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Role of hydrogen in SiH, adsorption on S(100)
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When disilane (SHg) is used in the homoepitaxial growth of Si by chemical vapor depos{tdrD), the
fragment SiH is believed to be the basic unit adsorbed on the surface. The bonding site,afr58{100) has
been proposed in the literature to be either on top of a ditheron-dimer siteor between two dimers in the
same row(the intrarow sit¢ Since the pathway of SiHcombination is dependent on the adsorption site, a
first-principles calculation will shed light on the underlying process. We have performed self-consistent
pseudopotential density-functional calculations within the local-density approximation. On the 8 Si
surface, the on-dimer site is found to be more stable than the intrarow site, even though the former has
unfavorable Si-Si bond angles. This is ascribed to the extra dangling bond created in the latter geometry when
the weak dimerr bonds are broken. However, the presence of hydrogen adatoms eliminates this difference and
makes the intrarow site more favorable than the on-dimer site. It is therefore revealed in this theoretical study
that hydrogen, an impurity unavoidable in the CVD process, plays an important role in determining the stable
configuration of adsorbed Sjtdn S(100 and hence affects the growth mechanif80163-182808)52544-]

Epitaxial growth of Si on 100 via chemical vapor of incoming molecules or by limiting the diffusion of Si
deposition(CVD) is an important process in the growth in- adatoms. In a recent study we have shown that hydrogen
dustry. Disilane (SHg) is a promising candidate for low- changes the surface-energy anisotropy on semiconductor
temperature CVD growth because of its relatively high stick-surfaces. The present study reveals that hydrogen also af-
ing coefficient and low decomposition activation enetgy. fects the stable adsorption site of a fragment such as &iH
This system has been studied extensively by many expergi(loo)_
mental technique’:® It is widely accepted that disilane dis- While most of the first-principles studi®s*? on the Si
sociatively chemisorbs on @00 yielding Sit, which  growth on S{100 have dealt with the molecular beam epi-
spontaneously decomposes at room temperdtureer low- 55 (MBE) process, which does not involve hydrogen, rela-
coverage conditionsto form SiH, bonded to two surface Si ey fewer theoretical studies have been conducted for the

rorstons beloven fo-be the pasts umt e owt, whieC\D Process, o our knowledge. Recenty.aniniio stucy
hydrogen is an unavoidable common impurity in thé CVDOn the SiH fragments on bare 800 has been reported by

. 3 . . i
process. The adsorption site of Sikks been suggested to be Bowler and Gprmgé. OT the four .adsorpnon sites consid .
either on top of a dimefon-dimer sité®® or between two ered, the on-dimer and intrarow sites are found to be low in

dimers in the same rowintrarow sitd.”¢ Recent scanning energy, with an energy difference of less than_ O.Ql eV_. Their
tunneling microscopy(STM) experiments by Bronikowski study used a relatively smaller (Q) cell, which is tW|ce_
etal’ and subsequently by Waref al® with low disilane smaller than the/8x /8 cell used in the present study. This
dosage observed SjHbcated only at the intrarow site. Vari- May be the reason why our results are at variance with theirs,
ous pathways have been proposed in the literatfifer two ~ a@s will be discussed below.
of the SiH, fragments to combine, forming a Si monohydride ~ Our calculations are carried out using the pseudopotential
dimer accompanied by the desorption of H method within the local-density-functional approximation.
A theoretical determination of the correct bonding siteWe generate Si and H potentidisrom the atomic ground
would clarify our understanding of the steps involved in thestates 323p?3d° and 1s!, respectively. The Si potentials
CVD epitaxial growth of Si from disilane. Therefore, we have a cutoff radii of 1.90 a.u. and tipepotential is chosen
have evaluated the energies of the Sibbnding sites on as the local potential. These give a lattice cons{@uind
Si(100) using the pseudopotential plane-wave method. Thre&ength of 5.42 A (2.35 A) and a bulk modulus of 0.940
situations are considere() SiH, on a bare surfacgii) SiH, Mbar, in agreement with the experimental values of 5.43 A
on a monohydride surface, atiii) a SiH,+H system con- and 0.988 Mbar, respectively. In the surface calculation, we
sisting of Sil and a nearby adsorbed H on a bare surfacaise the theoretical lattice constant. The hydrogen potential
that mimics the situation in the low-coverage experinfent. has a cutoff radius of 1.25 a.u. The wave functions in the
Quite interestingly, it is found that the stability order be- surface calculation are expanded in plane waves with an en-
tween the on-dimer and intrarow sites is reversed in the pregrgy cutoff E. ;=10 Ry. Increasing the cutoff to 15 Ry in
ence of hydrogen adatoms. In this case, the intrarow site igne test case changes the relative energy only by 0.02 eV per
energetically more favorable than the on-dimer site, consisSiH,.
tent with the STM images by Wangg al2 It is well known Our slab model for the §100 surfaces consists of six
that the existence of H adatoms on the surface plays an insilicon layers and a vacuum with a thickness of eight atomic
portant role in the the CVD process by affecting the stickinglayers (about 12 A. The bottom of the slab is passivated
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FIG. 1. Geometry of the 8100 surface with the buckled 249 v 2.37..
dimers exhibiting ap(2x2) surface symmetry. Thg8x /8 unit o N * . .
cell used in the calculation is indicated by dotted lines. The distanc * 0 0. g . @
is in A. The bond length of a bare dimer is 2.33 A, and the sepa:
ration between two dimers in the same row along the crystal axis i
3.83A.
with hydrogen. We use p(1/8% \8)R45° cell with a cell o o 0 0 @ o @ 205 @28
parameter of 10.84 A, shown in Fig. 1. For the Brillouin- () 0% @) e % - —@
zone integration we use thex2 X1 grid in the Monkhorst- .o . ¢ e o 0
Pack special point scheme which gives two spekipbints. b ° . . .
A Gaussian broadening with a width of 0.1 eV is used to _ _ _
accelerate the convergence in thq30|nt sum. A lowest- FIG. 2. Conflguratlons of SILﬂadSOI’ptiOﬂ sites on bare($00):

energy structure for bare (300 that can be embedded in a (@ on-dimer,(b) intrarow, and(c) inter-row sites. The Si-Si bond
n( \/§>< \/g)R45o cell contains alternating buckled dimers lengths in A are indicated. The filled and open circles represent
exhibiting a p(2x2) surface symmetriﬁ‘” while the silicon and hydrogen atoms, respectively. Note that the shaded

monohydride surface hasg(2x 1) symmetry. The silicon _circleg are ad-Si atoms and the do_tted circle in the side vieh)in
atomic positions at the two bottom layers and pas:sivating'jS a dimer atom behind the front dimer atom.
hydrogen positions are kept fixed. We then determine the
relaxed positions for all other atoms by minimizing the en-tively, while the Si-Si bonds formed upon adsorption are of
ergy and Hellmann-Feynman forces. In our calculations, wéhe order of 2.5 A,
use a force convergence criterion of 0.002 Ry/a.u. for the For the on-dimer configuration, the distance between the
adsorption of SiH at low-energy on-dimer and intrarow silicon atom of the Sik unit and the silicon atoms in the
sites, and a less strict criterion of 0.005 Ry/a.u. in otherdimer is about 2.33 A, while the dimer length increases from
cases. 2.33 A before adsorption to 2.43 A afterwards. One can un-
In our study, we investigate two adsorption sites of inter-derstand the adsorption process as breaking one dimer
est[Figs. 4a) and 2b)], along with the inter-row site, shown bond and forming two new bonds to the Si atom in SiH
in Fig. 2(c). The inter-row structure is expected to be ener-With new bond angles of the order of 60° as shown in Fig.
getically unfavorable because it results in much larger Si-SB(a), this is far from the ideal tetrahedral arrangement. This
bond lengths than that of the dimers on the bare surfaces the reason why it was not considered to be favorable in the
Three different surface environments are considered. Firspast! In comparison, the weakr bond is broken on two
we study SiH on a bare 31100 surface. This serves as a dimers for the intrarow configuration in Fig(l8, as seen in
reference for comparisons. Second, we repeat the calculatidhe increase in the dimer bond lengths. Two new bonds from
for SiH, on a hydrogenated @00 surface with the stable the Si atom in Si to two surface atomsassociated with
monohydride configuration, since in the CVD process thetwo adjacent dimers in the same rpare formed with a bond
surface is usually covered with hydrogen. Finally, we study dength of about 2.4 A. Although no highly unusual bond
situation in the initial stage of growth with low coverage of angle appears as in the on-dimer configuration, two dangling
SiH, and an equal number of hydrogen adatoms, as investbonds are not saturated at the Si atoms on the opposite end of
gated in the experimefit. the two dimers involved in this case. This raises the energy
Our theoretical results of SiHadsorption on bare 00  of this configuration, according to our calculation, to be
are as follows. The relative energies for the on-diffféig.  above that of the on-dimer configuration on the bare surface.
2(a)], intrarow[Fig. 2b)], and inter-ron[Fig. 2(c)] configu-  Note that the geometry is not completely symmetric in Fig.
rations are—0.14, 0.0, and 0.42 eV per SjHrespectively, 2, because the bare surface has an alternating buckled dimer
as shown in Table I. We find an energy difference of 0.14 e\structure.
between the two low-energy configurations, while a differ- It is interesting to note that the intrarow location is actu-
ence of less than 0.01 eV was reported in Ref. 13. This maglly favored by a Si adatom on @00, which is the so-
be due to the different size of surface unit cells used. Thealled M site®'? We use the same\8x \/8) cell accom-
inter-row site is high in energy as expected, because of thmodating ap(2x2) symmetry for this calculation. Our
large strain energy caused by the stretch of the bonds: thesult shows that th&1 site is lower in energy by 0.59 eV
lengths of two dimers bonded to the Sibiit changes from compared to théd site between two Si atoms in a dimer,
the bare dimer length of 2.33 A to 2.58 and 2.69 A, respecwhich is the same as reported in Ref. 10. The single Si ada-
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TABLE I. Relative energies for different configurations of $iH @@

adsorbed on bare and hydrogen passivateanohydride Si(100), 'l 240 I 

as well as for the Sikt-H configuration on the bare surfa¢see : 237 \2.33

text for detail3, in comparison with the results of an earlier theo- (a) ¢ @ e @e o9

retical calculation for the bare surfa@@ef. 13. The energies are in .. 8

eV per SiH. : é . K .

Bare Ref. 13 Passivated SitHH

On-dimer -0.14 0.004 0.11 0.13
Intrarow 0.00 0.0 0.0 0.0
Inter-row 0.42 0.31 0.42 DA A

L. . b
tom can go down further to a lower position than SiFfhe ®

bond lengths of the ad-Si to surface atoms are about 2.4 A, , s A R

and the distance between the adatom and the second-layer PP S S, y

substrate atom is 2.43 A. When the hydrogen atoms are at-

tached to the adatom sitting at thé site to form the SiH FIG. 3. (a) The on-dimer andb) the intrarow configurations for

unit, the Si adatom, with four bonds saturated, is pushed ufhe SiH+H system on bare §i00. The Si-Si bond lengths in A
by more than 0.7 A to be further away from the second-layegre indicated.
substrate atoms.

The preference of the on-dimer adsorption site concludeghe |ength of the two neighboring dimers is stretched to 2.59
from the calculation for Siklon the bare surface seems to be g

inconsistent with the STM resuftgthat the SiH fragment is When Sik, decomposes into Sika hydrogen adatom is
observed located at the intrarow site at low coverage. How-

- ; rel h rface. Therefor I -
ever, the surface is likely to be hydrogenated during theeeased to the surface. Therefore, at low coverage, one ex

CVD process. We should also consider Sadisorption on a pects that almost equ_al amounts of Siahd H exist on the
hydrogen covered Gi00) surface, which may provide the surface, as observed in the STM imagésVe have repeated

insight in resolving this discrepancy. In the calculation, allthe calculation for this case by adding one Sighd one
surface atoms are passivated by hydrogen, except the onB¥drogen adatom per unit cell to the bare surface. The hy-
bonded to the Sikifragment. On this stable monohydride drogen adatom is placed near the adsorbeg,Sisishown in
Si(100 surface, the relative energies for Sildt the on-  Fig. 3, to mimic the situation right after the Sjtdecompo-
dimer, intrarow, and inter-row sites are 0.11, 0.0, and 0.43ition. Energies are calculated for both the on-dirfféig.
eV, respectively, shown in Table | for comparison. The main3(&)] and the intrarowFig. 3b)] locations. We find the in-
difference between the results on the bare and hydrogen paarow site is again energetically more favorable than the
sivated Sj100) is the reversed order of stability between the on-dimer site by about 0.13 eV in this SitHH configura-
on-dimer and intrarow sites: the on-dimer site is more favordion. Adsorption of SiH at the intrarow site breaks two
able by 0.14 eV on bare @00 while the intrarow site is dimer 7 bonds, and one of the resulting two dangling bonds
more stable by 0.11 eV on monohydridg1%i0). This can be is saturated by the H adatom. On the other hand, adsorption
understood from the bonding configurations on the surfaceof SiH, at the on-dimer site breaks one bond, but the
On hydrogen passivated ($00), SiH, at the intrarow loca- nearby H adatom breaks another, leaving also one unsatur-
tion does not have dangling bonds at the other end of thated dangling bond. This is supported by the elongation of
dimers to raise the energy. Therefore, the intrarow configuthe dimer from 2.33 to 2.40 A. Other Si-Si bond lengths,
ration, with more favored bond angles, results in a lowershown in Fig. 3, change by no more than 0.04 A from those
energy than the on-dimer configuration. A comparison of theassociated with Sikladsorption on the bare surfaffég. 2).
bonding differences on the two surfaces indicates that the ndtherefore, the energy of the on-dimer configuration is higher
relative energy chang@.25 eV} should be roughly the en- due to the sterically unfavorable angle of about 60°. Wang
ergy to break one dime# bond. This is consistent with the et al® reported sequential images of the((®i1) surface
estimated values for the bond strength from the theoretical showing the adsorption of S§iand the subsequent disso-
H-pairing energies® ciation reaction Sik(ad9—SiH, (ad9+H (ad9. In the
The detailed information on the geometry of Sibh the  STM images, hydrogen seems to have diffused away from
hydrogenated surface is given below. For the on-dimer conthe position right after the decomposition of gjHut SiH,
figuration, the distance between the Si adatom and the suis almost exclusively observed at the intrarow site, consistent
face dimer atoms is 2.33 A, while the dimer length is 2.44 A.with our energetics result.
For the intrarow configuration, the Si adatom is at a distance Two adjacent Siklfragments located at the on-dimer sites
2.41 A from the surface atoms, while the bond len@®0  can recombine into a Si monohydride dimer in the normal
A) of two surface dimers connected to the Si adatom iglirection for epitaxial growth, while the product from two
hardly changed from that of monohydride dim@:41 A). intrarow SiH, fragments is a “nonrotated” dimer parallel to
These numbers are all withinr 1% of the results on bare the substrate dimers and centered in the trough between two
Si(100). The result for the inter-row site shows that the Sidimer rows® In the latter case, a 90° rotation is needed af-
adatom is at a distance 2.51 A from the surface atoms, whileerward in order to have a growth layer with correct orienta-



RAPID COMMUNICATIONS

R13 366 SUKLYUN HONG AND M. Y. CHOU PRB 58

tion. Our theoretical study indicates that in the presence obecause extra dangling bonds are created in the latter con-
hydrogen, SiH prefers the intrarow position. Therefore, im- figuration when the surface dimerbonds are broken. How-
mediately after the recombination, we expect the Si monoever, when hydrogen is present on the surface, the energetics
hydride dimer to be parallel to substrate dimers. In fact, pairorder is reversed. This is explained by the passivation role of
ing of intrarow SiH before recombination is observed in the hydrogen on the surface. Through this comprehensive study,
annealing experiment, as well as the nonrotated dimer spgye conclude that in the SiHadsorption problem, hydrogen

cies after reco!'nbinatio*hPairing of intrarow SiH plays an  plays an important role in determining the stable energy con-
important role in the growth and will be the subject of future figyration.

studies.
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SiH,+H system on bare §i00). For the bare surface, the ence FoundatioriGrant No. DMR-915753)/ and the Na-

on-dimer geometry, despite the unfavorable Si-Si bondional Energy Research Scientific Computing Center
angle, is found to have a lower energy than the intrarow site(NERSQ.
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