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We demonstrate aim situ selective adsorption of Si nanopatrticles fabricated by laser ablation on a
functionalized self-assembled monolay8AM). Si nanoparticles adsorbed on —Ctérminated a

SAM while Si particles did not adsorb on —NH-F, —OH, and —COOH, terminated SAMs. The
end group of a SAM solely determines the selectivity against Si nanoparticle adsorption. We utilized
the screening ability of functionalized SAMs to pattern Si nanoparticles onto desired locations on a
Si substrate. €2001 American Institute of Physic§DOI: 10.1063/1.1388025

Within the emerging paradigm of nanotechnology, artifi- nanomaterials are suspended in a fluid and transferred to the
cial nanostructures such as nanoparticles, nanotubes, amdrface, thus, intrinsically, the methods are wet processes.
self-assembled monolaye(SAMs) are considered to offer Utilizing these approaches, selective adsorption and subse-
great potential as basic building blocks to realize nanodegquently patterning have been achieved on molecUtsni-
vices and molecular electronics. In order to fulfill this goal, it conductor nanowiresand metal particlés® so far.
would be necessary to develop technologies to assemble ar- Here we report on thé situ selective adsorption of Si
tificial nanostructures into highly functional complexities of nanoparticles fabricated by laser ablatiort on a function-
the next level. One promising way to immobilize, assembleglized SAM. The Si nanoparticle is a very interesting and
and pattern nanostructures is to control the interaction beémportant nanomateris~'*possesses many promising prop-
tween the nanostructures and substrate by changing thegfties, e.g., it shows visible photoluminescence more effi-
chemical functionality”® SAM is an ideal candidate for this cient than in normal Si due to the quantum confinement ef-
purpose because it possess several promising properties igct. Different from earlier reports, selective adsorption of Si
cluding: (1) a wide range of addressable terminating endnanoparticles on a SAM we report here is achieved in a dry
groups that provides surfaces with various chemical identi@mbient and interestingly the driving force for adsorption is
ties, (2) a variety of substrates possible to fabricate a sAMneither electrostatic interaction nor caused by different wet-
and (3) the ability to pattern a chemically functionalized tabilities of the SAM surface. .

SAM by the microcontact printinguCP) method”® The key SAM substrates were loaded into a laser ablation cham-

point to successfully assemble and pattern nanostructures &§" filled with Ar gas. A pulsed laser was focused and irra-

a functionalized SAM is to achieve selective adsorption, i.e.diated to a target Si wafer that was placed on the same plane

to find a complementary pair of SAMs with different chemi- Of @ SAM substrat¢inset of Fig. 1b)]. By laser ablation, it
cal end groups, where the target nanostructure does adsdfb POSsiPle o fabricate pure, well characterized, and rela-
on one SAM while it does not on the other. While most of Vel unn‘o.rnj, Si nanopartlclg%. Si nanopartlcles formed
the previous research has pursued combinations of materiaﬁ’g the collision of the hot Si atoms in the plasma with the

that stick together, searching combinations of materials thapert gas are suppo;ed to Ianq on the SAM surfage. Figure 1
shows typical scanning tunneling microscdi®mTM) images

do not, is also a critical factor in achieving selective adsorp- f two SAM surfaces with different end groups taken after

tion. One general route to achieve selective adsorption is taser ablation. Laser ablation was carried out concurrently in
utilize the electrostatic interaction between oppositely ) y

charged nanomaterials and SAKE.In this case, selective a conﬁguratu_)n shown_m the inset of F_|g(bj_ White protru
adsorption can be readilv achieved by chanaina the polarits ©"S that did not exist before ablation were observed on
P 'y : y ging pola y—CH3 terminated SAM[Fig. 1(@]. We confirmed that the
of a SAM. Another way is to fabricate textured surfaces with . : . . .
) L . white protrusions are Si nanoparticles through an extensive
different wettabilities, where nanomaterials preferably ad-

. . o . series of STM, atomic force microsco#FM), and photo-
sorb on regions with a specific wettabilityn these methods, luminescence experimeri&The average size of Si nanopar-

ticles was 7 nm when the Ar ambient is 5 Torr, while the size
dpresent address: Department of Chemistry and Chemical Biology, Harvardould be readi|y controlled, in the region where guantum

t’;{;‘{:g%ﬁgﬂgﬁ;ﬁ; ;\("jﬁ 02138; electronic mail: confinement effect is important, by changing the Ar ambient
YElectronic mail: hidemi@ims.tsukuba.acjp, World Wide Web: httpy/ Pressure. Photoluminescence measurements showed an emis-

dora.ims.tsukuba.ac.jp. sion peak centered at 623 nm, a value that is in the range of
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FIG. 1. Selective adsorption of Si nanoparticles on a functionalized SAM.
(a) A STM image of a —CH (hexanethiol terminated SAM andb) a STM A
image of an —COOHHS(CH,),,COOH] terminated SAM, after laser abla-

tion, recorded with tunneling currert 0.5 nA and surface voltage 500 .
mV. No eminent dependence on tunneling conditions was observed. Able(C) Cross-section

um
tion conditions: Ar ambient pressure 5 Torr, shot number of pulsed laser 10C
SAMs were prepared on Alill)/mica (thickness 50 nimby adsorption of C I
thiols from millimolar solutions in ethanol for 12—24 h, then rinsed with
ethanol and dried under a flow of,NInset shows configuration of the SAM |
substrateghatched rectanglgsnd the target Si wafgsquare during laser (d) Cross-section 1 um
ablation. This configuration ensures that the laser ablation is carried out o
the same condlthn for_ the two SAM subst_rates. The cross indicates thEIG. 2. Selective adsorption of Si nanoparticles on a functionalized SAM/Si
ablation spot. Typical distance from the ablation spot to the SAM substrates . . - . .

; . ; ” and Si.(a) An AFM image of an oxidized Si surface ailo) an AFM image
was apprOX|mateI_y 5mm. T_he laser ablation chamber was filled with Ar 938%¢ an —NH, terminated SAM fabricated on a Si substrate, both taken after
\?\Ifefg%gczgéz \;tr:r(;uir:;\;;lt’;z&ntlénzggzring rpg:S;df::sSgsggggfs,lZ; Tg 1y, laser ablation(c) Cross section of AB showing adsorption of Si nanopar-

9 q " ticles. (d) Cross section of CD, no Si nanopatrticles adsorbed. The scale bars
in (c) and(d) correspond to 4 nm.

the characteristic emission wavelengths of Si nanoparticles

fabricated by our laser ablation conditions. Si nanoparticle%o,[h negative and positive charged end groups, while did
were firmly attached to a SAM: they were not removed by dsorb on a —Cilterminated SAM that has a neut'ral polar-

ethanol rinsing, and remained stable for at least a couple g lude el T . he driving f
months. These features would be preferred in any practicall y, we exclude electrostatic interaction as the driving force
' f adsorption. Another possibility is that hydrophobic Si

use, and would e_nable one to implement many Seoluentléaanoparticles might feel an attractive force to the hydropho-
processes to fabricate more complex nanoarchitectures. [n

contrast, no Si nanoparticles were observed on a —COO Ic —CH; terminated SAM provided an ultrathin water film

terminated SAM[Fig. 1(b)]. The screening effect of a exists on the surface. However, we rule out this possibility
_COOH terminated éAMana others described lajép the since(1) no Si nanoparticles adsorbed on the most hydropho-

adsorption of Si nanopatrticles was complete, and not a singl%'c —F terminated SAM, an@@) no increase of Si nanopar-

Si nanopatrticle was observed on the surface regardless of n.‘.'&'e adsorption was observed on a ~LCtérminated SAM

position and for many experimental runs carried out on Vari_mtentionally exposed to water ambient before laser ablation.
ous laser ablation conditions Our results indicate that neither electrostatic interaction nor

To elucidate the adsorption mechanism of Si nanoparglfferent wettabilities of the SAM surfaces are responsible

ticles on a SAM. we carried out laser ablation on severaforthe selective adsorption characteristics of Si nanoparticles
SAMs that have different end groups with various polaritiesOn a iuncttl?r?allzethAM. More investigations are required
and wettabilities. Each time, as a reference, laser ablatiof SOt oU e mechanism. _

was concurrently carried out on a —Gherminated SAM We confirmed that the length of the alkyl chain has noth-

substrate in a configuration shown in FighlL Results are ing to do with the selective adsorption of Si nanopatrticles.

listed in Table I. Interestingly, we found that Si nanoparticlesThe Si nanoparticles did adsorb on —Ctdrminated SAMs

only adsorb on a —Chiterminated SAM while Si particles that hgve different lengths of alkyl cha?menta_nethiol, hex-
do not absorb on —Ni{ —F, —OH, and —COOH terminated anethiol, and octanethiplwhile Si particles did not adsorb

SAMs. Since Si nanoparticles did not adsorb on SAMs with®" SAMSs terminated with other end groups regardless the
lengths of alkyl chaingTable |). This result strongly implies

. - . o that the end group solely determines the selective adsorption
TABLE 1. Adsorption characteristics of various functionalized SAMs .. .
against Si nanoparticles listed with the polarity and wettability properties ofCharaCten.Stlc' To exDIO.re this asPe‘?t further, we turned to the
the end group of SAMs. Functionalized SAMs were fabricated fromt€Chnologically more important Si substrate, and sought
HS(CH,)gOH, HS(CH,);(COOH, HSCH,)sNH,, and HSCF,)7(NH,),CFs. whether selective adsorption could be achieved there. As Si
nanoparticles easily and firmly adhere to the native oxide

End group Si particle ? Polarity Hydro-  ayer on Si, here we focused on the screening property of
—CR X - Phobic functionalized SAMs. We carried out laser ablation on an
—Chy b 0 Phobic —NH, terminated SAM substrafdg=ig. 2(b)] and on another
:('\)':2 i J_’ ';:'I'I'Ii oxidized Si substratgFig. 2(a)], concurrently. Both surfaces
_COOH % _ Philic were atomically flat before ablation. After ablation, photolu-

minescence measurements showed a spectrum similar to that
Downloaded 24 Dec 2009 to 130.158.56.186. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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SAM. Figure 3 shows AFM imagegfter laser ablationof a

Si substrate on which a patterned —NkKrminated SAM
was fabricated by theCP method:’ Si nanoparticles solely
adsorbed on the oxidized Si regions and not on regions cov-
ered with a SAM, a result that demonstrates a successful
patterning of Si nanoparticles.

In conclusion, we found that Si nanoparticles selectively
adsorb on functionalized SAMs. The selective adsorption
characteristic is determined solely by the end group of a
SAM, thus a similar selective adsorption should be obtain-
able on many different substrates. Significantly, this selective
adsorption is achieved in the dry ambient during laser abla-
FIG. 3. Patterning of Si nanoparticlgs) and(b) AFM images demonstrat- tion, ?’nd We. be“eve.that th.e wide range of available .SAMS
ing a successful patterning of Si nanoparticles. Patterned SAMs were fabr@OMbined with the wide variety of nanostructures possible to
cated using patterned polydimethylsiloxa®DMS) stamps that were made fabricate by laser ablation would open up an opportunity to

bysge moethod deslcri_bedfin ?Fi;%f- 8. Si Wafegs were C_lekaféed '“r: aassemble these nanomaterials into high functional complexi-
H,SO,:HNO,=4:1 solution for min. A PDMS stamp inked witl :
3-(aminoethylamingpropyltrimethoxysilane(solvent hexanewas brought ties of the next level.

into contact with cleaned Si substrates for 30 min with a mass®5 kg on . . L
top of the stamp-substrate system under &imosphere. The patterned The support of a Grant-in-Aid for Scientific Research

SAM-Si substrate was characterized by AFM prior to laser ablation. from the Ministry of Education, Science and Culture of Ja-
pan is acknowledged.
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