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Future nanoscale integrated circuits will require the realization of interconnections using molecular-scale
nanostructures; a practical fabrication scheme would need to be largely self-assembling and operate on a
large number of like structures in parallel. The self-directed growth of organic molecules on hydrogen-
terminated silicon(100) [HSi(100)] offers a simple method of realizing one-dimensional molecular lines. In

this work, we introduce the ability to change the growth direction and form more complex, contiguous shapes.
Numerous styrene and trimethylene sulfide L shapes were grown on&i(H00)-3<1 surface in parallel

with no intermediate surface lithography steps, and similar shapes were also grown using allyl mercaptan
and benzaldehyde on+5i(100)-2< 1. Registered scanning tunneling microscopy (STM) images and high-
resolution electron energy loss spectroscopy (HREELS) were used to investigate the growth process.
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Hybrid silicon—molecule nanoscale structures are of interest / Hzc"H H
as a basis for future devicelsecause they have the potential to $ vl | —> ¢ "
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provide a stepping stone between well-established semiconduc s 77~ & l/
tor manufacturing and fully molecular electronics. In order to AN NN
become a viable technology, any such structures would need /
to be largely self-forming in a reproducible way. An ideal HS,
scheme would permit parallel growth of numerous similar W~
structures, offer spatial and directional control, and allow for d) \ \H > e)
further functionalization or metallization to create molecular s, , Q’
devices and their interconnects. /S'\/Si\ /Si\/ Ny

Sr(]a\{eral ye?rs agl?’ Weddtiscrflbed a}[.promflsm?f %r.ocissdlrll. WthhFigure 1. Proposed mechanism for line growth of TMS on dimer rows
a chain reaction allowe € formation of sell-directed finear ¢ H—-Si(100)-3x1: (a) TMS approaches the surface. (b) The ring

structures of molecules on a hydrogen-terminated silicon preaks, and a €Si bond is formed simultaneously. (c) A S-centered
surface? This process requires a single silicon dangling bond radical is left. (d) The S-centered radical abstracts H from an adjacent
(DB) as a starting point. The molecule bonds to this DB, leaving dimer. (e) The attached molecule ends inHs and a new DB on the
an unpaired electron on an atom in the molecule, which becomeshext dimer is present to continue line growth.
passivated by abstracting a nearby hydrogen atom. The new
DB thus created acts as a point for the next molecule to react, More progress was made when cross-dimer row growth was
allowing the reaction to proceed in a chain and form ordered found for styrene on the HSi(100)-3x 1 surfacé’. Further work
linear structures. by Hossain et a. showed that allyl mercaptan exclusively
In the prototypical system for this process, styrene on formed cross-dimer row lines on2 1. In Subsequent WOH@,
H—Si(100)-2<1, molecules track substrate crystallinity by an effort was made, but without success, to grow contiguous
growing exclusively along dimer rows. Several other molecules lines of allyl mercaptan and styrene that would have resulted
have been found to grow in a similar fashi®.An effort to in a molecular line turning at a right angle, creating an “L
grow linear structures at a right angle to dimer rows used more shape”. Such structures were obtained, but only after using the
flexible molecules that could “fit” the surface differently than STM tip to create a dangling bond for use as the starting point
styrene. Cyclopropyl methyl ketofidid indeed show different ~ of the second line.
growth; however, the flexibility of that molecule permitted In this work, using still different chemistry, contiguous
irregular growth, rather than restricting it to the perpendicular- heteromolecular lines with a change in growth direction were
to-row direction. It has also been shown that, on the relatively achieved by simply halting the dose of one molecule and then
isotropic H-Si(111)-1x 1 surface, irregular growth of styrene dosing a second species. Primarily, we used theSH100)-

results’ 3x1 surface, initiating lines across dimer rows by dosing styrene
and continuing them along rows by subsequently dosing
T Part of the “Giacinto Scoles Festschrift”. trimethylene sulfide (TMS). In contrast to earlier work, because
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""""""""'"'""""""""""""""'1'3' current heating and then flashed repeatedly to 1520 K for 5 s

to remove the native oxide. Under a pressure of8IDorr of
atomic hydrogen cracked by a hot tungsten filament, the crystal
was flashed to 1520 K and then allowed to cool. During the
4-min H exposure, the position of the crystal in front of the
filament was adjusted so that a thermocouple placed close to
the sample holder would read from 373 to 393 K, resulting in
the desired 3« 1 termination of the Si(100) surface. This surface
consists of alternating parallel rows of dihydride monomers
(with two H on one Si) and Si dimers (single H per Si), which
appear higher in STM than the monomer row# temperature
of 593 K during H exposure was used to obtain a 2 surface.
Growth of molecular lines was performed by introducing
specific molecules into the vacuum chamber in the gas phase.
The molecules used in this study (styrene, trimethylene sulfide,
allyl mercaptan, and benzaldehyde) were subjected to several
freeze-pump—thaw cycles prior to dosing on a room-temper-
ature substrate in situ in the STM chamber through a variable
leak valve (1 L= 1 s at 10°® Torr, uncorrected ion-gauge
reading).

635
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3. Results and Discussion

1000 500 0 500 1000 1500 2000 2500 3000 3500 4000 3.1. HREELS Results.Growth of TMS on the HSi(100)-
Wavenumber / cm”™ 3x1 surface occurs with the simultaneous breaking of the ring
Figure 2. HREEL spectra of HSi(100)-3<1 (A) before and (B) after 2 thé C-S bond and the formation of a-€5i bond with the
100 L dose of trimethylene sulfide. For peak assignment of the surface, as shown schematically in Figure 1. The sulfur radical
H—Si(100)-3x1 surface spectrum shown in spectrum A, see ref 17. on the other end of the molecule then abstracts hydrogen from
The molecular vibrations in spectrum B that are clearly distinguishable a nearby dimer, creating a new DB where growth can continue.
from those of Sit and Sikspecies are highlighted: 1435 chiscissor  To confirm this growth process, HREELS measurements were
of CH; 2510 cm?, S—H stretch; and 2950 cm, symmetric and  herformed on samples exposed to a 100 L dose of TMS (see

asymmetric stretches of GFf Other expected vibrations such as-Si : :
C, C-C, and some Ckimodes are observed indirectly through the Figure 2). The presence of a peak at 2510 truorresponding

shifting and broadening of peaks. As in ref 12, we were unable to assign {0 the S-H stretch, indicates that, on+8i(100)-3<1, TMS
a molecular vibration to the peak around 2700 &nThe presence of attaches through the carbon atom. This result is expected on an
the 2510 cm! S—H stretch peak supports our proposed attachment n-type Si(100) crystal?
geometry of trimethylene sulfide bonding through a carbon to n-type 3 2 STM Results. Whereas TMS forms double lines on
silicon 2 H—Si(100)-2x 1, with growth occurring in a square-wave pattern
on two adjacent dimer rows,on the 3x 1 surface, growth is
restricted to only the dimer row. We did not observe TMS lines
The experiments described herein were conducted in an crossing monomer rows. Indeed, theoretical calculatfons
ultrahigh-vacuum system (pressure below*0rorr) equipped indicate that the barrier is 2.3 kcal/mol higher for abstraction
with a scanning tunneling microscope (Omicron STM 1) and a from the monomer site than for abstraction from the next dimer
high-resolution electron energy loss spectrometer (HREELS, LK site. This indicates that monomer row crossings for TMS should
3000), allowing us to use both instruments without taking occur in only 0.1% of growth events.
samples out of vacuum. The As-doped (G-@81 Q-cm) Figure 3 shows the parallel growth of several L-shaped
Si(100) substrates were degassed overnight at 870 K by directmolecular nanostructures starting at randomly placed DBs. First,

2. Experimental Methods

Figure 3. Sequence of STM images (30 30 nm) showing growth of several contiguous, L-shaped molecular lines. Imagesara of the same

area of the surface. (a) Initial 8 1 H-terminated surface (0.08 nA;2.8 V), showing the DBs several of which will react. (b) Following a 50 L

dose of styrene (0.08 nA;2.8 V), several styrene lines have grown perpendicular to dimer rows. (c) Following a 140 L dose of TMS (0.12 nA,
—3.4 V), a few contiguous L-shaped molecular lines of styrene followed by TMS have formed. The yellow arrows indicate the DB positions and
the direction of subsequent line growth; the red arrows trace the growth of one structure. (d) L shape of allyl mercaptan (blue arrow) followed by
benzaldehyde (white arrow) on-+8i(100)-2<1 (12 x 15 nm, 0.08 mA—1.8 V).
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several STM images of the 8 1 H-terminated surface were direction was obtained by the simple turn of a valve. A large
acquired (Figure 3a) in order to locate the starting DB positions, number of similar nanostructures were formed in parallel on a
as indicated by yellow arrows. The STM tip was then retracted macroscopic sample without the need for labor-intensive
by several microns so as not to inhibit gas-borne molecules intermediate lithographic steps. These structures are appealing
reaching the surface, and the sample was exposed to 50 L ofbecause of the possibility of further functionalization allowing
styrene. Figure 3b shows the same area, now with lines ofthem to act as molecular-scale active devices or passive
styrene molecules perpendicular to dimer rév$he growth interconnects. We presently lack a sufficiently detailed under-
process moved the DBs to the end of the styrene lines, indicatedstanding of the growth process to achieve highly regular growth
by arrows. Finally, Figure 3c shows the same area after a 140and to explain why particular molecules fail to follow certain
L dose of TMS: several L-shaped nanostructures were formed. other pre-existing molecules on the surface. However, we have
The red arrows in Figure 3c trace the growth process for one demonstrated evolving design principles for hybrie-Biolec-
particular molecular line: TMS lines grew from the DB at the ular structures. Likely, the puzzles now limiting fuller control
end of the styrene lines, but followed the dimer row direction. will yield to further study and will enable simultaneous growth
The yellow arrows indicate where line growth stopped, as a of many like structures through very simple means. Such
result of either a limited TMS supply, surface defects, or structures might enable future hybrid silicemolecular inte-
possibly self-termination of the line growth process. grated circuits.
Demonstrating that this process is not exclusive to this surface
or these compounds, Figure 3d shows an L shape formed on Acknowledgment. We thank NSERC and iCORE for
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