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Local arrangement of silylene groups on Si1002x 1 after SiH, decomposition
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The interaction between @i002X1 and SiH under UHV chemical vapor deposition conditions between
550 and 690 K is studied with high-resolution scanning tunneling microscopy and kinetic model calculations.
In addition to small anisotropic Si islands and patches of hydrogen-terminated substrate, metastable cross-
shaped structural tetramer units are formed in this temperature region. These tetramers are interpreted as a
combination of four SiH groups connecting four Si substrate atoms, and their coverage is correlated with the
decomposition kinetics of Sijd [S0163-18207)05707-X]

I. INTRODUCTION —1.7 V. Darker tones in the images correspond to lower
areas in the topographwith the exception of Fig. @].

The decomposition of SiHon S(100 is one of the most
important reactions on semiconductor surfaces because of its
use in Si thin-film epitaxial growth by chemical vapor depo-
sition (CVD). Hence a detailed knowledge of the contribut-  Adsorption of SiH was carried out on clean and well-
ing processes, on an atomic scale, is desirable to find therepared 1002x1 samples, which show the well-known
optimum process parameters for Si deposition. So far thigimer reconstruction with a low defect concentration of a
reaction has been investigated mainly with spatially averagfew percent. Typical surface structures which can be ob-
ing methods like temperature-programmed desorptiorserved on these surfaces after Secomposition between
(TPD ,1v2 static Secondary_ion mass spectrosc@ﬁ”\ﬂgll 550 and 690 K are illustrated in F|g 1. This figure shows a
and time-of-flight mass spectroscopyOF-MS).% Based on STM image of a surface area with two terraces separated by
these investigations a reaction scheme was sét Apde-  an Sg step (i.e., the dimer rows of the upper terrace are
tailed understanding of the decomposition and Si formingP€rpendicular to the step edgafter exposure to 340-L SiH
process and of the various intermediate species, howevedf 690-K substrate temperature and a pressure
was hampered by the lack of topographic information. WeP(SiH;)=1x10"° mbar. The image resolves thex2 recon-
therefore started an extensive scanning tunneling microscopifruction of the surface with dimer rows rotated by 90° rela-
(STM) study on Si epitaxy by decomposition of Sjten  tive to each other on subsequent terrace levels. Si islands
Si(1002x 1. Results concerning the Si island growth behav-grown by Sik decomposition at this temperature and cover-
ior and the diffusion of intermediate species were publishecd€ (0.1 ML) are anisotropié;® their preferential growth di-
recently*® In this work we report on a metastable surface’®ction is perpendicular to the underlying Si dimer rows.
Species observed after deposition in the temperature ran&)th isolated dimers as well as dimer Strings one dimer wide
550—690 K. From our STM measurements, kinetic modeRnd several dimers long are found in the image, in addition
calculations, and by drawing on earlier work on $idécom-  to some wider islands. Adsorbed hydrogen atoms resulting

position on S(1002x1, this species is identified as a tet- from SiH, dissociation are paired on the substrate dimer
ramer consisting of four Sifgroups. units, whereas the islands are free of hydro§@uoth ad-

sorbed hydrogen and vacancies appear as darkened Si sites in
the images presented here, as described previduslyt the
hydrogen-terminated dimers can still be detected under ap-
propriate conditions, such as in Fig. 1, and can therefore be
The experiments were performed in a STM-equippeddistinguished from missing dimer unitdn this temperature
UHV system described elsewhéré&he samples were cut regime, besides the SjHspeciesx=2 and 3, the hydrogen
from commerciab-Si(100) wafers with a resistivity of 0.025 adatoms are also mobflend form patches of aggregated
Q cm and a miscut of 0.3°, and cleaned using standard praadsorbed hydrogen islandsndicating that there is a net at-
cedures. They can be heated in a heating stage, by electrénactive H-H interaction.
impact from the back, to temperatures up to 1500 K. In addition to Siislands and hydrogen-terminated Si areas
Monosilane is introduced into the chamber through a precialready reported in earlier workan interesting surface spe-
sion leak valve. After checking the surface for cleanlinessies(see, e.g., arrows in Fig.) 1s observed after deposition
and low defect concentration, the sample is exposed tq SiHunder these conditions. These structures are cross shaped and
(typically 10 '—10"° mbar partial pressure, 2% silane in)Ar have similarities with four-leaf clovers. They are termed
at a selected substrate temperature. After the exposition thEloverleaf structures” in the following. At 690-K growth
sample is cooled down to room temperature, and then transemperature only a few of these structures are presss
ferred to the tunneling stage. Images are typically recordeéig. 1), but they are observed in the entire temperature re-
with a tunneling current of~30 pA and a sample voltage of gime examined, from 550 to 690 K, with different tunneling

Ill. RESULTS AND DISCUSSION

Il. EXPERIMENT
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FIG. 1. STM image(480x480 A% of the S{100 surface after
exposure to 340-L Sifi[p(SiH)=1x10"° mbar, 2% in Af at

consisting of 1—-4 dimers. The shape of the two-dimensional
islands is less anisotropic, and the island density is increased
compared to Si growth at 690 Kee Fig. 1, which can be
among others attributed to a reduced mobility of the Si or
SiH, species.

At this growth temperature a concentration of 232
cm 2 is found for the cloverleaf structures after exposure to
340-L SiH,. Their distribution on the surface is homoge-
neous, and we did not detect any preferential sites such as
step edges. The structures are fourfold symmetric, with four
clear maxima. The height of the maxima extends about 0.7 A
above the surrounding silicon substrate dimer units under
these tunneling conditions. When exposing the surface at
room temperature to SiH we did not detect any of these
symmetric features. Also, above 690-K substrate temperature
none of these cloverleaf structures are found. However, once
they are formed, these structures are stable at least on a time
scale of hours after quenching the sample to room tempera-
ture. However, after tempering the sample at 850 K, these
structures disappear.

To gain further information about the nature of the clo-

690-K substrate temperature. Beside this, anisotropic Si islands angerleaf structures, we consider the reaction scheme proposed

patches of aggregated adsorbed hydrogen cross-shépleser-
leaf"") structuregindicated by arrowscan be seen. Sample voltage:
—1.7 V; tunnel current: 40 pA.

in Refs. 1 and 9 for Siljdecomposition on $1002Xx1. It
includes the following steps:

SiH4(g) +2db—H+SiHs,, 1)
tips, in different experiments and with different Si samples. -
The density of the cloverleaf structures depends strongly on SiHz+2db—H+SiH,, 2
the deposition conditions, i.e., substrate temperature and ) .
SiH, flux. The lower the substrate temperatdetween 550 25H;—Hy(g)+H—-SI—Si—H, )
and 690 K, the more of these species are observed. A largand/or
number of them can be identified in Fig. 2, after 340-L ex- _ o
posure at a substrate temperature of 570 K and 2SH,+2db—2H+H~-Si—-Si—H, 4
p(SiH,)=2X10"" mbar. This image shows a surface area e .
with two terraces separated by a monoatomic step running H—Si—Si—H—H,(g) + Si=Si, %)
from the upper left to the lower right. Even here, at a tem- 2H—H,(g)+2db. (6)

perature as low as 570 K, smallx2 islands are formed,

FIG. 2. STM image(420x420 A?) of the S{100 surface after
exposure to 340-L Sij‘-l[p(SiH‘1)=2><10*6 mbar at 570-K sub-
strate temperature. The density of the clover structures is muc

The symbol db is used for a dangling bond of a Si surface
atom, and the number of surface bonds of a Si or H atom is
indicated by single and double underlining, respectively.
SiH, reacts at with two db’s on one dimer or with two db’s
on adjacent dimers within a row dissociatively under forma-
tion of adsorbed hydrogen and adsorbed Sgfoups[Eq.
(1)]. SiH; was found to dissociate at temperatures below 600
K under saturation of free db’s of the surface following re-
action (2),* without H, desorption into the gas phase. The
next dissociation product, Siil is stable at room
temperaturé® The decomposition mechanism of Silde-
pends on the initial Sikl coverage. At higher coverages
(=0.02 ML), where the surrounding db sites are saturated
either by adsorbed SiHor H species, Sikldissociates be-
tween 675 and 775 K, producing desorbing hydroggn
peak in TPD,! and the monohydridEq. (3)]. At low initial

SiH; coverage$0.02 ML), SiH, dissociates between 600 and
750 K, under formation of adsorbed hydrogen and Hif.

(4)]. Here the hydrogen atoms can adsorb on neighboring db
sites. Isolated SiH is either short lived as an isolated species,
or it dimerizes under formation of a hydrogen-terminated Si
dimer. Finally, hydrogen desorption from the monohydrides
FEgs. (5) and (6)] occurs above about 700 KB; peak in

higher than in Fig. 1. The inset shows an enlarged detail of théTPD).! To analyze the stability range of the Sildissocia-

image. Sample voltage:1.7 V; tunnel current: 30 pA.

tion products and their concentration in different temperature
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ing rate 11 K/$ are the same as in the experiments of Ref. 1.
When comparing the results of the measurements in Ref. 1
with our simulations, there is excellent agreement as far as
the evolution of SiH and desorption of (B, and8; peaks

are concerned. The calculations show that,3&-by far the
most abundant SiH species between 500 and 700 K,
whereas most of the SiHs dissociated up to 500 K. Only
above 700 K is the SiH coverage larger than the ,Sibiv-
erage in a narrow temperature regime.

Results for the temporal evolution of the H and Si¢v-
erage during Siljexposurg2x10 ° mbay, at a temperature
of 570 K, are shown in Fig.(®). While SiH, is the majority
species under these conditions, the Séid SiH coverages
are clearly negligible. After 225 s of SjHlosingli.e., 340 L;
see the arrow in Fig.(B)] steady-state conditions are not yet
reached. The corresponding surface topography resulting af-
ter such an exposure is displayed in the STM image of Fig.
2. At this point the SiH coverage is about 4% of a mono-
layer, while the deposited amount of Si#€).07 ML and the
db concentration is 85%.

Since in our experiments the Sjkéxposure was carried
out between 550 and 690 K, we expect the majority of the
SiH, species to be Sif It is therefore very reasonable to
propose that the SiHgroups play a major role in the forma-
tion of the cloverleaf structures. To confirm this, we consider
the possible dissociation fragments §jl$iH,, and adsorbed
H from monosilane molecules, and their bonding geometries
on Si1002x1.

In order to achieve fourfold tetrahedral coordination for
the Si atom, a Siklgroup would be bonded directly to one of
the terminal dangling bonds of a=SiSi dimer. An isolated
adsorbed Siklgroup is located midway between two dimers
of the same dimer row, in an off-center position, with the
underlying dimer o bond intact, as reported for ,5ig
dissociation'® As identified in previous experiments on disi-
lane adsorption and dissociation, which produces the same
surface species as monosildne,SiH; group would appear

FIG. 3. (a) Calculated thermal evolution of the Sjldissociation  as a protrusion at negative sample bias, whereas adsorbed
products SiH, SiH,, SiH, H, and desorbing JHupon annealingl1 hydrogen can be identified as darkened Si te’uch pro-
K/s), after adsorption of 0.2-ML Silion S{1002x1 at 150 K. The  truding SiH; structures are, however, not observed, and are
parametergactivation energies for dissociation/desorption, preex-also not expected in the temperature regime investigated, be-
ponential$ are taken from Refs. 1, 11, and ](B) Calculated tem- cause these Species dissociate too fast. |ndeed’ agdg Si
poral evolution of the Sikl and H coverages upon exposure of adsorption, Sikalready decomposes within a few minutes at
Si(1002x1 to SiH, [570 K, p(SiH,)=2x10"mbar. The SiHand 300 K, while isolated Sikigroups can be observed up to 540
SiH; coverages are completely negligible under these condltlonsK_ls Therefore, and because of the simulation results de-
The SiH coverage becomes important only far beyond the displayedrjeq ahove, we suggest that the four-leaf clover is formed
exposure time by decomposition of $iHThe arrow indicates the 5 ¢ombination of four Sikigroups. Individual Si dimers,
exposure after which the image in Fig. 2 was recorded. on the other hand, which at a first sight also seemed to be
conceivable as tetramer building units, appear larger in width
regimes, in particular in the regime where cloverleaf struc-and height than the four maxima in the cloverleaf structure
tures are observed, we performed numerical simulations oander these tunnel conditions, which can also be seen by
the coupled Siljdissociation cascadé&qgs. (1), (2), (3), (5), direct comparison with individual dimers in Fig. 2. They can
and (6)] using values for the reaction rate constants fromtherefore be excluded as clover building units.
Refs. 1, 11, and 18see the Appendix Since no information Details of the bonding geometry of the cloverleaf struc-
is available for the kinetics of Ed4), this channel for Sill  tures can be derived from a close-up of the silane-dosed sur-
dissociation was not considered. Results of these calculatiorface, where one such feature can be sgég. 4a)]. We
are shown in Fig. 3. The first grapkig. 3(a)] illustrates the  would like to note here that it is very difficult to obtain
evolution of the different Siljdissociation species after ad- atomic resolution for both cloverleaf structures and the sub-
sorption of SiH at 150 K and subsequent heating of thestrate. As a guide to the eye, grid lines parallel and perpen-
surface. The parametefadsorption temperature 150 K, ini- dicular to the substrate dimer rowmidway between the
tial coverages of Sikland H 0.2 ML for each species, heat- rows and between neighboring dimgrare also drawn in
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This structure implies that at the four substrate dimers in-
volved both the weaker StSi 7r bonds as well as the stron-
ger o bonds are broken. As a result a local unreconstructed
1x1 surface with a surface Si-atom separation of 3.84 A is
produced. Each Si surface atom involved is bound to two
SiH, groups, and each SpHyroup forms two backbonds to
% adjacent substrate atoms. This way every silicon atom in the
adsorption complexfour Si atoms from SikH groups and
four substrate Si atomsis fourfold coordinated. In this
model, the four Si atoms of the SjHjroups can adopt an
almost ideal tetrahedral configuration. The bonds of the four
involved substrate atoms are strained, since two of the SiH
groups are shifted from the ideal tetraeder positions, while
the Si atoms of the other two silylene groups can be bonded
<—— at bulklike positions, but probably all bonds in the adsorption
complex will be relaxed to a certain degree as compared to
the bulk bond lengths and angles. Hence the clover structure
can be built up by four Sikigroups by a modification of the
Si tetrahedral bonding geometry with moderate strain. In this
tetramer bonding model, half of the broken substrate dimer
atoms are not involved in its basic configuration. Since this is
energetically unfavorable, several secondary processes are
conceivable, such as termination of their db’s with hydrogen
or Si==Si dimerization(in the direction perpendicular to the
original dimerg or a combination of these processes. This
question, however, cannot be answered from the present
data. The energetically unfavorable process of breaking the
strong Si—Si o bond, which might appear as an argument
against the above interpretation, is also necessary for forma-
tion of epitaxial 21 islands and occurs at this temperature
of 550-570 K[Figs. 2 and #4)], and in molecular-beam
epitaxy even at room temperatuffe.
Since in bulk silicon the Si-Si bond length is 2.35 A, the
FIG. 4. (a) Enlarged detai(85x70 A% SiH, deposition tem-  grface Si atom separation on the unreconstructed, ideally
perature 550 Kof a cloverleaf structure showing its bonding ge- p|k-terminated S1L00) surface would be 3.84 A because of
ometry on the surface; grid lines are drawn parallel and perpendicUyy,q tetrahedral bonding angle of 109.5°. The arrangement of
lar to the substrate dimer rows, midway between the rows ang, - iy groups as described above is the sterically most
between the Si dimers. Two different gray scales are used 10 €fg oo nahe configuration for the four-leaf clover, as observed
hance the contrast at the substrate and adsorbate level and to fac|l-

tate the determination of the exact position of the cloverleaf strucy\”th STM. A SiH, group bridging two unreconstructed sur-

ture with respect to the dimers of the substrate. In thisface Si atoms with tetrahedral geometry would have-Si

representation, hydrogen-free substrate dimers appear as cIouQ)Qnd Iengths close tc_) that qf. bulk Sll.'con.’ because_ln this
structures. Image conditions as in Fig.() Schematic illustration configuration the relative positions of six Si atothwo SiH,
of the proposed tetramer structure with four Sisfoups. and four substrate atommvolved in bonding are nearly the

same as in the bulk. This holds for the two Si atoms of the

this figure. In addition to the clover structure the surfaceSiH, groups which are in a plane with the substrate atoms
contains H-terminated dimer roymarkedA in Fig. 4@]as  underneath which is parallel to the dimer orientation, while
well as clean X1 areas[markedB]. The former appear the other two SiH groups are shifted from the bulklike po-
slightly lower in STM images. To enhance the contrast, wesitions. We therefore propose that the feature shown in Fig. 4
used two separate gray scales for these areas. Inspecting flsean arrangement of four SiHjyroups, bound to the surface
clover species, we find that it is centered in the minimumin the geometry discussed above.
between two neighboring dimer rows, with two maxima be-  Similar features were not found in previous experiments
tween the dimer rows and the other two each extending inton interaction of disilane with §100)2Xx1 at room tempera-
one dimer row, centered between the dimers. The latter twture or subsequent annealitlg:* We mainly relate this to
maxima resemble the bonding geometry expected for twehe different experimental conditions in Refs. 10 and 13.
SiH, groups, which are each bridge bonded between twdhose experiments were performed by dosing the surface
dimers within a single row, leaving the Si-Si dimerbond  with disilane at room temperatuf®T), subsequent anneal-
intact® Such a configuration of paired Sjtjroups was al- ing to various temperatures, and imaging with the STM after
ready seen after disilane dissociation as a precursor for sguenching the sample to RT. Isolated, randomly adsorbed
lylene decompositioh® SiH, groups from dissociated $ig were identified, which

The resulting model for a symmetric tetramer consistingdisappeared after annealing to temperatures above 540 K. In
of four SiH, groups is schematically sketched in Fighy4  contrast, we exposed the surface continuously with monosi-

11101
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lane between 550 and 690 K, and imaged the result with the ks

STM after quenching the sample to RT. Under deposition 2SH,—Hy(g) +H—Si—Si—H,
conditions a steady concentration of mobile gigroups

emerging from SiH decomposition exists, which facilitates ke

nucleation of the tetramers by aggregation of S#pecies. H—Si—Si—H—H,(g) +2db+Si=Si,
From the values reported for the diffusion barrier of(Bef.

15) (1.44 eVj or SiH, (Ref. 5 (1.24 eV} in the presence of ke

coadsorbed, mobile hydrogen the mobility of Sikh the 4H—2H,(g) +4db.

investigated temperature regime should be high enough the}Ihe
individual SiH, groups can meet and nucleate tetramer unit

before they dissociate. We expect that these tetramer stru%
tures can also be formed by,HBi decomposition, provided
the exposure is carried out at appropriate temperatures.

reaction constantk, is defined as k;=k?
exd —E,/(RXT)], with an activation energi, of 3 kcal/
ole for SiH, adsorptior?, and the preexponenti&l? is cal-
culated from the relation  Sg=2XNZxk?
Finally, we want to briefly discuss the energetics of thegieHXdonEaS/.(ggo??Osf Ié)],_stlerghaWitilgﬁ"}g g;?it\)gzmgoﬁ]f
e 4 R™
tetramer structures. For the latter ones, fow=Si dlme_r(r growth rate measuremerftd\y; is the density of dangling
bonds and four dimetr bonds have to be broken, while for bonds on the $100) 2x1 surface(6.8x10% cm ). The
four individual Sikb groups breaking of eight (Ij|m.e1.‘ bonds_ decomposition of Siklgroups is assumed to be pseudo-first-
IS necessary. This would clegrly favor .the individual §'H. order, with an activation energy of 2 kcal/mole and a preex-
species. If we allow the four Si atoms aside the tetramer un'tBoner’nial 0fk9=0.85 s The decomposition of silylene
2_ . .

to dimerize, they could additionally form twe and two groups is second order with an activation energy of 43 kcal/

bonds. This should still be less favorable than four |nd|V|dua}Imole and a preexponential &8=4.7x10"2 cn?s 1! The

SiH, species, but the tetramers might be stabilized by Stra"Eiesorption of H from the Si monohydride state is first order,

energy released durm.g. their formation. The stable final StrUCWith an activation energy of 47 kcal/mole and a preexponen-
tures of course are Si islands.

tial of k3=8x10'" s 1.22 The time evolution of the coverages
for the individual species was then derived from the follow-

IV. SUMMARY ing scheme of coupled differential equations:
In summary we have shown that during adsorption of
SiH, on S{1002X1 between 550 and 690 K, and thermal degng_ZXk M oes X P DXk 0
decomposition beside normal Si island growth, a metastable dt 17 Psir, < Uab 27 USiHg:
specieq“‘cloverleaf structure’ can be formed. This species
is identified as a Siktetramer configuration which probably dosi
nucleates by coalescence of Sigroups, the majority Sild = 2_ox Ky X Ogin. — 2 X kg X 9§iH ,
species in this temperature regime. d =3 =2
dég;
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APPENDIX

The stoichiometric reaction scheme leading to Si film TZZXK“X Osint 4XKgX Oy — 4 XKy X Psip, X 03

growth from SiH, decomposition can be described in the
following manner’ —2XKpX Ogj,,

kg

2SiH,(g) + 4db— 2H+2SiH,, with the cond|t|on05iH3+ Osin, T Osin+ Oop= Ng;.

These five coupled differential equations were solved by nu-
k2 merical integration using Euler’'s method with a time incre-
2SiHz+2db— 2H+2SiH,, ment of 10* s.
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