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Photoluminescence from gas-suspended SiO , nanopatrticles synthesized
by laser ablation
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Time-resolved photoluminescen@®L) spectra are reported for gas-suspended 1-10 nm diameter
SiO, particles formed by laser ablation of Si into 1-10 Torr He and Ar. Three spectral khigls

2.5 and 3.2 eYsimilar to PL from oxidized porous silicon were measured, but with a pronounced
vibronic structure. Particle size and composition were determined Hitbntrast transmission
electron microscopy imaging and high resolution electron energy loss spectroscopy linescans of
individual nanoparticles. Maximized viol€8.2 eV) PL from the gas-suspended nanoparticles was
correlated with anex situ SiO;, overall particle stoichiometry. Cryogenically-collected
gas-suspended nanoparticles produced web-like-aggregate films exhibiting very weak PL. Standard
anneals restored strong PL bands without vibronic structure, but otherwise in agreement with the PL
measured from the gas-suspended nanoparticlesl9@8 American Institute of Physics.
[S0003-695(198)02730-2

Luminescent nanoparticles of 1-10 nm diameters argroups of nanoparticlegas in Fig. 1c)] were found. For
highly desirable optoelectronic materials since quantum condeposits collected after hundreds of laser shots, groups of
finement(QC) of electron-hole pairs can result in bright lu- ~5 nm particles were also found in wire-like formations
minescence from new or previously forbidden optical[Fig. 1(d)] or more often aggregates of up to 100—300 nm
transitionst The size of the luminescent centers in porousdimensions[Figs. Xe) and 1f)]. Under scanning electron
silicon (P-Si) and nanocrystalline Singc-Si) was recently microscopy (SEM) investigation, these aggregates inter-
traced to sub-1.5-nm diameter§.e., Si clusters of linked to form a web-like microstructure very similar to
<30 atoms.? those reported by EI-Shadit al?

Laser ablation is a versatile vaporization tool, and has  Individual nanoparticles were examined for composition
recently been used to form photoluminescent films ofSi and nanostructure with high-resolution electron energy loss
and silicon-rich silicon oxidéSRSQ nanoparticles in vari- SpectroscopfHREELS, 0.27 nm spatial resolution, energy
ous modifications of the pulsed laser deposition technigtie. resolution~0.8 eV). The intensity and energy loss near edge
However, the temporal and spatial scales for nanopartici§tructure(ELNES) were examined at the Si-L absorption
formation in laser ablation plumes are just now becominggdge in Si(99 eV) and SiQ (102 eV), and at the O-K
understood:210 absorption edge to determine the nanoparticle composition.

Here we reportn situ time-resolved photoluminescence AS shown in Fig. 1a), particles were found with stoichiom-
measurements of SjOnanoparticles as they form, oxidize, etries between nearly-pure Si to nearly-pure SiO
and transport following ablation af-Si targets into 1 Torr Compositional profiles of individual SiOnanoparticles
Ar (99.9995% or 10 Torr He(99.9999%. Gas-suspended Were acqwre_d by translating the STEM befas indicated in
nanoparticles were spatially and temporally located by gated=i9- 1(c)] while ~100 ELNES spectra were recorded. These
ICCD photography of Rayleigh-scatteritgS and photolu- HREELS linescans showeas in Fig. 1b)] a unll‘orm dis-
minescencéPL) induced by a time-delayed XeCl laser pulse tribution of SI% bonding(as in pure siliconand Si**’ bond-
(308 nm, 4.0 eV, 25 ns FWHM® 0F

The dramatically different dynamics of Sihanopar- 35 (@)
ticle formation and transport were recently revealed with _sol pure!
time-resolved imaging” Holey carbon-coated or bare cop- 82| ¢
per transmission electron microscofyEM) grids were po- x207¢ fi
sitioned on wire armatures in the chamber to collect the £'S| |1
nanoparticles. PL and RS photography permitted direct im- §1° [
aging and control of the deposition procé&3he grids were z ]
exposed to room air for less than 2 min during loading into a % 100
VG HB501UX scanning transmission electron microscope
(STEM) for Z-contrast imaging. FIG. 1. High-resolution transmission EELS spectra of individual nanopar-

For c-Si ablation into 1 Torr Ar or 10 Torr He, spherical ticles [collected on the grid in Fig. (@], and imaged by’-contrast TEM,

5 nm diameter nanoparticles were collectédcm from the ;E?:I(s?)qa ‘zz)r"'g;i,;l;f jfg;ﬁg:ﬁ:gﬁtgfiﬂiggs'?%ég’ r:n%”;irse”_'g?é‘ (tgiﬂe)ar'y'
targe} with other sizes ranging from 1 to 10 nm. For depos-silicon bonding within individual nanoparticlgshown in(c)] obtained from
its collected after 1-10 laser shots, individual and smalkets of ELNES spectr&-contrast TEM images showed 1-10 nm particles
alone or(c) aggregated in pairs, suspended wire-like protrusioisthree-
dimensional networkge), and network aggregatg$) of ~100—200 nm
¥Electronic mail: odg@oml.gov size.
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FIG. 2. Gated photoluminescence spectra from XeCl-laser-excited, gas-suspended nanoparticles 2 cm away from a laser-ablated (8 1&gedrm

helium, At=250us after the ablation laser, arid) 1 Torr argon At=1s. Ten-shot averaged spectra, 2.6 nm resolutiqes 8ate(starting 150 ns after the

XeCl excitation pulsg The shaded regions are replotteddhand(d), to show that the spectra can both be deconvoluted as dshown by the blue curye

of Gaussian spectral bands. The spacing between adjacent band peaks is plotted vs peak PL energy. Single vibronic series fit the 3.2 and &&eeV bands
text) while the 1.8 eV band in helium appeared to contain an additional vibronic gariesverage interpeak spacing ofZ3@ meV is showh

ing (as in pure SiQ). The particles appear to be composed oftreatments14~1"This is consistent with the evolution of the

a homogeneous mixture of pure and oxidized Si regionsyiolet band during gas-phase oxidation in our experiments.
which contrasts with surface-oxidized Si nanoparticles pro- A pronounced oscillatory structure decorates each of the
duced and analyzed in other studfeslthough the TEM three PL bands. This structure was reproducible at different
resolution was sufficient to resolve lattice fringes frorsi  time delays with the most pronounced oscillatiditsgs.

by Z-contrast imaging, repeated attempts were unsuccessfid(C), 2(d)] appearing on the low-energy sides of the bands.
indicating either amorphous silicon @rSi regions in the The entire spectrum could be deconvoluted as a sum of
sub-1 nm size rangé.e., clusters of-Si<25 atoms. Gaussian line shapes. The spacing between neighboring

The ex situstability of as-deposited nearly-pure silicon peaks is plotted versus peak position in Fig&) 2nd 2d).
nanoparticles indicates that oxidation leading to the overalFor the 3.2 eV band in Fig.(B), the spacing is quite uniform
stoichiometry is accomplished in the gas phase. In argon, €62=6 meV). This roughly agrees with the spacing ob-
weak flow was necessary to produce photoluminescEhce.served for the 2.5 eV band of Fig(& (575 meV). The
No-flow or excessive Ar flow quenched the PL. In all casesl.8 eV band of Fig. @) appeared to contain an additional
where violet gas phase PL was observed, SRSO nanopa¥ibronic seriefan average interpeak spacing of*3@ meV
ticles were collected. Introduction of oxygen-containing im-iS shown in Fig. 2d)].
purities (oxygen, water Vap()rto Condensing Si nanopar- The apparent vibronic structure in Fig. 2is suggestive of
ticles was controlled by increasing the Ar flow. The gas-the phonon-assisted transitiottsulk TO and TA modes of
phase violet PL was maximized by adjusting the flow rate ofc-Si at 57 and 18 me)/observed in resonantly-excited PL
Ar (270 sccm into the 50/ chamber. This condition corre- spectra of P-Si at low temperature®. However, only
lated with an overalex situSiO; 4, stoichiometry.

PL spectra of gas-suspended nanopatrticles are presenter"A12 .
in Fig. 2 and Fig. 8a). Three broad PL bandsentered at :
1.8, 2.5, 3.2 eY were found in varying proportion'd. For
At<300us after ablation into 10 Torr He, the spectrum is
composed of just two bandat 1.8 and 2.5 eV, as in Fig. £6
2(a)], while at later times £t>300us) a third band at 3.2 4
eV emerges to become the dominant emisgghrown in Fig. 2l

4

ts,

E10F

-]
T

Lum. Intensity (arb. u

3(@]. In 1 Torr Ar, the violet 3.2 eV band can be maximized
as described above, as shown in Figh)2for At=1s. In
these experiments, all three bands shown in Figs. 2 and 3 haa

similar experimentally measured luminescence decay timesiG. 3. (@ Comparison of PL spectrgl0 nm resolutioh from two

of 1.8 us (see Fig. 2 of Ref. 10 annealed-SiQnanoparticle films and gas-suspended clusters/nanoparticles

; rming in 10 Torr heliumd=2 cm from the target, at 25@s (from Fig.
The broad luminescence bands at 1.8, 2.5 and 3.2 eV a'tZ ) and 400us after ablation. Film Lprepared in 1 Torr Ar/5% ©on

very similar to PL observed for oxidize@-Si andnc-_Sl. cold-finge) and Film 2(prepared 10 Torr He, RT depositrere annealed
While the calculated band gaps of sub-1.5-nm Si clustergoo °C in G, (no PL) and then 1000 °C for 30 min in Ar/5%tjas, giving
extend from the blue to the ultraviolé3—5 e\))l2 and direct  strong PL at RT under 5.0 eV pulsed excitation. A 320 nm LP filter was

transitions innc-Si have been reporté& the blue-green and used for the filmgand He 40Qus) spectra(b) SEM micrographs of brightly
' hotoluminescent region of annealed Film 1 shows a weblike-aggregate

viole_t bands are most often assoc_iated with fast oxidati(_)n Oftructure which appears to be composed of agglomeré@d—200 nm
P-Si or nc-Si during production or post-processing network-aggregates of nanoparticlege Fig. 1)].
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sub-nmc-Si clusters are possible given the TEM measure- Measuring nanoparticlesolated in the gas-phase ap-
ments, and the stability of the Si—Si vibronic structure withpears to expose luminescence propertiesitu which are
varying particle size and temperatures during the plume exost, or at least reduced upon deposition. At leastnforSi,
pansion indicates that the luminescence likely originategvhile the band gap shifts to the blue with decreasing size, the
from the surface of the clusters or nanoparticles. For sucRrimary quantum size effect isolation of electron-hole
small Si clusters, contributions from surface atoms may bePairs from each othéf For silicon nanocrystals in thin
gin to dominate those from the bulk, and the role of surfacdilms, this isolation is provided by an interfacial oxide layer
phonons (53 meV) should also be consider&d. which is crucial to luminescence. The ability to vary the
Pronouncedirregular structure has been observed on characteristics of this oxide layer as it forms in the gas phase
violet and blue-green PL bands from annealed Si-clustefePresents a significant processing advantage and may help

based SRSO films deposited under nonequilibriurﬁeveal the origin of visible luminescence fx Si andnc-Si.
processing.>*181’Proposed explanations include intrinsic

defect centers and quantum-size effectsceBi,” overlap- by C. W. White and T. Makimura, and valuable discussions
ping cluster emission bands; nanoparticulate SIQ® and  yith v. Kanemitsu, K. Kimura, W. Marine, K. Murakami

Si(ll)o defects ina-SiO,.*** Photolysis of surface spectés  ang K.Pp. Geohegan. This work was sponsored by the Divi-
or the clusters themselves are other possibilities. sion of Material Science, U.S. Dept. of Energy under Con-
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