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Sh1t NANOPARTICLSS AND RECONSTJTU11ZO FlLMS; A HtOHLY 
FLUORESCENT NEW FORM OF SILICON 

Munir H. N1)ffeh 
Oepwncnt e>f Ph)lli"- Unlvemty of Ulinois at Utbana..Qlampaign 

1110 W. Green St~ U~ lllioois 61801 USA 

LuhMMitas 
Department of Phy6:icf, North Carotiu State Urfrverslly 

127 Silmon Rct Rrde-ig,h. NC 27695-8202 

EruicoGmu~ 

[)qw1mmr of Physics. Univemty of Ulioois at Urbana-Champaign 

l 110 W. Green Street. Urbana. Hlinoi.161801 USA 

Paul Braun 
Department of Material ~hmce md Engineerin,g and the Beekman lnstitvh: for 

Science and T«hnolol)', Univerii1y of lUioois m Urbana-Champctip 
111 () W. Gt't'«t Slreef. U:rbma. Illinois 6180 I USA 

\\le electrochemkaHy dispersed bulk ceystaUine Si imo u.hnmnall Si 
na:n~icle:s (Si:nic. - 1 mn dimneti:r) that have novel optical, tlettronk and 
biofogat elwlncteriStie1, artd ~mtuted them into mk:ro~Hilet or 
uniform films, Thi: partkla are: ultmbright blue lumi~. two-fold 
brighter &ban tlooreacein. and efficient wider UV or nea:r·inffll'Cd two. 
photon exC"itation. Tiie blue emission from single partfdet in colloid$. 
frozen in geb Of on quat"tZ i~ readily detectableand mghly photostable. In 
addition to being uUrabriJht. rcooostituted films Wtimt stimulated and 
directed blue blue eftlinfon with high pin. and secomi hamlooic 
genmatioo. l~V ~tro~ usfo9 STM and ~~opk: ellip$0m«fy 
sugpst a. large drop in the diele:cuic: ronmant, md 1 breakdown o( the 
effective mw. U$ing density functicmal with citchangc rorrelation. 
co:nfiguratioo intemerioo and Monte Carro theory, we conslructed a 
suue1um1 propotype for 29 atom1 'magic number for the Td l)'ll'.lmetey}. 
The pmido is a filled fuU«me, au the cd~ of the ;p1 diamond-lib Ind the 
sp2 graphite-like stll'IJ.Cturei.. Five alom:s constitute a telnlhedral core. The 
mnumng 24 atolll$ comtiMe a highly. pvcbn:d (wrinkh.d} cap with 
bighly rdative quan1mn c:onlinmtent·induced Si.Si ~-- ptwc, 
ftmnd ottly in ultr.mnaH ~icl~. 
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SYNTHESIS OF SILICON NANOPARtiCLES 
We pUlveriz:c a silicon wa:f« using chemistry and clec:Lricity in an 

clcctrochcmic:al trea~t that involves ~ty inunefling the water into a bath or 
HF and H20 2 white lU'l11ngWs for an e~ 1:UtrCnt to skim the top skin <>f the 
\\•tfct{9J, H~O~ eatali2" 1M etehing prodttcina u!t:tui'lt.rlll Wctum ( l OJ and tleam 
impuri•im and produca 1 hilher elcttmnic and chemical qwdil)' wilh an idnl 
hydrogen temUnation and no oxygenfl OJ, TWs procea erodei the wrface layer, 
producing wea:kiy interconn«tm minostructura. The wafer is ·then immmed in. an 
ultrasound bath( 1 ·2], causin1 the ftqilo ~urc: netWOrk to cnnnblc inlO 
particles., The slightly larger, heavier particle$ preeipitate oot and can be tumed into a 
ye-J.,w Jumim:scml coUokt while the uttrumall pmidcs remain in suspauion. 
where they c.at1 also be reeoveted to form a blue tuminesceet colloid. The process is 
cffici<!'nt itJ1d the wafer can be Rcyeled. We .determined the me of' the blue 
luminescent particles by direct imaPig using high resolmion 1n.Mmisiion eloctron 
m~py (TEM). A thin ,,....mtc grid WI$ coated with the colloid. Figure 1 mows 
the particles are l run in diameter with roughly a 10 percenl dispmion. Elec:m:m 
pbot~t«lpy s.bowtt in Fifldl' l show that the partkkf5 are c~ of 
silicon with less thm1 W pereenl oxygen, 

l 
j 

c 

FiguN 1 Transmission electron microscopy image of the Si NmopiVlicles 
eoadng a nun graphite grid 
Figure 2 Material anal)'iis profile of the coaled grid using efec:tron photo 
;spectrosa:lpy. 

EMISSION I DETECTION OF SINGLE NANOPARTJCLES 
We prepare a ooHc>id of the partic:lr1 with a co~kadon of - lOnM. The 

colloid is e~lted by 355 nm pulied nmiatkm:. The blue emission i$ observab3e with 
the rutked eyt. in room lighti as shDwn in Figure l. Figure 4 gives the spectrum for 
excita.th:m wa'ft•elength at 330. lSO. 36S, and 400 nm. lhowii13 a Sb'oJ'la bwe l»md ~ 
maximiZt:$ ~ 350 run. Becti.ISe UV is not. mmdl:y to biofoskal moJec:Qb, WC utcd 
near-infrared two pho1o:n cxcitatioa (700 to 900 nm). Figures $..() g;,., (Ill 110 nm) 
the weo correlation fbnetion. of me fluctuating time«rios: of the luminescem:e with 
pro~ve dilution to demonstrate the semhivity of lhe detection1 Si with S.4 
particle&~ a fluo~in st.andard wilh lJ molcellle; Si with 2.7.S ~lea; and Si a 
!l:rt8Jc pettic-le (0. 75) in the food volume. The meuuremaus yjdd a pa:rd~le :size of 
~ trun, «lmi;s~nt with dircet imqing by Tmaf. They also yield a bright:nca fourfOOJ 
hupr than tnt of fluomcein. The pholOStabilUy was lested by targeting stationery 
particle ooun in a gel. Figure 1a gives examples of lwn~ i~ 
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demonstrating dw abUicy co obserw I image singte ones. "'Parting" the exdtalion 
beam,.~ tom average intensity u high u 10' W/cmZ, on statiom:ry particle,s 
shows lhal the particles are photostab:te (See Figure Th), 

Emiuio111 spt>ttrum 

u~ 2.25 J.1' 

Pfto.bn £att11r tr '1 

f'illtn l A plwto of a Si ooUoid eicited by l5S run rad.tation. 
Figure 4 Emission and excitation spec Ira (mm} of the particles: 

.. 
"" .. 

' I j : 
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:r;;;;;;t;; :;;;;;~ 
l t • • • K M 

-......i 

.. ~,~ ,.,. ;s ,,.> '°' :, 
--~lllWP 

figure Sa·b Raw traces of (a) a Si particles and (b) a fl~n standard 
Fia:ure 6 Auto oomla1ion of S.4,2.1S • .0.15 Si particles, and LS fl~cin 
molecules 

OXIDE COATIN'G 
Oct~ of 1ingfe plttlc:les paves the way for their use u lmel1 in 

biosensing. For better biocompmmiUty~ we rodily capped the particlu with an oxide 
at room tempcratwc under ordinary eoo.ditions by immersion in H:()1[ 1 l}. Figure 8 
gives lhe moteadar vibralions of &-is Pfirttcles and after capping with o.xnetJ. In Che 
as.-is we see main1y hydrogm. but at\er capping we see hydrogen being rcpl;aced by 
oxnm. Upcm oxygat tcrminatl.oo, the speetrom wffm only minor ch~ while 
the brightness~ only by a fhcor of two. 

SUPERLA 111CE MATERIAL ('*NeoSILICON") 
In addition 10 the oovel propcrtits ttlat the individual particles pn»ide. dtere 

is a poten1ial to Qlinocr additional propa"ties by syntbctiz:mg two and lhree 
dimensional amt)'$ or the ~le$. n. ability to prodw;e ~ }*1ictes givu 
us tlw opporrt~ity to manipulahi lntcrspacing with aiornic precision to tailor new 
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etemetttal $ilioon-bued material with unique optical Ind electrical pmpenies. The 
band pp of the nA:W material is ~ by lhc pvlU;te 

I: 
t.1tJ.JMt.1Ut.iuiiu 

.......... (1 •• 

(b) 

1: 

FifP.!R I The mole.:ular vibniitioM of (a) •is tnd (b) aflet ~I with 
ox)'3en. 

size. The conductivity is controlled by the int~ (lurmding spacing). The 
tnimport i$ governed 'by the site. tcmrirudion. and dieleietrie pt0perdcs (dwgjng) of 
the particles. We uSCid prccipiWion &om a volatile llOlvem to ~ the 
panides mto •hin films, By gmd:c ~ion. mX«rystallita is~ on 
high 4\Uali.ty Si or silicon oxi~ or in tree standing mode. The 1~ are optically 
ekar, Optical imaging in initial experiments ~ colloidal cJ')'llll1 of 5 to SO tJ.m 
aet'M'S (Fig. 9). We o.pcrimcnted with slo\Va growth rateJ ming slower cwpctaeiOtt 
mta a.t red~ ternpentures to produce Jargc:t. Batter, clearet"• Ind mod wUlmm 
Ahm. Candbl regulation of IM t~ allows precise adjuttrMut of the 
d--lizaliun, 

STIMULATED EMlSSJON I GAIN COEFRCmNT 
We first cxammcd dispersed particles in a colloid. We performed power 

deperu:lmee studies of the emission under a singJe..particle Mt'ldilion. 'Figure 10 
shows quadmie. d.ependcnce u in two-pMion ptOC:CAC$. ~t we examined lhe 
de~ from agreptes or part:k:1". Agre~ are fovad on Ole s.olid 
prc«::unor before Mmfication Ind di~ into individual putiel•, The intensity of 
the emission from such iilfe,pM ha a sharp tft.m.hokl, wi.th bipty nonlinear 
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...... Pniiir ...... (llW) 

Figure 11 1\e cminion intensity from solid (RCW10t under femto..RCQftd 
pulled Qcifation 111 function of the IVentf power O(tM incident radiation. 
A&ure 12 Emi.ton intemity • a function or tile •vet'IP i1dd.tnt intensity 
for a reconstituted Orin film or Si UQO partieles close to one side. provide$ a 
reflector of 21c so1:id angl~ i.e.. high feedback. 

Figure 13 Photo luminaccnce images tom the micm crystallite rqion.. The 
intmction spot appan as 41\\lhite"' spot (I) 1bowl four eumplcl of a blue 
beam. (b) show1 two examples of a blue beam botwem opposite faces. 
Ftp.re 14 Photo luminnamce imaps from the micro Cl')'ltallites showing 
five hmM of the blue beam. taken. under decreasing incident imcnsity 

SECOND HARMONIC OBNEB.ATION 
Bulle Si is blown. to have nellilil>Je nommearity, king Z«O at the second 

order ~l (not allowed because of "1ttrosymmotry), and very SJ'mlfl at the dtird­
order level. We recat1y reported the first observation of second· harmonic ~ion 
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in films Gf ultmmall mlicon nanoparticlos. Figure 1 S giva the emission spectra foe 
She three ucltatian wavelengths 780, 800, and 832 nm (not or the same intensity). 
Bach sbowt a peak with a shoulder on Che red wing. The ~Ider$ arc at 390, 400, 
4t6 nm. hatftbe wave ... ofsht inddcnt helm. Thopeab bl the spectra are at 
380. 390. and 406 nm. i.e .. blue shifted by 10 nm &om the &boulder in each of the 
spectra. Thoso and oiher meuuments show that the emitted wavelength tracks the 
incident wavelength. These re.suJis point lo a mechanism in ultrasmalt particles that 
breAk the ccntrosymmctry of bulk Si, the symmetry that i:nlllbitt second bumonk 
pneratkm. 

ABSO:RPTJON MEAStnt.MENTS 
The d~ of the particles allowed the fin.t difeet absolute meuurment of 

ihc absorption. Figure 16 gives the absorptiOfl coemciat spectrum of the colloid. 
along with that of bulk lilicOD. Bulk is immediattly rccopizahle by the three sharp 
faiures near 3.4. 4.3 eV. ·the E1 and E2 peaks. and the S.5 eV peak. The particle 
~ clearly shows crystalline raonancc siJnature at 3.4, 4.S and S.S cV, 
however with a significant redistribution of the intensity ratiH. In isolated 
nanopanides, one am.not define a conduction band. hence a continuum docs not 
ail1( I 2]. Mortovor. theory bas SUIPMed that amJlnemldl lend to eoncenrrate the 
~ilfator strength in 1be lowest ato at the edge of the direct band pps(l3"-l4) . 

.. ·----......... ...._ ......... _..... ____ _ 
• • • • • • .. 
figure 1 S The second bannonic eminion spectra for the ih.rft: excitalion 
wamengths 780 (solid), 800 (dot)1 and 832 (dense dot) nm {at differen1 
incident m1witics)respect:ivcly. 
FitpJrC 16 gives tho absorption coeffic:cm spcctMn or the particle colloid, 
along with the ~tal and tboretical of bulk silicon. 

QUANTUM CONFINEMENT ELECTRONIC STATES 
Plflicles en twapOfltCd on p-fype Si substrate. The rip of a scanning 

tunneling microscope (STM) is placed over the silicon particle film 11 a constanl 
height. In this two-terminal mupment. Che· tip acts u the source, while the 
Stlb1111rat.c actJ as the drain ele«rvde. This may be n:presemed by a double burier 
model. The particle represents the quantum well,. with a vacuwn barrier due to a gap 
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between the. panicle and the tip. add 1 barrier due 1 pp between the particle and the 
subitntc. Figure 17a gives the 1-V spectra taken at room tcmperatuN under dark 
condilioo. Figure I Th, takon under liabt irradiation. shows a high visibility replar 
step s.tnlctw-e. for negative tip bminJ at - 1.0 tV period, the particJe'1 quantum 
enel&)' level spacing. however using Ibo ho m-. 

.... 
I.Ill 

2 .... 
4 4,M 

I ..... 
a ~-..... ...... 

•U·• 
4• _.,., ..1,q .JM aw t.M ut 

VdltpfY••• 

••• 
4M ~· ~- o• ta •" 

V-...fV*j 

Figure 17 The J-V response for a film of nano particles oo a device quality 
lif:icon ~e (&fOW'ldod) taken (1) in 1hc dart, and (b) under 1igb1 
illumination. 

Under standard doping of - 1015 I cm',. u in this ample,. l nm.~ 
mntain las thm one in a million holcst bmcc Utey behave as und~ widi the 
nmnb« o( clectrous in the coaduction states extremely small. LaboralOry 
tempwatufa are not sufficient to induce holes. Light irradiatt<m. mwcvect craw 
bola foe the p~ to proceed. This development paves the way for operation of 
hiah·temperature Si-based single electron devicea. 

DEIUVETJZATlON OF THE PARTICLES 
Because the particles ue ultrumaJI, ultrlbrigbt, photostable and do not blink, 

they show significant potential u the next generation of ultrabright non.orpnie 
markers for ultrHln&itive flumncence anal)'sis. We dcriviliad the MnOpOarticles by 
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------

termination with butylaminc [15). This reaction is nfticiently pncral for the 
assembly of a VJU'i«y of functional organic molecules on the particles. We 
~ that the aceptiouJ brightmn of lhe nanoparticles are maintained after 
derivatizltion. Present~y medical and biological fluorescent imaging is significantly 
comtrained by the use o( dye martm-the only markm cwrcnlly available [16). 
~ ~ially the blue on.es. are not photostable--they decompose under room Jigbt 
or higher temperatures. Efforts are being dirccled to produce diffmmt clams of 
marken, such as semiconductm particles. CdS (e) nanopartieles have ~ty been 
pro.posed n fluorescent markers [J 7·11}. lmpk:montation of Si·baso4 det«lion will 
require mutes to couple biopolymers to the surface of the siticon n.anopartielcs via a 
covalent linkap. Here. we pramt a step toward this goal. the covalent linkinJ of a 
model orpnic compound to the mace or the particles. w~ demonstrated the 
formation of an organic hydrophobic shell due 10 the attachment of butylamine while 
still maintaining the optical activity of the particle. The particles were chlorinated by 
raction with Cl:z gas,. followed by the reaction with the functional amine group in 
butylamine to fonn a Si-N link9. The linkqe facilitates the attachment of organic 
f\mctional groups capable or R®gnizing specific analytcs such as proteins. DNA .. or 
vin:1$C1. The exceplional optical properties. ultrasmall Jiu (- small moJ~)t 
unifonnity ot size. low cost and pholmtabitity provide tbe ultimate sensitivity and 
spatial resolution in imasing capahilitiea. 

··------

,.. _______ _ 
----------~---=;;;..=...... - • • • 1111 :f ...... 

Figur,e; l 8 The XPS lpedra of films reconstituted from the particles mowing 
tlw the aminizcd particles have nitrogen and carbon peaks at - 400 attd 300 
eV respectively. A fit oftbt 400 eV peak in terms of two components is given 
in the iMet. 

Figure 19 The Fourier tnmsfom infrared (FTIR) spectra of (a) 
butylamin~ (b) bare Si substrate, and (c) aminized particles cast on the 
&UhSlrale. 

The chlorobenzene colloid of particles is saturated with Cl2 gas at a 
tempera11.tre or -10 c. The dissolved dllorinc ps chlorbunes lbe panicl-. replacing 
the hydrogen with chlorine. Freshly diititlod butyla:mine (C4H11NH2) is then added to 
the dried sample and is heated to 90. The dried particles are dissolved in heptane. 
Several dft'IPS of the colloid are placed on a Si Sllbtttate. After drying in air or tinder 
nitropn. a fe\V micron thick particle film fonns. Figure 18 presents the X·ray pho10 
~ (XPS) of a film of amimzed particles. Boeh the N and C peaks at - 400 and 
300 eV respectively are observed. The best fit of the 400 eV peak. sht>wn in the inset, 
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givq two componenu at 391.120 and 396.436 eV with 1.762 and J.875 f'WHM and 
43.9 and 56. l· percentage mus concentmion mpectivety. These are associated with 
the N ls of bulk Si nilride, and amine molecules, (typically at 399 eV) respecti\iely. 
The low energy one is couistent with well-established surface chemistry in the 
absorption of NH3 on Si surfacet and in the atomic layer growth of SiJN.4· '1'hae 
lend support for binding du"oulh a Sl·N linkage. F'urtber coofin:nation is derived from 
tbe Fourier transform infta·red {FTIR) spectra given in Figure 19. The aminized 
sample show ltl'Ofll N-H stretch at - 3300 cm-•. and Si·N lttdcbing modo at 860 cm· 
•. The peaks at 2869, 2881, 29ll. Ind 2966 cmtl are dwacmstics of C>H an-etch 
vibrations in butyl group1. The vibntion It - 2300 and 10()()..1100 pertain to~ air 
and OK)'gtm. The peaks al l46Q. and 1260 are due to CH2..cH3 stretdling .and CH1 
wagins respectively. The 1450..1700 band ls background seen also in control 
samples. XPS taken after air·expoaurc did mt mow sipificant change in the Nts· 
The prdcnce of the H·N bond is a ltrool indication of single Si-N formation as 
opposed to a Widte double bond linkage Si-N-Si. Ami:niution of Si Bat or porous 
surfaces usi:na a similar chemical lreatment showed pref~ to the bridp 
fwmarion. ln these systems. XPS showed nitropn hoods but FTIR showed lhe 
ab$CRCC of the N-H vibmdon. 

i 
f-
l 
I 

Figure 20 The unnomudiz.ed emission spectra of the dispened particla at 365 
nm, (a) before and (b) after the aminization. The peak of the blue band of the 
h)'dropnated particle shifts from 410 mn to 450 nm upon aminiution 
Figure 21 The auto correlation function Gu a ft.mction of time dorived ftom 
the emission of (a) the particles in a colloid along witb that. of (b) a coumariDe 
sta.m:hml under tw<>-photon excitation using mode Jocked near :inbred. The 
ftuwtions belong to one particle and 0.2 molecules in the lbcal volume. 

We used two-photon excitation (780 nm, I SO £1 duration at 30 Mlb:) to 
detmminc the particle's brightn• by a~Jation fluctuation specttoscopy· (FCS) 
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[l). The raw traces of emission are recorded. Fipre 2) ,ivu the autoconelation 
runction ot 1 vory diluted particle sample akmg wJtb a diluted. coumarine dye. The 
results yield a volume ol 0.997 pim cubie centimeters, and. N • I particle. This 
corresponds to a density or J.4S-3.&S )l JOll /cml. A simi!ltl' matysjs yields (t2 
coumarine moJeculol in the Coca! volume. Prom the photon couoons histograms (not 
shown), we find a brightness for 1he aminized particks two-fold $lll8ller Utan that of 
ooumarine. 

STRUCTURAL PROTOTYPE OF THE PARTICW 
Tho search ( l 9]for a realistic sttuctutal pmt<>type started from a spherical 

piece of a el')'IUdline Si which. for dtt qpcrimcntally observed size of - 1 nm. 
contaiits 29 atoms (magic number for the Td S)'mmetry and spherical shape). AU 
dantling bonds were terminated by hydroten. How~. the eom:.spomting dcctmnic 
energy gap wu Jarpr than 6 eV, sugesting that the observed ctusten poaes$ 
smaller number of tcnninatina hyd.ropnlox;pn, with a part of the dangling bonds 
saturated by a~ sur&ce mcomtnmtion. By eliminating t2 H atoms we 
anived al a structure of Si2Jl24 wilh 6 ~tcd surface Si-Si dimers similar to 
Si(OOl) surface 2xl ~on. The re$ulting Si2,H24 system was then relaxed 
using the Density Functional Theory CDrn wilb the PW9J exdwlgc-comlation 
functio• givin& after comcting for the: well-known DPT pp undtftltimation. a 
band pp of 3.S eV~ close to the one observed. We next calculated of the optical 
absorption spectrum as shown m Figure 19. We employed the Conflpration 
Interaction singles (CIS) method which conslnletS the wavdmctions with correct 
spatial and spin l)lmmetries and which aec~ to the ftrst order. the 
cxcitonic effms. ·The correct ovetall shift or the spectrum due to the' ineomp)de 
trealmcnt of the elcdrcn cooelation effects wa:s estimated tram a preliminary 
qwmtum Monte Carlo caleulatio:ns of the first two transitiofll {Tl-> T2) which 
correspond to the edp of the absorption ~· The resulting spectrum wi1h a 
Oam&ian broadening of 0.14 eV. which qualitatively represent die temperature and 
size averaging., given in Figure 19~ shows agreement with om mcuwmcm. 

I I 

figure 11 A configuration strucmn: of a particle that contains 29 silicon 
a.toms, wilh s core amms and 24 flf1 the surface. Hydrogen terminating ab>ms 
uein white. 
Figure 19 The calculated {dot) and experimental (soJid) absorption 
(nomaalized) of the 29 atom particle. 
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We evaluated 1he c:lusler polarirability. a uniquely defined property~ using 
OGAIPW91 and 6"3la-' basis set. si\llns - 793 (LU.). A FMrll definmon of I 
dielectric constmt in semiconduc1ar mmopartic:1a is not possible &tnce the enerlY 
levels are diSCfete.. To arrive It 11 dfective .. dielectric COtlltant .. one bu to define 
an appropriate If cluster interior volume". FOi' an etrtctive imcrior radius ( - 4.l A) we 
get a dielectric constant of ... S.1~ This value is close to estimations done before by 
Allan m at[12) Uld by Zurtpr it aJ[20]. TIM hnn'I modfi.bucd ~is {21 ]Ji~ 
for a diameter of 0.8 nm. a more reduced static dielectric constant of 2. 

STRUCIUkE OF Sa..SI BONDS 
Figure 20 aiva 1 schematic of the interatomit potential of the Si-Si 

~cted bond[12} calculated by Allan et al using LDF in • 1.03 nm diameter 
panic~ and the various paibwa)'I for absorption and emission calculated by Nayfch 
et al(23 ). The excited state ii a double won widt a potential bani«. The inner wen (al 
2.J.SA) is auociatod with the ~ conipndon and radiala on a kmg time 
scale of milli seconds. The outer well, a new state found only in ulera&mall 
nanopaniclct (< 1. 75 nm aoroo), is a trap well (Jt 3.45 A) bat ~ with life 
times of S ns to 100 ... The adculations were performed with the silkon atoms 
1erminaud by hydrogen. Only minor cbanps IUdi as a lhi:ft or the bo4tom of the 
outer well inward are apcctcd for oxygen tenninated dimers since they are lea 
amenable to •xpansion. The swc to which the outer well radiate v«tically down ii 
IM ground eloctmnic state. But, at extended bond kmglhs. the ground state is high 
lying ll1d unpopu111Cd, henei this system comtitutes a stimulated. eminien ebannel, 
and poa&ible phl. The blue emiaiort proceeds at an interatomk distance at lite top of 
11- barrier (-3 A~ wbcm the lifetime is in iM UDQICCond regime IDd mixing 
between ·lho two ICata i1 most significant. Bmiuion from. the boUom of the outer 
wen il or loap nme eharacteristic and or 1onpr wavelen&th ( ht the red or near 
inftaml) 

~ing to the Fm.Condon principle. absorption proceed& vertically up 
into the inner well at a ~ of 2.JS A, followed by tnmsftt into the outer by bond 
apansion via twmeling (double welt vibratiom) or tbennal activarioo (i.e •• self 
trappbt&) u lhown in Figure ll. AJsot ahove·burier ~ followed by 
relaxation populates the trapping well. For mm l• than a critical siu or - J.4 mn, 
the trapping edge is lower dum the absorption mp, allowin1 mona transfer to the 
out.er weU[l3 ). Bvkkmce mr a potential barrier WU dcmoostrated by manipulation Df 

the matedal by meta1 and oxide coatinp[24J. 
We now examine the prospect of pin, The inmal pin cocflkimt {2S] is 1 • 

AN Al Av I (111 ni r) where AN • N2 ~ N1 is tbc population inversion, n is the 
refractive index, Av is ·the: emission width. 1 i& the em.iaioa wave!ength. ad. t is 
spontaneous Ufetimc. Mcumments in the pncunor colloid .$how $0YenU mmuion 
dtammls with life litl'l'C$ of l ns. S tl$.. 10 to 15 n1. and - l 00 ~, with 
most of the bW. emission being in the 10 to JS n1 \ime scate.. Witb neat aatW'akld 
absorption, followed by strong transf« to the OU1ef well. we expec;t the density of the 
excited emitters to be newly 25 peroent of the •omic solid density (-l .S x I Qll I 
cm'). We ute "t - .01 to 1 ~a.- 400 am. IP 2; and AY - JOO nm (-lO '"Hz). With 
these parametm, y - l.S xJCV to 1.5 x10' cm"'· This pin allowt couiderable 
pow1h over microsc:Gpic distances.. The number of spont.an.ema emission modes is 
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givm by p • 87U\vnJV/ 1~ where V is Che active volume. UM1 an active cmss 
section of(2 pm)! Md an ac1ive sample thicknessofo.2 ~we pt p- Jtll, sizable 
even for mk::mscapic volume. 
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Fipre 20. Interammic potential ofthc dimers in I .OJ nm crystallites showing 
the around and the fint excited dectmnic states, afona with the pathways 
fi>r excitation and emisison. Tbe inset is the tnWition probability in 
·abtolptioa. 
Fipre lt. Double well vibrational wave function (8.33) in a 1.03 nm 
crystallile. (a) bone.fine; and (b) IQtibonding. 

Tbe restructured Si·Si bonds provide anharmonicity and optical nonlinearity. 
To mate t:r1 et.ti~ we upaod the intmtomic potential as a ftmction or the bond 
Jeqab (Piprc 20) about its mimmum: V(r) • ..Z + D rl w&«e r it &om the potemial 
minimum. The fit gives mD - S.btf).tt VfuP, where mis the mass olthe electron. 
From D we can determine the ftequcncy indcpcm:lem nonUncar optical c:oef:liciont 8 
• mD I ?el Nl where N is the douity of clecll'Onl that cootribua. 10 lhe 
po1ariution{2SJ~ The polarization at the eeond barm<lnie is proportional to 4 and to 
tlw ~ilitiu at O> ud 20> : P'-> • 112 d(c~J E..Z CO$ 2ct, wbero dflm} = 8 (J,fflll)1 X 
~> • and XC-l is tbe linear ausecptihility at frequency w. Thit gives a ... 1x 1 OD for N • 
6x 10:21 I m1• Note that the mean ¥Blue of the·~ 8 mr 25 nonceatros.ymmetric 
~known. for second harmonic gemration it 2xtot. The blue peak (milted by 
10 nm from the second harmonic) suggests a higher orda' noolbtar coherent process 
such u stimulated anti-stokes scatlerins{26}. We ~y ealeulated 42 meV for 
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the vibrational spacina using 1 numerical mall'b. metbod(23J. for incideut 
wa~ of - 780 nm. this woWd produce an anti..stobs line at 7S!).4 nm. wi11t a 
shift of 20.6 nm. Harmonic generation of lhe Raman shifted radiation gives 316 nm, 
with a shift of 10,J mn. 

CONCLUSION 
We developed a process for ~ bulk silicon into ukra$mall 

rumoparticles. The particlea - which are about Ofie billiondi of a meter in diameter 
aad con1ain 29 siliecm atoms • am be formed into e<>Hoida, crystals, films, and 
collimated beams for unique apptications ln the elcdrOnica. optcelcctronics and 
biomedical industrifi. We have observed some most un.expcctcd Md totally 
surprising phenomena. Unlike bulk Si, aa optically inactiw indiNct pp material. 
ultrasmall Si unopartie1es aR extremely aotivo opbeally, excecdlng lbe level of 
fluoracein, produce $1imulattd emission wUh bluo wllimattd '-ms, and exlribit 
harmonic purarion. Tho pbeno:mco.on occun when a crystallite dimemioos are 
brought down to one manometer or len. In these particles. the atomt. apecially the 
sudacc OJ'IA pt subjected to unbaJam:ed ~ ib'onJ enough to reshape oc re­
engincer the molecular structure. Under tbcH conditions, a· new contiguratioo or 
phase of Si_ which otherwise ia non-existent, forms. 
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