation [29], with a reference atomic configuration
Experimental 1.4798

of 3s?3p® for s and p components and?3g%3d%%°

for the d component, and core radii of 1.80 a.u. The s-
extremely high degree of accuracy. Our computa- wave component was taken to be the local for the
tional strategy is to perform all the calculations Kleinman—Bylander representation. The pseudopo-
using periodic boundary condition (sometimes tential generation of oxygen requires great care
known as the supercell method), with the electronic because the valence 2p orbitals do not have core
orbitals represented by using a plane-wave basis set.states. Consequently, the p-wave pseudopotential is
We have used an ab initio molecular dynamic method strongly attractive and enormous number of plane-
based on the conjugated gradient technique [22] to wave is needed to represent the valence pseudo-wave-
minimize the Kohn-Sham energy functional in function. This type of pseudopotential has one addi-

which the GGA of Perdew and Wang [23] is utilized.
For the brillouin-zone integration, we used x 2 x 1
grid of Monkhorst—Pack special points after a conver-

tional requirement to those mentioned above, namely,
that the kinetic energy associated with each pseudo-
wavefunction has to be minimized. Therefore, we have

gence test of structural and energetic data of Si(100) used the method [30—32] of optimized pseudopotential

with a grid of 3x 3 x 1 [24]. We also explored the

generation, with a reference atomic configuration of

plane-wave convergence tests by calculating the 2s°2p’* for s and p components and®2p*°3d’* for the

structural parameter of Sjii.e. bond length of Si—
H, and dissociative adsorption energy of $iH

d component, with the core radius for these three
components taken as 1.25, 1.25 and 1.45a.u. In this

adsorbed onto the Si(100) surface as reported in case, the s-wave component has been treated as local.

Table 1. Our calculated bond length of Si—H with a
cut-off of 300 eV is 0.006 Aarger than that of 400 eV

Although both O and Si pseudopotentials are
constructed using only the local density approximation

and our calculated dissociative adsorption energy of (LDA), they have been shown to be highly transferable
SiH, adsorbed onto Si(100) with a cut-off of 300 eV is over the required energy ranges from neutral atoms,
only 0.008 eV larger than that of 400 eV. These positive ions [30—32], silicon surface reconstruction
results clearly indicate that the energy cut-off of [33] and MgO properties [34]. A pure Coulomb
300 eV is enough for the calculated physical and potential is used for hydrogen throughout this study.
chemical properties of our interest. A Kleinman— To obtain the LDOS and ADOS, we generated the
Bylander representation [25] of the pseudopotential total density of state (TDOS) of whole system using a
is used. This allows the plane-wave matrix elements reasonable number of K-points and bands (hormally a
of the pseudopotential to be expressed in a separablefew more than occupied bands). Then, we decomposed

form for computational efficiency. In our calculations,
the Si(100)-(2x 2) surface was represented by peri-
odically repeated slabs of Si atoms, i.e. primitive 2
unit cell (six layers in the unreconstructed geometry)
with one side of three layers fixed and other side of
three layers followed by a vacuum region of approxi-
mately 13 A These vacuum layers are mainly intro-

the TDOS into the contribution of occupied bands of
partial fragments, i.e. one layer, of the whole system
to give rise to LDOS. Finally, we decomposed further
the LDOS into the contribution of occupied bands of
atomic components, i.e. one atom, to generate the
ADOS. Here, we have to introduce the space cut for
each atomic component of partial fragment to exclude

duced to avoid the interaction between surfaces due tothe unnecessary contribution from other neighboring
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Fig. 1. The side view of (a) the relaxed symmetricatSiidimer and (b) the relaxed buckled-Si dimer on the Si(100)- (2 2) surface. Unit
cell model is shown twice.

atoms. In this study, we only consider Si as the consti- Si(100)-(2x 2). The calculated relaxed structure is

tuent atom of partial fragments to generate the LDOS shown in Fig. 1 and the calculated relevant structural

and ADOS, and its space cut is chosen to be half of parameters after relaxation are reported in Table 2.

Si—Si bond length of bulk silicon. We performed all Our calculated structural model, with a buckled

the total energy, LDOS and ADOS calculations using Si=Si dimer bond lengthd;; = 231A which is

the modified version ofastep 3.5 [39]. 0.02 ~ 0.04A larger than that of a recent work of
Doren [11,12] using a §#, cluster to model the
reconstructed Si(100)-(Xx 1) surface, predict the

3. Calculated results and discussion buckling angle 9.7 which is about 1.0 larger than
that of the above work [11,12]. Also, both calculated
3.1. Surface structure of Si(100)-£2) and buckled SiSi dimer bond lengths are slightly

smaller than the bond length (2.§3 Bf Si—Si single
As an initial step in this study, we have investigated bond in the SiHs molecule. Subsequently, there may
the surface structure of buckled=Si dimer, i.e. be somer bonding characters in the buckled=Si
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Fig. 1. continued

dimer. In addition, the reconstruction of Si(100) density is one of the main factors controlling the
surface also leads to a slight contraction of the Si— initial products of SiH dissociative adsorption onto
Si distance between the first and second layer to the Si(100) surface which will be discussed in later
dy, = 2.33A. These calculated structural parameters sections.

are shown to be consistent with other theoretical

works [35,36]. To explore this buckled=Ssi dimer 3.2. Electronic property of Si(100)-(2 2)

in more detail, we present the contour of total valence

charge density as shown in Fig. 2. This contour clearly =~ As mentioned earlier, the dangling bonds on the
shows unevenly distributed valence charge density in Si(100) surface are required for the initial step of
the buckled SiSi dimer bond region. Thisis in agree-  SiH, dissociative adsorption onto this surface. There-
ment with the Hoffmann’s and Doren’s group view of fore, it is important to have a better view into the
the buckled-up atom as a nucleophilic site and electronic properties of Si(100)-(X 2) surface in
buckled-down atom as an electrophilic site. We also order to rationalize the effect of these dangling
believe that this unevenly distributed valence charge bonds on the SilHadsorption reaction mechanism.
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Table 2 . To elaborate this, we consider now the calculated
The calculated bond lengths JAn the relaxed symmetrical SB5i LDOS of Si(lOO)-(ZX 2) surface. The first |ayer of
dimer on Si(100), i.e. Si(100)-¢2 2), and the relaxed buckled-Si . .

dimer on SI(100), i.e. SI100)-(X 2).The dy, is the distance € UPPer three layers of Si(100)%22) slab, i.e. the
between the top layer of Si, i.e. the=Si dimer, and second layer ~ PUCKled S¥Si dimer, is used to represent the fully
of Si. Thed,s is the distance between the second layer and third relaxed Si(100)-(X 2) surface. Our calculated results
layer. Theds, is the distance between the third layer and fourth layer  for the LDOS of bulk Si and fully relaxed Si(100)-§

2) surface are presented in Fig. 3. Compared to the

Relaxed buckled Relaxed symmetrical

Si=Si dimer Si=Si dimer bulk Si, the fully relaxed Si(100)-(% 2) surface
- shows occupied surface states within an interval of
Si=Sidimer (1) (  2.315 2.301 about 0.5 eV from the fermi level. These occupied
SI=Si dimer (2) (£ 2.354 2301 surface states are mainly characteristic of the dangling
di2 (Si-Si) (A) 2.330 2.288 bonds involvi bond for the Si-Si di ¢
dhs (Si—Si) () 2383 2344 onds involving ar bond for the i dimer forma-
dss (Si=Si) (A) 2389 2361 tion. As for the occupied surface states within an inter-

val of about 1.2 eV from the fermi level, they are
mainly characteristic of the dangling bonds directly

-..-0.27158
...-.0.25765
-..-0.24372
..0.2298
.21587
.20194
.18801
.17409
.16016
.14623
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.11838
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.-0.03481
..0.02089
0.00696

CASTEP Slice _
ANS A2

10 |

0000000000

=

QS

Angstrom

Fig. 2. The contours of the }otal valence charge density for the buckie8i 8imer through the cut along the=S8i dimer. Contour lines are
drawn at intervals of 0.014 e &,
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Fig. 3. The layer-resolved density of states (LDOS) of bulk Si, i.e the fourth layer, (full line) and the relaxed Si(¥®)s(@face, i.e. the first
layer, (dotted line). The vertical line at zero indicates the fermi level.

0.50 :
040 | 1
H I
0.30 ,", :
1) fl I
(e} ] oy
< AN
0.20 i \,'\ i 1
i 11y
AR
| \% AR
I I |
0.10 [ J A)i
[ 1 i
i | |
0'0912.0 0.0 3.0

E (eV)

Fig. 4. The atom-resolved density of states (ADOS) of Si atom on the symmetriedl &imer (full line), the buckled-up Si atom on the
buckled Si=Si dimer (dotted line) and the buckled-down Si atom on the buckle®iSiimer (dashed line).
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Fig. 5. The side view of SilHadsorbed Si(100)-(R 2) i.e. Si(100)-(2x 2) (SiHs:H).

involving a o bond within the SiSi dimer. Finally, symmetrical S¥Si dimer as shown in Fig. 4. Indeed,
there are empty surface states within the gap. the formation of the symmetrical S&i dimer on the
Then, we calculated the ADOS of buckled and Si(100) surface will cause disappearance of the band
symmetrical S&Si dimer on the Si(100) surface in  gap around the fermi level. In addition, our calculated
order to rationalize, from an electronic state point of ADOS of the symmetrical SiSi dimer which appears
view, the symmetrical-to-buckled relaxation at the as a single peak around the fermi level will split into
Si(100) surface due to the Jahn—Teller effect in mole- two peaks when a Jahn—Teller-like distortion occurs,
cules with a symmetry-degenerated ground state. By i.e. becomes a buckled =Ssi dimer. This result is
ADOS, we mean that the DOS of only one Si atom on consistent with the breaking of the molecular symme-
Si=Si dimers is calculated. Since the dangling bonds try thereby causing the formation of non-degenerated
of Si=Si dimer are predominantly of p-character, the electronic states. We also considered the energy
calculated ADOS contains only the contribution of p- needed to allow the change between the symmetrical
component of Si atoms. We compared the ADOS of dimer and the buckled dimer. Our calculated energy
buckled-up Si atom with that of Si atom on the of 0.09 eV is so small that two possible buckled



J.S. Lin et al. / Journal of Molecular Structure (Theochem) 496 (2000) 163-173 171

Table 3

The calculated bond Iengths° YAand the bond angle$)(of SiH, above the Si(100)-(X 2) surface (Sa), the SiHadsorbed Si(100)-(& 2)
surface (Sb), i.e. Si(100)-(R 2) (SiHs:H), and the corresponding dissociative adsorption en&rgywhich is calculated approximately as
E(Sa — E(Sbh). The zero in the parentheses after Si indicates Si within 8itiH, and one in the parentheses after Si indicate the Si atom on
the relaxed buckled SiSi dimer of Si(100)-(2x 2) (SiHs:H)

SiH, above Si(100)-(X 2) SiH, adsorbed Si(100)-(& 2)

Si=Si dimer (1) (3 2.313 2.385
Si=Si dimer (2) (3 2.355 2.289
duz (Si=Si) (A) 2.329 2.349
dys (Si=Si) (A) 2.382 2.352
das (Si—Si) (A) 2.393 2.375
£H Si(0) H () 109.5 110.7
£Si(0)Si(1)Si(1) ©) 110.4
£H Si(1)Si(1) ¢) 109.8
Eags. (€V) 1.966

orientations will rapidly flick at ambient temperature. Secondly, due to the formation of buckled=Si
Finally, when compared to the calculated ADOS of dimers and the polarized electron pair toward H
buckled-up Si atom with that of buckled-down Si within the SiH, molecule, we reasonably assumed
atom, we found that the ADOS peak~{ —0.5 and that SiH, molecules will probably form the bond to
~ —1.5 eV) associated with non-degenerate electro- the buckled-up Si atom (nucleophilic site) on the
nic states of buckled-up Si atom have higher density buckled SiSi dimer through Sikl within SiH,, and
than that of buckled-down Si atom. These calculated then the H which is nearer to the buckled-down Si

results also support both Hoffmann’s and Doren’s atom will dissociate and form a bond to the
buckled-down Si atom (electrophilic site) on the
buckled S&Si dimer. Consequently, two new bonds
are formed to the H and SiHragments from the two
dangling bonds on Si atoms of the buckled=Si
dimer. The final calculated structure of Siglisorbed
the Si(100)-(2x 2) surface, i.e. Si(100)-(% 2)
(SiHs:H), is shown in Fig. 5. The corresponding ener-
getic data, i.e. dissociative adsorption energy and
structural parameters are presented in Table 3. To
validate this calculated energetic data using DFT-
GGA plus pseudopotential, we also calculated the
bond strength of Sik+H. Our calculated bond
strength of SiH—H gives 3.89 eV which is in good

statements [8,11] that there is slightly higher electron
density around the buckled-up Si atom than that

around the buckled-down Si atom on the buckled
Si=Si dimer of the Si(100)-(X 2) surface.

3.3. Geometrical structure of Si(100)-%22) (SiHs:H)

It has been suggested [1] that during the dissocia-

tive adsorption of Sidonto the Si(100) surface, both
SiH; and H are the initial products, and dangling

bonds are required for the initial dissociative adsorp-
tion step. A detailed mechanism of the dissociative

adsorption of Sild onto the Si(100) surface have

been discussed elsewhere [12,37]. Here, we empha-agreement with the experiment data (3.91eV) of

size qualitatively the influence of electronic properties
of the Si(100)-(2x 2) surface on the reaction path of
SiH, dissociative adsorption onto this surface. To
demonstrate this, firstly we realized that our calcu-
lated relaxed surface model of Si(100)%22) has
only two buckled SiSi dimers in parallel with each
other within the unit cell as shown in Fig. 1. There-
fore, we expect that the Sjldpecies will either adsorb
on a buckled-up Si atom or on a buckled-down Si
atom at least from the film growth point of view.

Walsh [38]. Of course, this qualitative description of
dissociative adsorption of SjHonto the Si(100)
surface is not the only reaction path to form the
Si(100)-(2 X 2) (SiHs:H). For example, the SiH
could probably orient in such a way that the H within
SiH, could act as a hydrid to attack the buckled-down
Si atom (electrophilic site), then the SiHragment
will gradually dissociate from SiHand diffuse to
form a bond to the buckled-up Si atom. In conse-
quence, the same two bonds are formed to the H
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Fig. 6. The atom-resolved density of states (ADOS) of Si atom on the relaxed buckisdd8ner of Si(100)-(2 2) (full line) and ADOS of Si
atom on the relaxed buckled=S$i dimer of Si(100)-(2x 2) (SiHs:H) (dotted line).

and SiH fragments from the two dangling bonds on Si
atoms of the buckled SiSi dimer.

Our calculated results indicate that the dissociative
adsorption of Siljonto the Si(100)-(X 2) is energe-
tically favorable and it leads to the stable structure of
Si(100)-(2% 2) (SiHs:H). Our calculated dissociative
adsorption energy (1.97 eV) is very similar to that of
Doren [12]. Another factor worth to mention is that
the bond length of the SiSi dimer is elongated after
the dissociative adsorption of Sjténto the Si(100)-

(2 x 2). This is due to the forming of Sghybrids of
SiH;—Si—Si—H from the original buckled Sbi
dimer. The cause of this elongation of=Sii bond
length will be discussed further in Section 3.4 using
calculated ADOS.

3.4. Electronic property of Si(100)-(2 2) (SiHs:H)

We mentioned previously that the relaxed buckled
Si=Si dimer of the Si(100)-(X 2) surface provides
the nucleophilic site on the buckled-up Si atom and
the electrophilic site on the buckled-down Si atom.
Therefore, during the process of the dissociative
adsorption of Sild onto the Si(100)-(2< 2) surface,

two new bonds are formed to the H and $itfhg-
ments from the two dangling bonds on the dimerized
Si=Si atoms. Consequently, we should expect that the
bonding nature of the relaxed buckled=Si dimer of

the Si(100)-(2x 2) surface will change to a certain
extent to maintain the stability of the Si(100)¢2)
(SiHs:H) surface. To appreciate more about the bond-
ing nature and the corresponding stability of the
Si(100)-(2x 2) (SiHs:H) surface, the ADOS of Si
atoms on the buckled S5i dimer and that on the
relaxed buckled SiSi dimer of the Si(100)-(X 2)
(SiHg:H) surface are calculated. We compared the
ADOS of Si atoms on the relaxed buckled=Si
dimer of the Si(100)-(2¢< 2) surface with that of Si
atoms on the relaxed buckled=S3i dimer of the
Si(100)-(2x 2) (SiHs:H) surface as shown in Fig. 6.
The surface electronic states arising from the relaxed
buckled S&Si dimer within an interval of about
1.0 eV from the fermi level are diminished, and the
empty surface states within the gap are reduced.
Therefore, we believe that the Si atoms on the buckled
Si=Si dimer of the Si(100)-(X 2) (SiHs:H) surface
will behave more or less like the bulk Si atoms.
Indeed, our calculated bond length of the=Si
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dimer, i.e. 2.39A of Si(100)-(2 X 2) (SiHgH)
supports this statement.

4. Conclusion

Having combined slab model, density functional
calculations (GGA), and corresponding analysis
tools such as LDOS and ADOS, we are able to have

a thorough study of the structure, energetics and bond-

ing nature of the buckled SBi dimer on the Si(100)
surface, i.e. Si(100)-(% 2), and the silane adsorbed
Si(100)-(2x 2) surface, i.e. Si(100)-(R 2) (SiHs:H).
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