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The adsorption mechanism afsexithiophenéa-6T) on the clean Si(1008(2% 1) surface has been
investigated using scanning tunneling microscdByM) and first principles electronic structure
calculations. We find that at submonolayer coverage, 4f&T molecules are not stable and
dissociate into monomers. We observe two different configurations of the monomers and have
discussed the corresponding adsorption geometries based on theoretical calculations. The
calculations elucidate how the fragments are absorbed on the surface, giving rise to the observed
STM images. With increasing coverage, the STM images show the existence of comfi€te
molecules. In addition, results of the adsorption behavioa-&T molecules on the H-passivated
Si(100)-(2x 1) surface are reported. On this surface the molecules are highly mobile at room
temperature due to the weak molecule-substrate interaction. The STM results also indicate that they
can easily be anchored at the defect sites2@?2 American Institute of Physics.

[DOI: 10.1063/1.1480857

I. INTRODUCTION di-o bonding configuration. Besides simple alkenes, conju-
gated dienes such as 1,3-butadiene and 1,3-cyclohexadiene
In recent years studies of organic molecular adsorptiomave been investigatéd:?lt is found that these conjugated
on silicon surfaces have been largely stimulated by the scidienes can react with Si—Si dimers not only via one of the
entific interest in organic modifications of silicon surfaes. two C—C double bonds, but also through both C—C double
By tapping into the vast resources of organic molecules, &onds, resulting in multiple bonding structures on the sur-
wide variety of functionalities can be designed and incorpoface. The reaction between a Si—Si dimer and two C-C
rated with the existing silicon-based technology for new andiouble bonds is referred as the Diels-Alder reaction. The
improved semiconductor devices, e.g., molecular electronicsnteresting aspect of this reaction is that it produces a six
chemical sensors and “DNA chips.” Prior to realization of membered ring containing a residual C—C double bond
hybrid organic molecule-silicon devices, a detailed underwhich may prove useful in further controlled chemical reac-
standing of adsorption behavior of various organic moleculesions at the interface. Furthermore, interaction between aro-
on silicon surfaces becomes essential for controllably incormatic compounds, e.g., benzeéle®® toluené® and
porating the organic functionalities with the silicon micro- thiophene?’ and the Sil00) surface has also been investi-
electronics technologf. gated. All these molecules show multiple bonding geom-
In the area of organic molecular adsorption on silicon, aetries on the surface. For instance, room-temperature STM
lot of work has been focused on alkerfésmong the alkenes  image$®?clearly illustrate that three different images of the
ethylene was the first molecule for which the adsorptionbenzene molecule can be observed on the S)-1Qx 1)
structure on the Si(109(2x 1) surface was well established surface and these images correspond to three different ad-
by experimental methods such as scanning tunneling micrasorption geometries.
scope(STM)®>® and traditional surface science technigié$ In our experiment, we focus on a large rodlike conju-
as well as by theoretical simulatiohs*? It has been demon- gated moleculep-sexithiophene(a-6T), which is a proto-
strated that ethylene reacts with the silicon surface via theype molecule for devices such as field effect transistors
interaction between the C—C double bond and silicon dimergFETs,28-3 |ight emitting diodegLEDs)*?*3and transistors
producing two Si-C bondsthe so-called diz bonding.  (LETs).®* Besides the technological aspect of this molecule,
Other alkenes are found to react in a similar fashion with thehe other reason for studying this molecule is that growth of
Si(100) surface’®’i.e., they bind to the surface also via the oligothiophene thin films onto dielectrioxidized silicon®
mica®®%9, semimetalHOPG®® and metal surface@u, Ag,

40-43 ; ;
dAuthor to whom correspondence should be addressed. Electronic maif:A‘I) has been thorOUthy _StUd!ed- In comparison, the
rl@mic.dtu.dk growth of large conjugated oligothiophene molecules onto
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system is attached to the load lock and can therefore be

2 : "n‘: ,;@\'“ ’(;"‘&:‘ Q'::’, pumped separately without disrupting the vacuum condition
°f‘ :’ | ’.&% % e @ in the main champer. The deposition system consists of an
; ' evaporator, a shutter and a quartz crystal microbalance.
SO Co H In the experiment commercial n-type (800) wafers

with a resistivity of 1()-cm were used as substrates. The
FIG. 1. Molecular structure of--sexithiophene. Ther and «’ mark the C clean reconstructed Si(lDQZX 1) surfaces were prepared
atoms adjacent to the sulfur atoms. L . .

inside the main chamber by flashing the sample up to 1473 K

for a few seconds, and cooling the sample with a rate around

clean semiconductor surfaces is relatively unexplored. In or® K/S to room temperature. Prior to the flashing process the
der to gain the control needed to form highly perfect thinS@mple was degassed at 923 K for at least 12 h. The base

films, it is of considerable importance to study the adsorptiorPréssure during annealing was kept below E)*° Torr.

behavior ofa-6T on silicon surfaces. In this work, by com- The 2X1 reconstruction was verified by STM imaging.
bining STM experiments with the first principles studies weH-Passivated Si(108(2x1) surfaces were prepared by ex-
elucidate the reactive processes occurring upon adsorption 8PSiNg clean Si(106(2x1) surfaces to atomic hydrogen

e e
«-6T onto the clean Si(108(2x 1) surface and compare for 6 min with a chamber pressure of aboux 10" Torr.

with the adsorption process @f-6T on the corresponding DPUring exposure the temperature of the silicon substrate was
H-passivated Si surface. The difference of the two Si surkept at 62325 K. A hot W filament was used for cracking
faces lies in the chemical reactivity. Due to the existence ofh€ hydrogen gas. o

dangling bonds on the clean Si surface, this surface is more The molecular structure af-sexithiophenéhereafter re-
reactive than the H-passivated surface where the danglinfg'red to as 6Tis depicted in Fig. 1. The mass spectroscopy
bonds are passivated by hydrogen atoms. In this study wd€asurement showed that except for the initial ionization of
will show that the high reactivity of the Gi00) surface leads the 8T molecules to 6T ions, no fragmentation was ob-

to fragmentation of thex-6T molecules upon adsorption Served during sublimation. The melting point of 6T is 576

while the molecules adsorb intactly on the H-passivated sur=1 K. Prior to the deposition, the molecules were degassed,
face. and then evaporated on the sample surfaces via sublimation

at a rate of 0.01-0.02 A/s, which was monitored with a
quartz crystal microbalance. The deposition time for the
clean silicon surfaces ranged from 5 to 10 s, while for the

The experiments were performed in an ultrahigh vacuunH-passivated surface the time ranged from 30 to 60 s with a
(UHV) chamber pumped by an ion pump and a sublimatiorrate of 0.05-0.10 A/s. The coverage of the molecules was
pump. The base pressures can be kept below ZEstimated from the STM images. Tungsten tips were pre-
x 10 1° Torr. A load lock system enables efficient transferpared by electrochemical etching and were subsequently
of samples and tips without disrupting the vacuum systemcleaned inside the chamber by Aion bombardment. Con-
The main chamber is equipped with a commercial STMstant current STM images were acquired with the sample
(Danish Micro Engineering A/S The molecular deposition bias ranging from-2.0 to—2.5V.

Il. EXPERIMENT

5 10 15
Scan distance (A)

FIG. 2. (8 An STM image of the Si(100)-(2 1) surface after deposition of a submonolayer coverage of 6T moledylgs=0.15 NA; Vgampe= —2.5 V).
(b) The magnified STM image of the highlighted part(ef. A and B mark the two different types of the ball-like protrusiof@.The cross-section profile
along the line in(b).
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FIG. 3. The dimensions of 17 isolated bright spots in Fig. 2 measured in  Sexithiophene (6T) "2: oA >

three directions: length, width and height based on the cross-section profile
analysis.
FIG. 4. Molecular structures and dimensions of thiophene and its oligomers.

Ill. RESULTS
6T molecule, which is about 24 A. Thus, no 6T molecules

are observed after deposition of 6T molecules on the
Figure 2 shows an STM image of the Si()J0@Xx1) Si(100)-(2< 1) surface at low coverage.
surface after deposition of 6T molecules. The underlying  Figure 4 displays the molecular structure of thiophene
Si(100) surface structure is visible in the image. On theand its oligomers (Zn=<#6) obtained by optimizing the mo-
Si(100) surface, adjacent silicon atoms on the topmost layetecular structure using the semi-empirical PM3 metftbd.
pair into dimers via a strong-bond and a weakr-bond. In And we report the lengths as measured by the distance be-
the filled state image, Si dimers are imaged as bean-shapé&deen the two terminal H atoms bound to thg &oms at the
protrusions arranged in rows with an interrow distance ofend rings. By comparing the size of the protrusions obtained
7.68 A. At the step edge, with an atomic step height of 1.368n Fig. 2 with that of oligothiophenes, we find that these
A the dimer rows on the upper terrace are orthogonal tdoright protrusions have sizes most close to 1T. The average
those on the lower terrace due to the directional covalentatio of the length to the width of these spots is found to be
bond. Beside the dimer row structure, the image also clearly.1, in good agreement with a 1T molecule whose ratio is
reveals many bright ball-like protrusions on the surfacel.3. It is also well known that the size of adsorbates esti-
They are distributed across the surface as either isolatemhated by the cross-section profiles normally does not reflect
spots or small clusters. There is no indication of preferentiathe true geometric size of the adsorbates due to the complex
adsorption towards the step edges. To identify these brighihterplay between the STM tip and the electronic structure of
ball-like protrusions on the surface, a cross-section profilédhe substrate and adsorbate. Thus, the discrepancy between
analysis was performed for 17 isolated bright spots. The sizthe measured and expected size of 1T could be caused by
is given by the value of the full width at half-maximum this kind of the tip-sample convolution. Our observation sug-
(FWHM) of cross-section line profile. A line profile for one gests that upon adsorption on the Si(:@x 1) surface at
selected ball-like protrusion in the magnified STM imagesubmonolayer coverage, due to the reactive Si dangling
[Fig. 2(b)] is displayed in Fig. &). The sizes of the spots bonds, 6T molecules are not stable and dissociate into 1T
measured in three directions are depicted in Fig. 3. The sizedsagments by breaking the & C,, bonds.
measured in two directions, perpendicular to and along the The position of these protrusions with respect to the un-
dimer rows, are referred as the length and the width, respederlying Si dimer rows was further investigated by a careful
tively. The third one corresponds to the height of the protru-inspection of the images. It was found that there are two
sions. The average value of length, width and height of thesdifferent types of ball-like protrusions, marked by A and B in
spots are found to be 650.6 A, 5.8£0.6 A, and 1.2 Fig. 2(b). For type A the ball-like protrusion is located ex-
+0.2 A, respectively. This result was further confirmed byactly in the middle of the silicon dimer row, so referring to
many other STM images recorded for different samples anthe dimer row it is symmetric. For type B, the bright spot is
tips. Although the values for the length and the width arecloser to one of the silicon dimer atoms, and therefore they
scattered, they are significantly smaller than the length of are asymmetric with respect to the dimer row. Since many of

A. Submonolayer coverage
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FIG. 5. A sequence of STM imagé&fsom (a) to (c)] of the clean silicon surface upon increasing doses of 6Tb)liseven bar-shaped protrusions of different
lengths are labeled and the measured lengths are plotted in Fig. 6.

these bright spots are agglomerated in clusters, it is difficulestimated the size broadening by calculating the size differ-
to make a reliable estimation of the relative percentage oénce between the average size of the ball-like protrusions in

types A and B. the image and the size of 1T. The average length and width
of the ball-like protrusion are found to be 7.1 and 6.1 A,
B. High coverage respectively, which are in accordance with the values ob-

Figure 5 shows a seauence of STM imades of the Clea}]ained for the protrusions in Fig. 2. Thus the size broadening
9 q g in this image is estimated to be about 2.5 A. In order to get

Si surface upon increasing the dose of 6T. With increasin%1 o : .
. . ) . A quick impression what these BS protrusions correspond to,
coverage, the concentration of bright ball-like protrusions is

also increasing, as shown in Figas Most protrusions are In the same figure the “lengths” of thiophene and oligomers

in clusters and located on top of the dimer rows. FurtherP to 6T, including the tip broadening effect, are plotted as

deposition leads to new features, bar-shap@g) protru- the dashed lines for the eye guiding. It is seen that the sizes

sions, appearing in the imaggig. 5b)]. It is found that all of the different BS protrusions are close to the sizes of olig-

. o othiophene for 2n=<6. We admit that there are some un-
the BS protrusions with different lengths have the long axes L : : .
. . N ) . certainties in the method used to estimate the tip broadening
oriented in the same direction as the underlying dimer rows; i :
?ffect. However, we are sure that longer oligomeric frag-

Moreover, the BS protrusions appear brighter than most o .
the ball-like protrusions. The height profiles reveal that Bsments(rlng number-1) start to appear on the surface after

protrusions are about 0.4 A higher than the slightly dim ball-
like spots. This gives us an indication that these BS protru-
sions are not directly lying on top of the silicon dimers.
Instead they may locate on top of the ball-like protrusions.
By further increasing the coverage, BS protrusions with dif-
ferent sizes become dominant on the surface, as shown in
Fig. 5(c). We do not observe any ordering of the BS protru-
sions.

Seven different BS protrusions, labeled in Figh)
were selected, and the measured lengths of these seven pro-
trusions are plotted in Fig. 6. Due to the tip-sample convo-
lution, we expect that the apparent size of these BS protru-
sions will be larger than their real size. Therefore, we also

28 ]
I i Yo
% 2OEEF§,G 4T
1 R TR 3T
O "L .. 2T|
— 84 o _____._ .E-H ............... lTv

4

FIG. 6. The lengths of the seven bar-shaped protrusions labeled in Fig. 3:IG. 7. Side view(a) and top view(b) of the cluster used to describe the
The molecular lengths of thiophene and oligomers up to 6T, including theSi(100) surface. There are a total of 56 Si and 48 H atoms. The solid
tip broadening effect, are plotted as the dashed lines. rectangle in(b) shows the irreducible part of the surface.
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DACAPO™ electronic structure code. These calculations
were based on density functional thedBFT), and the gen-
eralized gradient approximation of Ref. 48W91) was used

for the exchange correlation energy. The wavefunctions of
the valence electrons were expanded in a plane-wave basis
set with an energy cutoff of 20 Rydberg, and the core elec-
trons of Si, C, H, and S were described by ultra-soft pseudo
potentials!’ Within this approach the Si lattice constant was
determined to ba,=5.46 A. The Si(100)-p(X 2) surface
was modeled by a c(¥44) slab with four layers, thus a total

of 32 Si atoms. The last two layers were fixed in bulk posi-
tions and dangling bonds on the lower surface were passi-
vated with H atoms. A Gaussian broadening of 0.1 eV and a
(221) Monkhorst-Pack meéh for the Brillouin zone sam-
pling (two k-points in the irreducible zonewvere used. The
atomic positions of the Si atoms in the first two layers were
relaxed until the forces on the atoms were smaller than 0.2
eV/A.

A systematic search for S8, adsorption positions is
too computationally demanding using this approach, and in-
stead the semi-empirical Austin mod@&M1)*° was applied
to locate all the potential adsorption positions. These calcu-
lations were performed with theAussiaN 98 package?
which can only describe cluster geometries. For this purpose
we extracted a four-layer (43) silicon cluster from the slab
coordinates, and passivated all nonsurface dangling bonds
with H atoms(see Fig. 7. The solid rectangle in Fig.(B)

SCHy—al SCHy—all

FIG. 8. The three different classes of $G adsorption geometries obtained
with the AM1 method.

the dangling bonds are passivated with the monomeric frag:
ments.

IV. FIRST PRINCIPLES MODELING

Though the experimental data indicate that, due to stronc
interaction with the dangling bonds, 6T breaks into mono-
mers at submonolayer coverage, they are not able to give
details on the position of the underlying atoms. An accurate
modeling of these fragments on the surface, therefore, help
to elucidate where they are preferentially absorbed on the
surface and the main interactions among the atoms, whict
give rise to the observed STM images. From the molecular

; IG. 9. The DFT optimized structure of the @€ adsorption geometry
structure of 6T, we see that there are two different monomer\gvith the lowest(al) and the second lowest ener¢gil). (a) and (d): Side

upon QFC; bonq preaking- The four middle MONOMETS yjews, (b) and (e): Top views. The numbering of the atoms defines atom
(SCGH,) will be missing two H atoms, while the two outer- labels in Table I. The numbers 1, 2, 3, and 4 are used to label the C atoms

most monomers (SEl5) will be missing only one H atom, of SGH, and the Si atoms are labeled with the number of the C atom to

- . P which they bond. That means, {g) the numbers 1, 2, 4 and 5 are also used
relative to a thiophene moleculdT). For this reason, we %o label the Si atoms and i) numbers 1, 2, 3, and 4 are used for labelling.

have investigated theoretically the adsorption geometry 0fq) andif): Tersoff-Hamann STM images corresponding to a sample bias of
the two fragments on the @00 surface with the -25vV.
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TABLE |. Adsorption energy and structural parameters for the adsorption
geometries of SgH, shown in Fig. 9. For comparison the adsorption energy
and structural parameters of the most stable chemisorbed state of thiophene

~
eV}
N

Along the dimer row

on Si(100)-(2<1) (structure }, calculated by Jeongt al, are also listed. 4- - - SCHAa
The adsorption energies are relative to an isolated singlgtgS@olecule —— SCHyall
and an isolated singlet silicon substrate. The triplet state gHSG 1.11 eV —_ :?’WQ
more favorable than the singlet state within the AM1 approach. In the AM1 ot 34 —— S].ygiem
approach the molecule and the first two layers of silicon atoms are relaxed. \q‘;
In the DFT(1) approach the molecule and the first layer of silicon atoms are =
relaxed, while in the DFR2) approach the first three layers of silicon atoms <>V5 ]
are relaxed. Bond lengths are in Angstrand angles in degrees. [\.]
Energy SGH,-al SCH,-all Structure ¢ . .,,
AM1 ~8.73eV ~7.91eVv ~481 o/ Si_ St Si A
DFT(1) —4.44 eV —3.65eV : 0 4 8 12 16 20
DFT(2) —4.88eV —4.28eV - Scan distance (A)
Structural parameters . .
e, 1504 1513 1501 (b) Perpendicular to dimer rows
C,—GC; 1.468 1.633 1.476 e SCH.l
C-C, 1.368 1.517 1.347 . —— SCH.al
S-G 1.759 1.722 1.881 Type A
S-G 1.855 1.717 1.784 STy e TyeB
Si—-C, 1.897 1.931 1.908 3 7 %, e Sidimer
1 ; 3
Si,—C, 2.058 2.006 1.933 < N h Yo
Siz—GC; 1.993 2 & M
Si,—C, 1.925 1.936 2.539 = e .
Sis—S 2.539 2.347 § 14 , # "y e
£8GC, 106.5 109.5 106.3 N| :é:“';"""n.n-o...'. ...0""““"'o.tﬁ#::}*:""'ao-
Jcce,  ura 1003 71 o sisi - sisi SE
234 . . .
£.C3C,S 105.9 109.3 1125 0 ) 8 12 16 20
£.C,SC, 94.4 99.7 925 Scan distance (A)
£ SiC,S 119.2 104.1 118.8
£ Sib,C,Cs 101.8 94.4 106.4 FIG. 10. Line profileguppe) of the simulated STM image of $8,-al and
£.Si,SC, 115.1 all geometries together with line profiléwer) of the experimental STM
images for type A and type B alorig) and perpendicular ttb) the Si dimer
¥Data from Reference 27. row. The line profiles measured along and across silicon dimer rows are also

plotted as references.

represents the irreducible area of the surface, i.e., the small-
est area that can represent the entire surface. If the center @fithin class(a) there are two local minima, illustrated in
the mass of the molecular fragment is positioned within thisFigs. 9a) and 9d), which we denote geometry al and all. In
area, the results can be generalized to the entire surface fyble | we show the adsorption energies of these two geom-
using the symmetry operations of the surface. In the case dftries as obtained by subtracting the total energy of the iso-
SCGH,, the molecule was placed in eight different pointslated molecule and the energy of the clean Si surface from
along the long axis and three along the short axis. In eacthe total energy of each geometry.
point the molecule was turned 360 degrees parallel to the These two AM1 geometries were used as starting points
surface in steps of 30 degrees. This gives a total of 288&r supercell DFT calculations. In Table | we show the cal-
different initial positions, and in each geometry all 5  culated adsorption energies when the coordinates of the mol-
atoms were allowed to relax, while the Si atoms were kept irecule and the first layer Si atoms were relaxed within the
fixed positions. In order to facilitate rotations perpendicularDFT approachDFT1) and when coordinates of three layers
to the surface, the starting geometry of 5 was tilted a  of Si atoms were relaxedDFT2). Compared to the AM1
few degrees relative to the surface. The geometries with theesults, the absolute value of the adsorption energy changes
lowest energy obtained from this search were used as inpsignificantly, while relative differences are quite similar.
to a second set of calculations where also Si atoms in the fir§thus, in this case, the AM1 results seem to be quite accurate
two layers were allowed to relax. in predicting the most stable geometry. It is interesting to
The relaxed geometries can be sorted into three differertompare the obtained geometries with the adsorption geom-
classes, and a representative for each class is shown in Fig.@ries of thiophene on &00 which have been calculated
In class(a) the SGH, molecule is positioned parallel to the with the AM1 method by Jeong, Lee and KithComparison
surface within a dimer row. In clag®) the molecule is po- of the geometrical parameters shows that the most favorable
sitioned between two rows of dimers, while in cladssthe  adsorption geometry al is very similar to the most favorable
molecule stands on the surface. The geometries in ¢lss adsorption geometry of thiophene. In this geometry there is a
have AM1 energies that are more than 1 eV lower than theouble bond betweens@Gnd G, atoms. The main differences
geometries in the other two classes, and therefore in the fobbserved for SgH, are due to the larger reactivity of thg C
lowing we will therefore only consider claga) geometries. and G atoms of the diradical fragment, with respect to
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SC,H;z—a SC,H;-b
() d

A
D
—~
~TT
X

INENBEBIBEEN
N NI

lowest energy { 11.28 eV) (a) the second lowest energy-(11.16 eV) (b)
the third lowest energy €10.93 eV) (¢) and the fourth lowest energy
(—10.60 eV)(d).

thiophene. In fact, though the;EC, bond preserves its ' $ :
character of a double bond, as the case of thiophene, the C -

FIG. 11. The SGH; adsorption geometries using the AM1 method with the (C)' " Y (fy

atom has a larger interaction with the neighbor Si atom, in-
dicated by the shorter S+C, bond length. Besides, the
Si;—C; bond length is shortened, while that of,SIC, is o _ _
lengthened, Moreover, as shown for the thiophene moleculdi®: 12 The DFT ontnized suctre of e 56 adsortr geometies
the S atom has a significant bonding interaction with a Sgye similar to Fig. 9.

atom. The second stable chemisorbed state of thiophene

found by Jeong, Lee and Kim is the one where thea@m

is not bound to a Si atom. We do not find such a chemisorbegjated constant current filled state STM images of al and all
state for the S¢H, molecule, presumably because in our corresponding to a sample bias-62.5 V and a local density
case G and G, atoms are the most reactive atoms. In thegs states(LDOS) of 10 °> A3, This value of the LDOS
second stable chemisorbed state of thiophene, {f@&n is  corresponds to a current around® IA.52 Due to the limited
not bound to a Si atom, while that calculated for the;BE  nymerical accuracy of the plane wave expansion of the elec-
molecule shows larger interactions, especially amon@8d  tronic states in the vacuum region, this is the lowest LDOS
C, atoms as well as $iand G atoms. In this case, the (cyrrenj value we can use. We have found that the corruga-
diradical lies on the surface withyGand G, atoms, and & tjon in the calculated STM image only depends weakly on
and G atoms almost equidistant from the closer Si atomsthe | DOS value, and we expect only minor changes in the
while the S atom is not bound to a Si atom. In this chemi-gT\ image for the LDOS value corresponding to the experi-
sorbed state all four C atoms interact with the underlyingmental current of 1 nA as used for recording the experimen-
silicon atoms, thus the C—C bonds have a length of a singlgy| image. Figure 10 shows the line profiles of the calculated
C—C bond or of a broken bond (€C;). ~images for both geometries al and &fig. 9) together with
Tq compare the calculated adsorptlor_l geometry w!th thehose for the experimental images of types A an¢FR). 2)
experimental data, we haye made STM simulations using thgy two directions along the silicon dimer rows and in the
Tersoff-Hamann modet: Figures 9c) and 9f) show the cal-  perpendicular direction. Line profiles measured along a sili-
con dimer row and across dimer rows are used for aligning
TABLE II. Adsorption energy for the adsorption geometries of,8¢  the profiles. The profiles of type B were taken by choosing a
shown in Fig. 12. The adsorption energies are relative to an isolated doubléype B molecule locating on the left side of the silicon dimer
SCG,H; molecule and an isolated singlet silicon substrate. In the AM1 ap-row, while the line prof"es a|0ng the dimer row were taken
proach the molecule and the first two layers of silicon atoms are relaxed. '?ilon the center of a dimer row. Hence an apparent height
the DFT(1) approach the molecule and the first layer of silicon atoms are” . 9 R ) . pp 9
relaxed, while in the DFTR) approach the first three layers of silicon atoms difference is visible between the two profiles taken along the
are relaxed. The DR®) calculation is a spin-polarized calculation with spin dimer row[Fig. 10a)] for types A and B. Besides, from the
1 for the DFT2) geometry. line profiles taken across the dimer rows it is also clearly
seen that the type B molecule is located on the left side of the

Ener SGHs-a (e SC4H3-b (e
hd GHoa (e GHabev) dimer. The peak at the position of 3.5 A in Fig.(hpreveals
AM1 —-11.28 —-11.16 the corrugation of the dangling bortlComparison of the
ggg; :g'gg :j% molecular profiles reveals that the width and the height of the
DFT(3) _370 _a.49 profiles in the calculated images are qualitatively consistent

with those in the experimentally recorded images. This result
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between the AM1 results and the DFT results both in the

(a) Along the dimer row absolute and relative energies. Thus it seems that in this case
6- eeeSCHa the AM1 results are not very reliable, which might be related
. —x—SCHb to the fact that in this case the cluster has an odd number of
— 51 KN TypeA electrons. The DFB) result in Table Il is for a spin-
°§/4_ lj' - \ :::g'sfj polarized DFT calculation, and we see that spin polarization
L ;L S has a negligible effect on the DFT results. Since the AM1
= 3'_(#%%&”‘,_{ e \x,mw«mxyw results are not very reliablgelative energies have errors of 1
>, 5] eV), we can not trust that the AM1 geometries are a good
N v starting point for the DFT calculations. Thus, to find the
B i a vene ittt adsorption geometry of SE; with the lowest energy we
N S,i........ Si..........-si e S gt would probably need to make a full search within the DFT
3 p z > = % appro_xmaﬂon which is not feaS|l:_)Ie:

Scan distance (A) Flgure 12 shqws the DET optimized structure and corre-
sponding theoretical STM images of the two AM1 geom-
etries of SGH; which have the lowest energy. Note that

(b) Perpendicular to dimer rows within DFT it is geometry SgH3-b that has the lowest en-
i ergy while within AM1 it is SGHsz-a. We see that the
e SCHb SC4H3-b geometry gives rise to an asymmetric image, how-
61 — TyeA ever, with a dip in the middle which is not seen in the ex-
- ;Ygienir perimental images. In Fig. 13 we plot the line profiles of the

theoretical images of the SH;-a and -b geometrie&-ig.

12) together with those of the STM images of types A and B
. (Fig. 2. The discrepancies in corrugation and shape between
ol the theoretical and experimental images indicate that the two
- geometries do not correspond to the experimental images.

Z-Value (A)

o This can have two reasons, either we have not found the
*'Si- global minimum because we used AM1 geometries as start-
, ; ; ; ) ing points, and this method is not very reliable in this case,
0 4 8 12 16 20 L "
. A or it is favorable to break off an additional H atom from
Scan distance (A)

SCGH3, and SGH3 is therefore not observed on the surface.
FIG. 13. Line profilesuppey of the simulated STM image of SB;-aand 10 iNvestigate the latter we compare the adsorption energy of
-b geometries together with line profiléewer) of the experimental STM  SC;H3 with the energy when S, and a single H atom are
image for type A and type B alon@) and perpendicular th) the Sidimer  adsorbed on the surface. The adsorption energy of H is 3.19
Ir{)cf;:éé]aéﬁ;gfg:ggfjsr‘neasured along and across silicon dimer rows are alsgvl while the er_1ergy cost of breakjra H atom from_the C

atom of SGH5 is 4.45 eV. Thus, from the adsorption ener-

gies in Tables | and Il, we see that it is more favorable to
further supports the fragmentation of 6T molecules intokeep the H atom attached to 3. Hence, the asymmetric
monomers upon adsorption on the clean Si surface. The lingpots most likely correspond to @5, but the geometry we
profile of the al geometry appears symmetric with respect tdave found in the theoretical calculation might not be the one
the silicon dimer row, and we therefore link type A to the al with the lowest energy.
geometry. The line profile of geometry all is very similar to Thus the theoretical calculations support the experimen-
the one of geometry al, and it would be very hard to differ-tal observation that upon adsorption on the silicon surface,
entiate between these two geometries experimentally. HoweT molecules dissociate into monomeric fragments by break-
ever, since the adsorption energy of geometry all is mucling the G,—C/, bonds. The STM images reveal two different
higher than that of geometry al, we do not expect geometrgonfigurations: symmetric and asymmetric with respect to
all to be present on the surface. the underlying Si dimer rows and we postulate that the sym-

Having shown how the four middle monomers ($5) metric one could link to the S, monomer and the asym-

interact with the Si atoms, the behavior of the terminal frag-metric one to the SgH; monomer. Since the ratio of $8,
ments SGH5 with respect to the surface was investigated. Toto SGH5 is 4:2, we would expect double as many symmetric
investigate the absorption of 35 on the surface, we took bright spots compared to the number of asymmetric bright
as a starting point a selection of geometries that representegpots in the images. However, since many of these bright
the local minima structures of categdgy, (b) and(c) in Fig. spots are in clusters, it is difficult to obtain the exact ratio of
8. For each geometry we added one H atom to thgHBC these two different types by performing a statistical counting.
molecule, and relaxed the coordinates. Figure 11 shows the To understand the dissociation mechanism of 6T, we es-
four geometries, which have the lowest energy. To check thémated the total energy involved in the dissociation from
reliability of the AM1 results we used geometri@s and(b) bond energies. Albeit we can not find the exact energy for
as starting points for the DFT calculations. The result is sumeleaving the G—C, bonds, the mean dissociation energies of
marized in Table Il. We see that there is a large differenceC—C single(3.61 e\j and doubleg(6.34 eV} bonds could set
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dangling bonds with these monomers, the surface becomes
chemically inert and consequently the dissociation process
slows down and longer oligomers start to appear on the sur-
face. Therefore, we would expect that by terminating these
highly reactive sites with atomic hydrogen, the adsorption
behavior of 6T molecules on the H-passivated silicon surface
will be different compared to the clean silicon surface. In
addition, recently Lopinskét al>® have demonstrated an ap-
proach for fabricating nanoscale organic structures on silicon
surfaces, by employing minimal intervention by an STM tip
FIG. 14. (8 An STM image of the H-passivated Si()902x1) surface  and a spontaneous self-directed chemical growth process.
with tunneling parameters ofyhne=0.2 NA and \ampe=—2.5V. (b) An - gtyrene molecule with C—C double bonds could form
STM image of the H-passivated Si()002x 1) surface after exposure to . . . -
6T molecules(deposition rate 0.08 A/s, fime-30 . str;ught m(_nlecular Ilngs on the H—pgsswated s.|I|con surface.
This self-directed chain growth provides a relatively fast way
of forming and/or connecting nanostructures on silicon sur-
faces, in comparison with constructing nanostructures via an
i‘TM tip. Their work also motivates us to further investigate

the lower and upper limits of the & C, bond energy, re-
spectively. For each broken C—C bond two Si—C bonds ar
formed. The calculated Si—C bond lengths are 1.897 an
1.925 A, in accordance with the 1.89 A bond length of the
Si—C bond in organosilicon compountfsin organosilicon
chemistry the typical bond energy for Si—-C is 3.30°%8V.
Thus by breaking 6T into six monomers and forming ten ne
Si—C bonds the system will gain an energy, which will fall
into the interval between 203.30 eV-5<6.34 eV

e adsorption behavior of 6T molecules on the H-passivated
i(100 surfaces.

Figure 14a) is an STM image of the H-passivated sili-
con surface before 6T deposition. The reconstructed dimer
wow structure is still maintained after H-passivation. The
bright spots on the surface are dangling bonds due to missing
hydrogen atoms. After exposing this surface to 6T molecules,
—1.3 eV and 16¢3.30 eV—5<3.61 eV=14.95 eV. Hence, the _recorded images sh_ow bright and pval shaped features
the dissociation of 6T is energetically favorable. havmglabofut theSsTal\r/\lwe_z size, but fu(zjz;g I?gurfalihows an d

n general the same rgmentsppes (o all harocar ST O 9 SIM (e cori o e Hogesnee
bons having single or double C~C bonds, i.e., upon adsorpé e length of the featur:s is found to be about 2§ A, close to
tion it is energetically favorable to break single or double hg Ig lar | h of 6T. Si h ¢ '

C—-C bonds and form two new Si—C bonds for every broker;[ e molecular length o - Since these features were not

C—C bond. However. for most studied hydrocarbons-siIiconObserved before the 6T exposure, we believe that they are 6T

systems the C—C bond cleavage is not observed. For ifnolecules which are weakly adsorbed on the H-passivated

stance, unsaturated hydrocarbons, such as acetylene, ethsl'll-'con surface. During scanning, It is observed that' bright
eatures may follow the tip movement until they bind to

ene or diened, nondissociatively chemisorb on the . . . ;
. ) ' . . . dangling bonds. We believe that the bright noisy spots rep-
Si(100)-(2<1) surface while molecules having only single resent 6T molecules bound to dangling bonds at a single

C-C bonds, e.g., methane or propandp not adsorb at all oint around which it rotates randomly. Our measurements
The reason for this lies on the fact the C-C bond cleavagg L i miy. :
show no indication of chain reactions as in the case for

may be prohibited by a high kinetic barrier. In comparison, it 5 .
seems that the kinetic barrier is much lower for the dissociafc'tyre'.qé_3 or breakage of 6T as for the clean silicon surface

tion of 6T on the clean silicon surface. We speculate that thi% lecul robablv interact with individual danalina bond
is due to the following; when the Catoms react with the Si olecules probably interac ual dangiing bonads

atoms, they will lose theitr bond character and instead be- througr:cthetr?ulf%r atomj. A Elrrgjllar msgchaglin; Wats also pro-
comesp® hybridized. This can, for instance, be seen fromPOS€d Tor thiophene adsorbed on 0L ) at room

7

the fact that the G-C, bond length of 1.52 A, as listed in temperature®®
Table I, is close to the C—C bond of 1.54 A in alkangs.
Since C atoms in ap® hybrid sta.te_willl tetrahedrally bind to \,, coNnCLUSIONS
other C atoms, such a rehybridization would cause a gas
phase 6T molecule to twist from the planar conformation. ~ We have investigated the adsorption mechanism of
However, when 6T is adsorbed on the surface, all monomerie-sexithiophene on the clean and the H-passivated
rings are anchored to the Si atoms and the molecule cann&i(100)-(2<1) surface by combining STM measurements
twist. Thus, the rehybridization will induce a large strain in with first principles electronic structure calculations. On the
the molecule that effectively lowers the kinetic barrier for theclean silicon surface the STM images reveal that at sub-
C,—C,, bond breakage. monolayer coverage the molecules dissociate into mono-
meric fragments, which gives rise to two different STM
spots, that are symmetric and asymmetric, with respect to the
underlying silicon dimer rows. The dissociation arises from
the strong interaction between the molecules and the dan-

In Sec. lll we have shown that 6T molecules dissociategling bonds. The theoretical calculations support the experi-
on the clean Si(100)-21 surface. After passivating the mental results and link the STM images to the monomeric

V. ADSORPTION OF 6T ON THE H-PASSIVATED
SILICON SURFACE
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