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In this paper, we show the feasibility of the pulsed-laser ablation technique to grow
20-30-nm-thick, discrete and continuous coatings on particulate material systems so
that the properties of the core particles can be suitably modified. Experiments were
conducted with a pulsed excimer lasar £ 248 nm, pulse duratior= 25 ns) to

deposit nanoparticle coatings on, 8, and SiQ core particles by irradiation of Ag

and Y,O,—EU** sputtering targets. Structural characterization was performed with
scanning electron microscopy, wavelength dispersive x-ray mapping, transmission
electron microscopy, and scanning transmission electron microscopy with z-contrast.

I. INTRODUCTION Using artificially engineered nanostructured materials,
it may be possible to engineer the properties by control-
Submicrometer- to micrometer-sized metallic and ceding the size of the constituent domains and the manner in
ramic particles (100 nm to 10m) act as principal pre- which they are assembled. Some of the recent efforts
cursor materials for a wide range of existing andhave been focused on synthesizing atom clusters, zero
emerging products involving advanced ceramics, metalgjimensionality quantum well structures, one-dimensional
and composites that span several industries such as aernedulated multilayered materials, and three-dimensional
space, automobile, machining, vacuum electronics, bamodulated nanophase materidié These materials may
teries, data storage, catalysi$Particulate materials as possess novel properties; however, typically they cannot
core technologies influence over 1 trillion dollars yearly be used along with the submicrometer- to micrometer-
on a worldwide basi8.To achieve desirable properties in sized (100 nm to 1Qum) materials, which constitute the
the final product, typically the properties of the particlesbulk of the existing commercial technologies.
such as shape, size, composition, surface charge, By synthesizing nanofunctionalized particulates or ar-
flowability, etc., have been controlled. These charactertificially engineered materials formed by attachment of
istics play an important role in determining the final mi- nanosized particles of complex stoichiometries onto core
crostructure, and thus the product’s properties. Howeveparticles in different architectural forms (porous to com-
with the rapid advancements in nonparticulate technolopact, discrete to continuous), it is possible to produce
gies such as computers, telecommunications, and eleparticulate materials that concomitantly exhibit distinct,
tronics, there is a strong need to develop novel particulatdisparate, and unique properties. A schematic diagram of
systems, which can result in value-added products witltwo types of nanofunctionalized particulate materials is
enhanced propertiés. shown in Fig. 1. This figure shows both discrete and
Increasing interest in recent years has been focused @ontinuous nanofunctionalized layers onto core particles.
a wide variety of nanostructured materials, which posses$able | shows some of the unique characteristics of nano-
grain or phase structures modulated on a length scale &finctionalized particulate materials. For example, thin
less than 100 nm, because it is anticipated that their prog<20 nm), conducting, and continuous coatings are re-
erties will be different from and often superior to con- quired for field-emission display flat panel powders, so
ventional materials that have phase or grain boundariethat the surface electrical charge can be dissipated, and
over a coarser size scalé. electron beam-induced surface oxidation can be pre-
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vented for long-life cathodoluminescent properfiés. made in this field because of several complicating fac-
Similarly continuous nanoparticle intermetallics (such agors**>~**These factors hinder the uniform deposition of
TiAl) clusters of size <2 nm may be ideal for WC core multicomponent stochiometric materials such as high-
particles, so that defect-free, high-toughness, highsuperconductors (Y-Ba—Cu—0O), colossal magnetoresis-
temperature strength composite materials may be synthéance (CMR) materials (such as La—Ca—Mn-0), phos-
sized for next-generation high speed (<1500 m/minphorescent materials (e.g., Eu-doped yttrium oxide,
cutting tool applications?® In contrast, thick (20-30 nm) sulfide) onto core particles:*?
discontinuous CoO clusters may be ideal for Ni(GQH) In addition, the functionalized surface should typically
CoO composites, in which the surface exposure of théave nanometric dimensional control for optimum inter-
core material is essential for efficient charging and dis-action between bulk and surface properties. Techniques
charging kinetics for high-capacity rechargeable nickelkurrently used in the literature such as fluidized bed coat-
metal hydride battery applications. It should be noted thaing, powder blending, mechanofusion processing, chemi-
in all these applications, it is imperative that the func-cal precipitation, and chemical vapor phase condensation
tionalized surface be in nanometric dimensions; otherare not capable of overcoming the barriers mentioned
wise the thick layer masks the useful bulk property of the
core particle (for example, phosphorescence, mechanical
strength, etc.).

Although the synthesis of nanofunctionalized particu-
lates is highly desirable from both fundamental and tech-
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FIG. 1. Schematic diagram of a nanofunctional particulate consisting

of a core particle coated with nanoparticles. (a) Discrete or porous-IG. 2. Schematic diagram of the system used to synthesize nanopar-
coating. (b) Continuous nanoparticle coating. ticle coatings.
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TABLE I. Various examples of nanofunctionalized particulate materials showing the surface architecture, the nature of surface functipnalization
and potential desirable applications.

Nanophase Core

compound particle Nanophase architecture Surface functionalization Applications
Co wcC Continuous, compact, thin Fracture toughness Cutting tools
TiAl wcC Continuous, compact, thin Fracture toughness, high-temperaturéjrcraft, high-speed cutting tools

strength
Y,05 SigN, Thin, compact, phase sintering  Controlled liquid ball bearings High-strength ceramic
Sio, AlL,Oq Thin, continuous, compact Solid-phase reaction sintering Advanced high-strength, high-toughness
ceramics

CoO Ni(OH), Discrete, porous, thin High-surface conductivity Rechargeable batteries
Y, 05 EPt Sio, Continuous, compact, thick Cathodoluminescent surfaces Spherical, monosized phosphor particles
TaSi Y,0,S:EF*  Thin, compact Surface degradation protection Low degradation phosphor particles
Ni(OH), Sio, Thin, discrete, porous Bacteria absorption from water Efficient filtration systems
YBa,Cu;0,_s  AlL,Oq Thin, continuous, compact Superconducting surfaces Electromagnetic shielding
TiO, Sio, Thick, discrete, porous Catalytic surfaces Environmental clean up
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above®**°Thus, the state of the art methods fall short ofll. EXPERIMENTAL
the requirements to synthesize nanofunctionalized par- e pulsed laser deposition (PLD) technique has

ticulates with uniformly distributed multicomponent

coatings with nanometric control.

(c)

500 yum

FIG. 3. CCD camera images taken during laser coating of |5@0-

emerged as one of the most popular methods to deposit
complex oxide thin films and compositionally varying
multilayer system$®—*°Currently, most of the thin film
deposition has been conducted on flat substrates, which
are normally kept parallel to the substrate at a distance of
3-10 cm from the target. The flux generated by the laser
interaction with the target is composed of active atomic
and molecular species, which also can be controlled with
a background gas, which has been found to play a sig-

Optical Spectroscopy During Silver Ablation
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FIG. 4. (a) Optical emission spectra obtained during laser ablation of

Al,O; particles with Ag nanoparticles. (a) and (c) CCD images of Ag in backfill gases of He, Ne, Ar, Kr, and £at 200 mtorr chamber
uncoated and coated samples, respectively. (b) CCD image duringressure. (b) Time-triggered single pulse wire probe velocity measure-
synthesis, where optical emission from the Ag plume is clearly visible.ments of Ag ion as a function of backfill gas and pressure.
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nificant role in the film formation process. If the back- phase. Also, if the background gas is reactive the ablated
ground gas is reactive, such as oxygen, ammonia, nitrouspecies may react to form new compound spééiasthe
oxide, a higher concentration of molecular species is obranometric level on the core particles, which potentially
served in the plasma. At high background pressurebas a large number of applications in existing and emerg-
(>200 mtorr), nanoparticles (1-3 nm) in the plasma havéng technologies®?4
been reported®2?The formation of these clusters is due In this paper, we show the feasibility of the pulsed-
to increased collisions of the ablated species in the gdaser ablation technique to form discrete or continuous
nanoparticle coatings on core particles. A schematic dia-
TABLE Il. Reference and observed atomic Ag line emission duringgram of the ex-pe”mental _setu_p to fabricate -the particu-
: late coatings is shown in Fig. 2. An excimer laser

ablation. . . . .
irradiates the target material through the ultraviolet trans-
Observed (nm) Reference (nm) parent quartz window.
405.34 405.50 Typical energy densities used in the experiments were
420.84 421.09 approximately 2—3 J/cfn The laser plume is directed
447.59 447.60 perpendicular from the ablation target onto an agitated
;‘gg-;g ;Sg-gg bed of core particles. The core particles are suspended in

the system by a mechanical agitation method. The thick-

546.76 546.50 _
ness and surface coverage of the coating are controlled
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FIG. 5. Time-gated CCD imaging of the Ag plume as a function of backfill gas with intensity spectrum. Images were taken in helium (a)—(f), argon

(9)—(0), and krypton (p)—(x). The first images of each system (a), (g), and (p) were takeafter the laser pulse; all other images in each set
were taken 2Qus apart.
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primarily by the repetition rate of the laser and the resi- In situ wire probe measurements were conducted by
dence time of the suspension. By controlling the energysing time-resolved fast triggering methods in conjunc-
as well as the background pressure in the system, th@on with a digital oscilloscope. Wire probe measure-
composition and size of the nanoparticles can be conments were conducted to examine the change in velocity
trolled. Earlier work has shown a correlation between theof the charged Ag species during ablation into different
cluster size and the background gas presSuféWhen  backfill gases while varying the pressure. The measured
the background gas pressure is increased, the cluster sizelocities for positively charged Ag species as a function
changes from a few atoms to nanometer dimensions. Thaf backfill gas pressure into gases of various molecular
experiments have been conducted with@J and SiQ,  weights are presented in Fig. 4(b).

core particles with high purity Ag and 0;—Eu sputter- Average velocities in the range 2aL(f cm/s are

ing targets as sources. A variable zoom lens (3-8 inchesh good agreement with similar ablation measure-
was mounted on a progressive scanning charged coupledents?®~22 From this it is also clear that the velocity of
imaging (CCD) camera (Pulnix) to record plume evolu-the Ag species is proportional to the molecular weight of
tion and system monitoringn situ CCD images ob- the backfill gases. As expected from classical collision
tained before, during, and after synthesis of a silvetheory, the velocities of the silver ion species decreased
nanoparticle coating on 500m Al,O4 particulates are as a function of backfill gas molecular weight and pres-
shown in Fig. 3. sure, respectively.

The coupling of the 25-ns excimer laser pulse with a
polycrystalline Ag produces an expanding plume of ex-
lll. RESULTS AND DISCUSSION cited Ag species. Images shown in Figs. 5(a)-5(f) repre-

In situ fiber-optic spectroscopy was used to examinesent the Ag plume expansion in a helium atmosphere
the optical emission spectra of the laser-induced plumg200 mtorr), images [Figs. 5(g)-5(0)] represent the Ag
The optical emission spectra for Ag with respect to fiveplume expansion in an argon atmosphere (200 mtorr),
different backfill gases at 200 mtorr are shown inand images [Figs. 5(p)-5(x)] represent the Ag plume ex-
Fig. 4(a). In comparison to known atomic emission linepansion in a krypton atmosphere (200 mtorr). All initial
standards? six lines for atomic Ag can be observed. plume images from Figs. 5(a), 5(g), and 5(p) were taken
Table Il lists the observed atomic line emissions, which7 s after the initial laser pulse, all subsequent images
are in good agreement with the reference lines for neutrakere 20us apart. The CCD camera was mounted per-
atomic Ag emission. pendicular to the expanding plume as shown in Fig. 2 to

t=147 us

60 mTorr Ar

30 mTorr Vacuum

150 mTorr Ar

FIG. 6. Time-gated CCD imaging of the optical intensity increase as a function of backfill gas pressure from 30 mtorr to 1 torr with intensity

spectrum. Time gating for image capture was maintained ajps47
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record the time gated images. The images have bedhe laser ablation process are shown in Figs. 7(a) and
altered with gray-scale intensity spectra separated int@(b), respectively. The SEM micrograph shows approxi-
10-bin regions by conventional image analysis softwaremately 18um faceted alumina particles; however, it
The modified images highlight the highest intensity por-does not reveal the presence of a nanoparticle film on the
tions of the laser ablation plume. Plume expansion be-
havior in helium is clearly similar to that in a vacuum,
with optical emission lasting for 70—80s, an indication
that the heavier Ag species are not significantly affected
by collisions with the lighter helium atoms. In sharp con-
trast to the plume expansion in helium, the optical plume
emission in both argon, krypton atmospheres has sus-
tained optical emission that lasts beyond 330 Further
observations of plume separation and splashing are
clearly visible at times [Figs. 5(i)-5(0) and 5(u)-5(x)].
This is in comparison to the amount of plume emission
observed away from the forward ablation component,
which is clearly not visible in helium at times > 10G.

It is observed in fact that the plume expansions in helium
appear to have a uniform emission intensity that decays
uniformly in helium as shown at times [Figs. 5(e) and
5(f)] in contrast to times in argon [Figs. 5(i)-5(0)] and in
krypton [Figs. 5(p)-5(x)].

Therefore it appears that because of a snowplowing
interaction with the heavier gases, the Ag plume emis-
sion persists for a period beyond 3@8 that could be
arising from spatial heating and temporal confinement of
the ablated Ag species. From times [Figs. 5(i)-5(0) and
5(p)-5(x)] it can be observed that the brightest secondary
emission remains at the same spatial location for
=100 s, which may be approximated as pseudo-
semistationary confined plasma (SSCP), which is slowly
interacting with the krypton. In comparison with
Figs. 5(a)-5(f), this SSCP is not observed in gases of
lower atomic mass. In these types of environments, at-
tenuation of the forward radial plume component is not
significant compared with the time scales observed.

It is important to further examine the spatial and tem-
poral behavior of the plume expansion so a plume history
was recorded as a function of argon backfill pressure
while at a constant delay time of 14. This means that
all images were taken 14is after the laser pulse (time
nin Fig. 5). The expansion behavior from a 30-mtorr to
1-torr Ar backfill at the constant delay time of 14 is
shown in Fig. 6. The effects of the Ar backfill gas on the
optical emission intensity and spatial confinement be-
come clear. Detectable optical emission is not present
from 30 to 60 mtorr, indicating the differences in plume
emission lifetime due to collisional processes leading to
spatial confinement as observed at higher pressures of
200 mtorr to 1 torr, respectively.

Because the size of the ablated nanopatrticles is below
the reSOIUtIO.n. O.f a standard_sca_mnlng electron mlcrOS(.:Oplgel 7. (a) SEM of the Ag-coated sample. An elemental Ag map of (a)
(SEM), the '_n't'al CharaCt?”Zat'on OT the surface Coatlngis shown in (b). The elemental map qualitatively shows a clear 1:1
was determined by chemical analysis. SEM and chemic&brrelation between corresponding,@L morphological particle fea-
images of Ag—AJO; composite particles synthesized by tures in (a) and the x-ray-detected scans for Ag shown in (b).
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surface. From the WDX Ag chemical map shown in[1100directions. Most pure metals form polycrystalline
Fig. 7(b), it appears that the Ag is distributed uniformly structures. The grains in these structures are small crys-
on the surface of the AD; particles. The effects of tals that are on the order of 0.5—-ffn in size. Metals are
pulsed-laser deposition into various backfilled gases atinlikely to form amorphous structures because building
different pressures have been discussed with respect ldocks are so small (single atoms) that crystallization is
nanoparticle formation mechanisms. difficult to prevent. Because cooling rates in excess of
These processes also can influence further effects sudt©® K/s are required for the formation of metallic glasses,
as nanopatrticle crystal structure and adhesion behaviothe Ag nanoparticles formed during ablation with cooling
The effects on the kinetic energy on the Ag plume due taates of=10° K/s are expected to be nanocrystalline be-
interaction with an Ar backfill at 200 mtorr can be ap- cause of their lower cooling rates. To determine the
proximated as a function of the Ag vapor traveling into structure as well as the spatial distribution of the nano-
the backfilled gas. Withimt = 20 ps, collisions with  functionalized layer, high-resolution transmission elec-
the background gas rapidly decelerates the plume of Aron microscopy and scanning transmission electron
vapor from an initial velocity of=2 cmjus (kinetic en- microscopy (HRTEM) with dark-field contrast [scanning
ergy/atom 50-100 eV) te0.01 cmfrs 0.0015 eV)y° transmission electron microscopy with z-contrast
This may also suggest that a large percentage of the prima($ TEM-Z)] were conducted on these samples. The con-
Ag nanoparticles form in the first 20s of the Ag plume trast in STEM-Z occurs because of incoherent Ruther-
expansion, with secondary agglomeration and growth afrd scattering; thus the intensity is proportional to the
described by the SSCP process occurring at longer timestomic number of the elemeft:>?An SEM image of the
on the order of hundreds of microseconds, which hasurface of an 18m alumina particle coated with Ag
been supported recently by Geohegdral. nanoparticles is shown in Fig. 8(a). Because images of
The equilibrium crystal structure of Ag is generally the Ag nanoparticles could not be obtained, STEM-Z
regarded as face-centered cubic (FCC) at room temperanalysis was performed.
ture3° This structure has four atoms per unit cell with a The STEM-Z micrograph of the surface morphology
coordination number equal to 12. The highest densityof the Ag—ALO; nanofunctionalized particulate system
planes that are the {111} family are close packed in thas shown in Fig. 8(b). From the dark-field image, one can

§ interface

silver =
(d) 1 nm

FIG. 8. (a) SEM image of the surface of an,@, particle coated with Ag nanoparticles. (b) Dark-field images of Ag nanoparticles on,&n Al

core particle substrate. Further observations of the interface between the Ag nanoparticle and thggqraridulate substrate. Interface is clear

by both (c) conventional transmission electron microscope and (d) STEM-Z (bright area corresponds to Ag, and dark area represénts the Al
substrate).
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clearly see the bright Ag nanoparticles attached to the
Al,O4 core particle substrate. The figure also shows that
the surface of the core particle is partially covered with a
discontinuous layer of Ag nanoparticles. To further in-
vestigate the interface, the sample was tilted to look at
the interface between the Ag nanoparticle and thgAl
core particle. Dark- and bright-field STEM-Z images of
the interface are shown in Figs. 8(c) and 8(d), respec-
tively. From Fig. 8(d), the brighter area corresponds to
Ag and the darker area corresponds tg@y. It appears
that there is little if any intermixing among the Ag nano-
particles and the core AD; particle surface. Further
high-magnification imaging [Fig. 9(a)] shows bright-
field images of an Ag nanoparticle on an 8, core
particle substrate. It is clear from the image that
the Ag nanoparticle has a multiply twinned structure
that is commonly found in polycrystalline FCC metals.
Figure 9(b) shows the atomic reconstruction of an Ag
nanoparticle. From the image in Fig. 9(b) the distances of
AB, BC, and BD are 0.53, 0.36, and 0.50 nm, respec-
tively, in good agreement with previous crystallographic
atomic measurements.

Further analysis of the Ag nanoparticle size as a func-
tion of backfill gas and pressure were determined by
collecting the Ag nanoparticles on TEM grids.
Figure 10(a) shows the mean nanoparticle size distribu-
tions obtained by hand counting nanoparticles from TEM
micrographs. A representative TEM micrograph, show-
ing Ag particles collected from deposition in neon at
200 mtorr is shown in Fig. 10(b).

X-ray photo electron spectroscopy (XPS) was used to
examine the relative surface coverage of Ag nanopar-
ticles on ALO4 core particles as a function of background
gas molecular weight and pressure. Figure 10(c) shows
the results of quantitative analysis of Ag surface cover-
age. Both the molecular weight and pressure of the back-
filled gas appear to modify the deposition characteristics
with respect to surface coverage in this system.

Nanofunctional particulate materials can be designed
to achieve properties not available with existing particu-
late materials. An example of this is shown for particu-
late requirements for field-emission-based flat panel
display applicationg.Phosphorescent materials have sig-
nificant industrial and domestic applications. One of the
current emerging technologies is in the area of flat panel
displays, and one of the more promising technologies is
field-emission displays (FEDSs). In an FED multiple-field
emission tips emit electrons, which are accelerated to-
ward a particulate-based phosphor screen that produces
light. The phosphor screens are typically made from
powder materials that exhibit various shape and size did=IG. 9. (a) Bright-field image of an Ag nanoparticle on an@®{ core
tributions, thus causing pixel to pixel nonuniformity in particle supstrate_. It is clear from the_lmage that the Ag _nanopartlcle
the screened film structure. Size and shape distribution%allls- a mutiply twiined stuctire iat 1 GCommoly fofid In polyerys:

o oo ine FCC metals. (b) Atomic reconstruction of an Ag nanoparticle.
decrease the efficiency of the flat panel fabrication and:rom the image (b) the distances of AB, BC, and BD are 0.53, 0.36,
reduce the final resolution of the flat panel display. Byand 0.50 nm, respectively.
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FIG. 10. (a) Ag nanopatrticle size distributions obtained from deposition onto copper mesh formvar grids. (b) TEM of Ag nanoparticles collected

on carbon—formvar grids at 200 mtorr, with helium as the backfill gas. (c) XPS measurements of the Ag surface concentration taken as a function
of backfill gas pressure and molecular weight.

synthesizing monosized, spherical phosphors, many ¢fhe °D,—'F, transitions are typically accompanied by
these problems may be reduced or eliminatedless intense transitions d590 nm PD,~'F,) and
Figure 11(a) shows the morphology of a continuouss50 nm D~"Fs).
nanofunctionalized YO,~Eu** phosphor layer on 1em To confirm that luminescent powders were achieved,
monosized silica particles. The TEM diffraction patternphotoluminescence (PL) measurements of the,SiO
in Fig. 11(c) and the TEM micrograph image in Y,O;—Eu powders were taken with excitation at 254 nm.
Fig. 11(b) show two important microstructural character-Figure 11(d) shows the PL spectra for an uncoated silica
istics of the nanofunctionalized ;O,~Eu** layer— sample and YO,—Eu-coated powders that were heat
namely (i) the layer forms a continuous film on the treated at various temperatures. The emission spectra of
surface and (ii) a single crystal-like electron diffrac- the Y,O,—Eu-coated powders show the typical refEu
tion pattern is obtained from the nanofunctionalizedemission, which may suggest that the silica powders
surface layer. The single crystal nature of the surfacevere successfully coated with,©,—Eu. Although
layer on a curvilinear substrate possibly suggests new ,O,—Eu luminescence was detected for the as-deposited
mechanisms for stabilization of single crystal growth onpowder, the intensity increased with heat treatments in
curved surfaces. the range 700-850°C. This increased luminescence is
In Y,0,—Eu, the EG* ions occupy ¥ lattice sites, attributed to better crystalline quality and reduced point
which have been shown to have eithgrd® C, symme-  defect density, which are known to quench luminescence.
try.3® Though the E&" 4f—4f intraband transition is
forbidden by the Laporte selection rule, the $ite does
not have a center of symmetry, which results in an'V. CONCLUSIONS
efficient forced transition with a peak maximum at A novel technique coupling pulsed-laser ablation to
(612 nm. The excited state of the forced®Etransition  synthesize engineered particulate materials has been pre-
is the °D, state and the ground state is the, state. sented. Spatial confinement of the laser-induced plume
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g (b)

Y,0;:Eu* nano film

Uncoated Silica Sample (d)
—— Coated - No Heat Treatment
—e«— Heat Treatment - 700 C
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Intensity (au)

Wavelength (nm)

FIG. 11. (a) SEM of Zum monosized SiQcore particles. (b) TEM image showing a continuous thin film gD¥-EW** deposited on the core
particle. (c) Selected area diffraction pattern of the thin film showing single crystal-like behavior from the nanofunctionalized surface layer.
(d) PL spectra from coated core particles showing the standard Eu peak at 611 nm.
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