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Si—N linkage in ultrabright, ultrasmall Si nanoparticles
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Ultrabright ultrasmall~1 nm) blue luminescent $§ nanopatrticles are chlorinated by reaction with

Cl, gas. A Si—N linkage is formed by the reaction of the chlorinated particles with the functional
amine group in butylamine. Fourier transform infrared spectroscopy and x-ray photospectroscopy
measurements confirm the N linkage and the presence of the butyl group, while emission, excitation,
and autocorrelation femtosecond optical spectroscopy show that, after the linkage formation, the
particles with the ultrabright blue luminescent remain, but with a redshift of 40 nm20@1
American Institute of Physics[DOI: 10.1063/1.1377619

We recently developed a class of Si-based deteéiibn, the functional amine group in butylamine to form a Si—-N
with significant potential, as the next generation of ultra-linkage. The linkage facilitates the attachment of organic
bright nonorganic markers for ultrasensitive fluorescencdunctional groups capable of recognizing specific analytes
analysis. We dispersed bulk Si into nanoparticles of uniformsuch as proteins, DNA, or viruses. The exceptional optical
size of~1 nm diam (Sjo).” This miniaturization effectively properties, ultrasmall sizé~ small molecules uniformity
creates a nanoparticle material with properties—both elecef size, low cost, and photostability provide the ultimate sen-
tronic and nonelectronic—that were not available beforesitivity and spatial resolution in imaging capabilities.

These include ultrabright luminescence such that emission The synthesis of the Si particles has been described
from single particles is readily detectaBlg,stimulated elsewheré:” Briefly, we used highly catalyzed electro-
emission; collimated emission beanis,and second- chemical etching to disperse crystalline Si into ultrasmall
harmonic generatic?rrfrom films of the particles. Most im- nanoparticles. The substrates wef®00)-oriented, 1-10
portantly, the particles are photostable and do not blink() cm resistivity, p-type, B-doped Si, laterally anodized in
Present-day medical and biological fluorescent imaging isiydrogen peroxide and H&!?while advancing the wafer at
significantly constrained by the use of dye markers—thea slow speed. Subsequent immersion in an ultrasound bath of
only markers currently availabfeDyes, especially the blue chlorobenzene crumbles the top film into ultrasmall particles.
ones, are not photostable—they decompose under room light/hen it is excited by radiation at 355 nm, deep blue emis-
or higher temperatures. Efforts are being directed to producsion is observed with the naked eye. Direct imaging, using
different classes of markers, such as semiconductor particlegansmission electron microscopy, of a graphite grid coated
CdS (e) nanoparticles have recently been proposed as fluwith the particles gives a diameter of 1 nm with 10%
rescent marker$:® Implementation of Si-based detection gispersior?. Electron photospectroscopy and infrared Fourier
will require routes to couple biopolymers to the surface ofspectroscopy show that the particles are composed of silicon,
the silicon nanoparticles via a covalent linkage. Here, Weyominated by hydrogen termination with less than 10% oxy-
present a step toward this goal, the covalent linking of 3en.

model organic compound to the surface of the particles. We  pgrous Si layef$ and nanoparticlé have been re-
demonstrate the formation of an organic hydrophobic shelgently functionalized through a number of processes. The
due to the attachment of butylamine while still maintaining 5 minization in our work follows a recent procedure used to
the optical acti_vity qf the particle. The particles were ch!ori- aminize flat as well as porous-Si surfatédhe chloroben-
nated by reaction with Glgas, followed by the reaction with  zene colloid of particles is first degassed and then saturated
with Cl, gas at a temperature of10 °C. The reaction mix-
3Electronic mail: m-nayfeh@uiuc.edu ture is then stirred for 24 h at room temperattfi@he dis-
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0 . : FIG. 3. Unnormalized emission spectra of the dispersed particles at 365 nm;

(a) before andb) after the aminization.
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Binding Energy (eV) CGO, air and oxygen. The peaks at 1460 and 1260 are due to

FIG. 1. XPS spectra of films reconstituted from the particles showing thatCH,—CHz stretching and CK wagging, respectively. The
the aminized particles have nitrogen and carbon peakst80 and 300 eV,  1450-1700 band is the background seen also in the control
respectively. A fit of the binding energy of the 400 eV peak in terms of two samples XPS taken after air exposure did not show a Sig-
components is given in the inset. . ’ .

nificant change in the N4 The presence of the H—N bond

. . . . is a strong indication of single Si—N formation as opposed to
solved chlorine gas chlorinates the particles, replacing th%1 bridge double-bond-linkage -SN—Si. Aminization of Si

hydrogen with chlorine. The excess dissolved, GICI by- flat or porous surfaces using a similar chemical treatment

product and the solvent are removed by evaporation. Freshl . .
distilled butylamine (GHoNH,) is then added to the dried Showed preference to the bridge formation. In these systems,

sample. The solution is heated to 90 °C and stirred for 24 h XPS showed nitrogen bonds but FTIR showed the absence of

that temperature. The ex butvlamine is then evapor ta“ae N—H vibration®
8l (SmpSIatire. |NE excess DUy amne 18 Ten evepora’e The emission was recorded on a photon-counting spec-

dpass excitation and emission monochrometers, with
suitable filtering and correction for spectral response. The
detector has a cutoff at 950 nm. Figure 3 gives the emission

Figure 1 presents the x-ray photospedX®9) of a film . .
2 . spectrum of the dispersed particles at 365 nm before and
of aminized particles. Both the N and C peaks-a100 and fter aminization. In both cases, the spectrum is dominated

300 eV, respe.ctlvely,. are ob§erved. The best fit of the 400 e%y a strong blue band with a tail band that extends into the
peak, shown in the inset, gives two components at 397.12

. : -~visible, diminishing at~600 nm. The peak of the blue band
and 398.436 eV with 1.762 and 1.875 full width at half maxi- ¢ e hydrogenated particle shifts from 410 to 450 nm upon
mum and 43.9 and 56.1 percentage mass concentration,

e inizati
. . i . minization.

spectively. These are associated with the S df bulk Si . . o - .

nitride, and amine moleculagypically, at 399 eV, respec- Figure 4 gives the emission of the aminized particles and

. ) ) : its development with the incident wavelength. As the inci-
tively. The low-energy one is consistent with well-

established surface chemistry in the absorption of NR Si dent wavelength is increased from 330 nm, the blue band
surfaces and in the atomic layer growth ofMgj.'” These peaks at 41dnot show, 440, 475, and 540 nm for 330,

lend support for binding through a Si—N linkage. Further365’ 400, and 470 nm incident wavelengths, respectively,

confirmation is derived from the Fourier transform infraredl'e" the peak of the emission energy correlated with the ex-

) I . citation photon energy. Second, with increasing incident
(FTIR) spectra given in Fig. 2. The aminized samples show Co :
strong N—H stretch at-3300 cni™, and a Si—N stretching %vavelength, the strength of the emission tail band grows

mode at 860 cm?. The peaks at 2869, 2881, 2931, and 2966relatlve to the main blue band, and the overall efficiency

cm ! are characteristics of C—H stretch vibrations in butylmaximizes for 400 nm excitation. The emission is very
groups. The vibrations at2300 and 1000—1100 pertain to strong such that when the colloid is excited by 400 nm ra-

forms.
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FIG. 2. Fourier transform infrare@TIR) spectra ofa) butylamine(b) bare FIG. 4. Relative emission of the aminized particles and its development

Si substrate, an¢t) aminized particles cast on the substrate. with the incident wavelengthi@) 365 nm,(b) 400 nm, andc) 470 nm.
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] the focal volume, and 0.076 is a calibration factor from a
0.041 standard coumarine measureméaiown density and diffu-
sion coefficient, taken under the same beam focusing. The
0.03- results yieldw=400 nm andz=1.98 um, or a volume of
\ 0.997 picocubic centimeters, am=1 particle. This corre-
—=0.02- ‘\ sponds to a density of 3.45-3:830'%cn?. A similar
& ) . analysis yields 0.2 coumarine molecules in the focal volume.
‘»g From the photon-counting histogrargreot shown, we find a
0.01+ e brightness for the aminized particles twofold smaller than

fg\.‘ that of coumarine.
0.00 - 15."\-4-0'—-. ~a In conclusion, ultrabright, ultrasmal-1 nm) blue lumi-
- e . nescent Si nanoparticles have been derivitized by termination
10° 10" 102 107 01 1 with butylamine. This reaction is sufficiently general for the
assembly of a variety of functional organic molecules on the
particles. We demonstrated that the exceptional brightness of

0.30+ the nanoparticles are maintained after derivatization.

time (s)
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