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Time-resolved imaging of gas phase nanopatrticle synthesis by laser
ablation
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The dynamics of nanopatrticle formation, transport, and deposition by pulsed laser ablati@i of

into 1-10 Torr He and Ar gases are revealed by imaging laser-induced photoluminescence and
Rayleigh-scattered light from gas-suspended 1-10 nm, Qiféiticles. Two sets of dynamic
phenomena are presented for times up to 15 s after KrF-laser ablation. Ablation of Si into heavier
Ar results in a uniform, stationary plume of nanoparticles, while Si ablation into lighter He results
in a turbulent ring of particles which propagates forward at 10 m/s. Nanoparticles unambiguously
formed in the gas phase were collected on transmission electron microscope giZdsdotrast
imaging and electron energy loss spectroscopy analysis. The effects of gas flow on nanoparticle
formation, photoluminescence, and collection are described.1968 American Institute of
Physics[S0003-695098)00223-X

Thin films containing photoluminescent nanocrystalline  The experimental apparatus for ICCD photography and
Si (nc-Si) and silicon-rich silicon oxidgSRSQ nanopar-  spectroscopy of laser ablation plasmas has been described
ticles have recently been synthesized by laser ablation of Sireviously®~*° Polishedc-Si wafers were ablated by KrF-
into 0.2-10 Torr background gasks. These films are laser pulses X=248 nm, focused to energy densities of
among the most promising optoelectronic materials for ap5—8 J/cm in 28 ns pulses, spaced one pulse per minute
plications requiring room-temperature photoluminescencénside a large, turbopumped vacuum chamber (1
(PL) and compatibility with existing silicon processing tech- x 10~¢ Torr base pressuremaintained at 1-10 Torr of
nology. Recently, electroluminescent light-emitting diodesg9.9999% He or 99.9995% Ar with variable flow controllers
were fabricated from laser ablation-produgedtSi films® (0—1000 scch

Optimizing the synthesis of quantum-confined nanoma-  Figyre ¥A) shows a sequence of ICCD photographs de-
terials by laser ablation in background gases requires gijling the visible plasma luminescence resulting from KrF-
knowledge of the temporal and spatial scales for nanoparticlg,ser aplation of silicon into flowing argon gas at 1 Torr.
formation, and how nanoparticles are transported and depogyithin At=20 us, collisions with the background gas rap-
ited. There is no adequate theoretical description of this Prodly decelerate the plume of silicon vapor from an initial
cess, and experimentally, it is often unclear whether NaNOgelncity of 2 cms (kinetic energy/ators58 eV) to only
particles collected on substrates were formed in the gag 9 cmfs (0.0015 eV. A backward-propagating flux of
phase or from nuclei formed on the substrate surfae. o ial'is observed to reflect from the target surfacAtat

ticl Se;]/eralm sﬂutlmessurementls Ofd gas;forn;ifd na?otpa;]-: 300 us after ablation, before a relatively uniform cloud of
cles have recently been employed using different 1echy,  nneq plasma forms and cools over several milliseconds.
niques. In 1994, Chiet al. attempted the first PL measure-

ments of gas-suspended silicon nanccryStaldhe For RS and PL from clusters suspended in the gas phase,
nanocrystals were generated in a laser vaporiza(lﬁrﬁal- a pulse of light from a XeCl-laser illuminated a slice of the
ley) cluster source, and despite strong Rayleigh scatterinﬁIllcon pI_ume f_rom b_elow. Prpbe laser light scatter?‘?n by
(RS from the particles no detectable PL signal could be ano.partlcles{wnh e.st|mated diameters Iarger than 1)
observed. Movtchaet al. found small &2 nm) SiQ, clus- was imaged by gating the camera on during the XeCl laser
ters in films deposited through low pressureX Torr) gases pulse. Alternatively, the camera was gated on after the probe

and reported cluster luminescen@eithout external excita- 2S€r pulse to capture images of long-lived photolumines-
tion) close to the target surfacel€2 cm) within delays of ~¢®Nce. o
At<10us after laser ablation. Recently, Muramagoal. The first detectable Pland RS are observed in Fig.
used a combination of laser-induced fluorescence imaging(B) at At=3 ms after ablation, just as the last remnants of
from atomic Si and RS from nanoparticles to infer a muchPlasma luminescence disappdaompare with Fig. (A)].
later time (At>100—200us) for the onset of dimerization The PL images of Fig. (B) (also RS images, not shown
and subsequent nanoparticle growth following Si ablatiorindicate that silicon nanoparticles form first near the target
into 10 Torr He’ surface and then occupy the entire plume volume within the

Here we report the first time-resolved measurements ofiext two milliseconds. Over the next hundreds of millisec-
photoluminescence from gas-suspended nanoparticles a®iids, the stationary nanoparticle cloud densifies near the
utilize gated ICCD(intensified CCD-arrayimaging of this  center of the initial A¢t=>5 ms) spatial distribution. We be-
PL (as well as RS to reveal dramatically different Si- lieve that outward diffusion of atoms or small clusters on the
nanoparticle formation and propagation dynamics in He anduter edges of the cloud does not lead to aggregation into
Ar. Gas-formed nanoparticles are unambiguously collectedarger nanoparticles, while inward diffusion does. This cloud
and analyzed by transmission electron microscOfiyM). of nanoparticles is eventually blown upward in FigCl by
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FIG. 2. (A) Photoluminescence spectra of gas-suspended nanoparticles lo-
catedd=2cm from ac-Si target in 1 Torr flowing Ar atAt=1s after
KrF-laser ablation. Luminescence was acquired at two time delays follow-
ing the initiation of the 30 ns FWHM XeCl-laser excitation pulse: 0—0.4 and
0.4-3.7us. The inset shows the 0.4—3uf spectrum in energy units, de-
convoluted into bands at 2.0, 2.6, and 3.1 €B), (C) Z-Contrast TEM
images of nanoparticles collectedst=1-1.5s,d=2cmin 1 Torr Ar.

stoichiometries (8x<2) were obtained. Detailed PL spec-
tra of gas-suspended nanoparticles, deposited films, and cor-
related particle analysis will be presented in a separate
letter 2

PL spectra of gas-phase nanoparticles were recorded
FIG. 1. (A) Gated-ICCD photographs of the nascent visible plasma lumi-with a gated-intensified diode arréyrinceton Ins).on a 0.3
nescence observed when & @-Si wafer (left of frame) is laser-ablated monochromato(Acton VM-503, 150 grooves/mm grat-

(KrF, 28 ns FWHM pulse, incident at 30° as shovimto 1 Torr Ar (5 ns to . . . .
15 us exposurgs The time delay after ablation and the maximum intensity ing, 10 nm resolution In this case, the sheet of XeCl light

(red of each image are listedB) 3 us exposures of PL from nanoparticles Was turned parallel to the target surface.
after a XeCl-laser pulsé308 nm, 4.0 eV, 30 ns FWHM;-0.2 J/cn} in A representative PL spectrum is given in FigA2 for Si

3.5 cmx0.15 cm beamis directed vertically through the plume at the indi- gp|ation into flowing 1 Torr Ar acquired at=2 cm and at
cated times after laser ablatioC) PL images of the nanoparticle cloud

swept by the weak argon flow onto a TEM grid for subsequent anal{3is.
Rayleigh-scattered light from nanoparticles is imaged at two ti(68sand
600 m3 after laser ablation into statitno-flow” ) or flowing (“flow”, 270
sccm 1 Torr Ar.

the weak flow in the chambéR70 sccm into 50 chambey
onto a TEM grid suspended by a thin wire.

At=1.0 s[see Fig. 1B), 1.0 4. Three broad photolumines-
cence bands were found for both argon and helium. These
bands agree with those observed for oxidiredSi films and
porous silicont®>'* The violet (3.2 eV) band emerged to
dominate at later time delays for both He and Ar and corre-
lated with the extent of oxidation as determined doy situ
TEM analysis? Measured luminescence decay times ranged

Remarkably, no PL is observed when silicon is ablatedup to 2 us [see Fig. 2A)].
into nonflowing argon. However RS images revealed that
nonluminescing nanoparticles were present in nearly equal
numbers. Figure (D) compares RS images under flow and
no-flow conditions at=60 and 600 ms. The weak Ar flow
[see Fig. 1C)] also significantly alters the particle growth, as
indicated by the RS intensity in Fig(2) («<d®N, whered,

N are the particle diameter, density

Copper and holey carbon TEM grids were positioned on
wire armatures in the chamber to collect the luminescing
species. PL and RS photography permitted direct imaging
and control of the deposition procefss in Figs. 1C) and
3(A)]. The grids were exposed to room air for less than 2
min during loading into a VG HB501UX scanning transmis-
sion electron microscope fa-Contrast imaging.

For the particles shown in Figs(R) and ZC), the grid

' iuml a 4 "
-8l -_
was held 10 cm above the imaged cloud uati= 1.0 s, and = J
then swept through the cloud atli=2cm from At

=1.0-1.5s. This was repeated for 10 ablation events. Isd=IG. 3. (A) ICCD images of plasma luminescenct{<400us) plus pho-

: _ ; : itoluminescenceAt>200us) from nanoparticles produced by silicon abla-
lated, spherical, 4-5 nm diameter nanoparticles were typltion into 10 Torr He(3 us exposures (B) PL images at later times show the

cally _found with f)ther sizes ranging fr_o_m 1to 10 nm. D_e' swirling smoke-ring of nanoparticles encountering a room-temperature sili-
pending on the distance and flow conditions, a range of SiOcon wafer(at the dashed line positian
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For Fig. 1B), the flow of argon was varied from 1 to that heavier Ar atomsni=40) effectively remove Si atoms
1000 sccm and optimizetat 270 sccm to maximize the  (m=28) from the forward-going flux, and can even scatter
integrated PL intensity. The formation of photoluminescentSi atoms backward, while lighter He atoms€4) gradu-
SRSO stoichiometries appears to depend upon the rates fally slow Si atoms with a series of small-angle collisidhs.
silicon-silicon clustering and silicon oxidation during nano- In summary, the nanoparticle synthesis and transport dy-
particle growth. Small admixtures of oxygen in the gas flownamics reported here were considerably different for argon
guenched the violet PL, as did stopping the flow. and helium. Argor(1.0 Torp stops and reflects the Si plume,

Although small silicon clusters have been measured tdesulting in a stationary, uniformly distributed nanoparticle
be about two orders of magnitude less reactive than a ba@oud. Helium(10 Torn slows the silicon plume, angularly
silicon surfacé?®'® the environment in the ablation plume Ssegregating most of the nanoparticles to a turbulent smoke
appears to be considerably more reactive. Oxygen walng which propagates at 10 m/s through the chamber. On-
present in only 1-5 ppm levels from,& and G impurities ~ Set times for nanoparticle formatiof8 ms in 1 Torr Ar,
in the high purity rare gases, from the chamber walls, an®-15-0.2 ms in 10 Torr Hevere measured by both PL and
from the reoxidized target surface. Gas flow was essential tRS. In both cases, nanoparticles appeared as the plasma lu-
bring fresh oxygen-containing molecules into the vicinity of Minescence extinguished.
the stationary Si/Ar plume to achieve photoluminescent Time-resolved photoluminescence from gas-suspended
SRSO stoichiometries. nanoparticles was measured for the first time. Three broad

A strikingly different set of dynamics are initiated by Pands of photoluminescen¢2.0, 2.6, and 3.2 epsimilar to
ablation of Si into 10 Torr He, presented in Fig. 3. In Fig. those of oxidizedhc-Si were measured and correlated with

3(A), the laser-induced PL is imaged along with the plasma-—10 nm diameter, spherical Si@articles collected from
luminescencewhich rapidly drops during the first 40us (e gas phase.

after ablatioh. By comparing images with and without the ~ CouPled with RSin situ PL imaging and spectroscopy
excitation pulse, the laser-induced Pand RS, not shown provide a new approach to study and control the photolumi-

could be first discerned att=150—200us, near the front nescence properties of isolated nanoparticles, prior to depo-

of the expanding plume. Fromt=200—400us, the inten- sition. The observed dynamics suggest new ways to optimize

sity of RS and PL increases at the front of the plume, Whilethe production, doping, and collection of gas-constructed na-

a central core of clustefsoo small to scatter lightsuddenly nomaterials by laser ablation.
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