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The size distributions of Si and ZnTe nanoparticles produced by low energy density

ArF (193 nm) pulsed laser ablation into ambient gases were measured as a function

of the gas pressur®, and target-substrate separati@n,. For both Si and ZnTe, the

largest nanoparticles were found closest to the ablation target, and the mean nanoparticle
size decreasedvith increasingD,,. For Si ablation into He, the mean nanoparticle
diameter did not increase monotonically with gas pressure but reached a maximum near
P = 6 Torr. High resolution Z-contrast transmission electron microscopy and energy loss
spectroscopy revealed that ZnTe nanoparticles consist of a crystalline core surrounded
by an amorphous ZnO shell; growth defects and surface steps are clearly visible in the
crystalline core. A pronounced narrowing of the ZnTe nanocrystal size distribution with
increasingD,, also was found. The results demonstrate that the size of laser-ablated
nanoparticles can be controlled by varying the molecular weight and pressure of an
ambient gas and that nanometer-scale particles can be synthesized. Larger aggregates
of both ZnTe and Si having a “flakelike” or “weblike” structure were formed at the

higher ambient gas pressures; for ZnTe these appear to be open agglomerates of much
smaller (-10 nm) particles.

. INTRODUCTION on GaAs(001) by ablating a ZnTe target into variable-
Recent pulsed laser deposition (PLD) experimentpressure ambient Ngas®—> However, the hole mobility
have demonstrated that by varying the pulsed laser wavexhibited a pronounced maximum in films grown at
length, intensity, and ambient gas pressure, both the- 50 mTorr N, pressure, with lower mobilities for films
energy distribution and the nature of the ablated fluxgrown at N pressures= 100 mTorr. The decreased
can be controlled2~*2Species ranging from highly ener- mobility was shown to be due to the onset of significant
getic 100 eV) atoms and ions up through clusters andZnTe cluster deposition with increasing Nressuré:®
nanocrystals can be produced, creating new opportunities Pure cluster-assembled or nanocrystalline films are
for synthesis of novel thin-film materials and control of of interest in their own right since they may have prop-
their properties. Cluster and nanocrystal formation are erties much different from films grown from a predom-
greatly enhanced by ablating a material into a moderatanantly atomic/ionic flux, either because (i) of quantum
pressure (0.1-10 Torr) ambient ga$Vith increasing confinement effects, (ii) the dominance of interfacial or
gas pressure, the deposition flux changes from primarilglefect electronic states (high surface/volume ratio), or
atoms and ions to clusters and nanocrystals, the latt€iii) because entirely new composite materials can be
typically having diameters of 1 to 20 nm and containingformed, for example by reaction with organic species
from 107 to 1C° atoms, with beneficial or detrimental present in the vapor pha&e.
consequences for film properties. For example, we re- Thin-film deposits of nanocrystalline Si were pro-
cently grewp-type, nitrogen-doped epitaxial ZnTe films duced recently by Yoshideat al.”~° by ablating a Si-wafer
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target into He gas at a low pulsed ArF (193 nm) laserand blued steel ribbdf; the focused beam area was
energy densityE,, of 1 Jcn?. Makimuraet al®12also  ~ 5.4 mn?¥. Insertion of 3 to 6 quartz plates and slight
used a frequency-doubled Nd:YAG (532 nm) laser atvariations in the laser’s pulse repetition rate were used to
much higherE; ~ 10 J/cn? to deposit nanocrystalline precisely reset the laser-pulse energy for each deposition.
Si films. Much smaller nanocrystals were obtained forTargets were rotated at 20 rpm and the laser beam also
ablation into He than into A4 Using a target-substrate was switched from one side of the target to the other
separationD,;, of 7 mm, Yoshidaet al. found that the after every 128 shots (making-al2 mm diameter track)
mean size of the Si nanocrystals increased proportionab further minimize target “coning” and production of
to the 1/2.8 power of the He pressur®, for2 < P <  large particulates. In connection with model calculations
10 Torr.” Using D,; = 19 mm, Makimuraet al. found it should be noted that all targets were preablated to reach
qualitatively similar behavior, with the Si nanocrystal a steady state prior to nanoparticle deposition, typically
diameter varying as the/1.3 power of P for 0.5 < by taking 2000 shots in vacuum while the substrates
P < 20 Torr.10 were held in the load lock. This produced a textured

Because of interest in using PLD for both epitaxial (nonspecular) target surface.
and nanocrystalline semiconductor film growth and the  Silicon. Nanoparticles were deposited using 500
importance of understanding cluster and nanoparticléaser shots on Si(001) targets (Wackertype, 0.2—
formation, we have carried out systematic studies of th®.3 ohm-cm) at a pulse energy of 56 mJ, correspond-
conditions required to form (or avoid forming) highly ing to E;, = 1.04 (+0.06) J/cn?, in order to closely
nanocrystalline semiconductor films. In this paper wereproduce the laser conditions of Yoshidaal.® An
report measurements of nanoparticle size distributionablation thresholdE,” ~ 0.76 J/cnm? was determined
for both Si and ZnTe nanocrystals produced by pulsedby observing the onset of visible Si plume formation in
ArF (193 nm) laser ablation into ambient He on,N 1 Torr He. ThisE,” value can be used to scale model
respectively. The mean nanocrystal size was controlledalculations of nanoparticle formation to the deposition
by varying both the ambient gas pressure and the targetonditions used here. Nanoparticles were collected for
substrate separation. The first direct measurements of tleatic (no flow) He (99.9999% pure) pressufes= 0.5,
internal structure of ZnTe nanocrystals also are reported.5, 4, and 10 Torr at target-substrate distanbgs=
here. For nano-Si, our experimental conditions werel0, 20, and 40 mm.
chosen to overlap, but extend to largey,, the recent ZnTe.Nanoparticles were deposited using 500 laser
low-E, experiments by Yoshidat al. that produced shots on a fine-grained, hot-pressed ZnTe target (nomi-
electroluminescent nano-Si filmisFor nano-ZnTe, the nally 99.999% pure) at a pulse energy of 40 mJ, corre-
experimental conditions overlap, but extend to muchsponding toE, = 0.74 J/cn?. This is close to the laser
higher nitrogen pressures and shorigg. The lowE,;  E; used for our besp-ZnTe: N epitaxial films, grown
ablation condition we earlier found was best for epitaxialin 50 mTorr of No.3-° ZnTe nanoparticles were collected
growth of p-ZnTe: N3 at distances 4 cne D,; < 12 cm from the target and

at N, pressures of 0.15, 1.5, and 10 Torr. Molecular H
also was used in a few experiments.

IIl. EXPERIMENTAL Size distribution measurementsmages of the

Nanoparticles were deposited at room temperatur@anoparticles were obtained using a high-resolution
onto Si(001) substrates (Wacker, bgth and n-type, (field emission) scanning electron microscope (HRSEM,
0.2-0.3 ohm-cm) in a load-locked UHV chamber. ForPhilips XL30/FEG) in secondary electron mode. The
each deposition, two Si strips (4 mm wide 40 mm  nominal probe size for the 20-kV condition used was
long) were positioned,, from the target. The two Si ~2-3 nm, allowing detection, though not measurement,
strips were mounted one above the other, facing thef nanoparticles with diameters approaching that limit.
target, with a 5 mm gap between them through which thé-or conditions that produced large (10-20 nm) ZnTe
laser beam could pass. The Si substrates were dipped foenopatrticles, size distributions were determined by
30 s in 5% HF to reduce the native oxide and hydrogendirect measurements of-140 nanoparticles in the
passivate the surface, blown dry withh,Naind then were HRSEM images. The heights-fliameters) of nanopar-
loaded immediately into the chamber. ticles too small for accurate HRSEM measurements

A short-wavelength ArF (193 nm) laser was used(all Si and some ZnTe) were determined from tapping-
at low energy densityE,, in order to minimize ejec- mode atomic force microscope (TM-AFM, Nanoscope
tion (“splashing”) of large particulates from the targets.lll, Digital Instruments, Santa Barbara, CA) images
A 10 mm X 10 mm aperture was used to select theof 500 nm-square areas in two different regions of
most uniform part of the laser beam, which was focuseaach specimen, corresponding to the center and left-
using two crossed cylindrical lensek, was carefully of-center parts of the ablation plume. The TM-AFM has
calibrated using burn patterns on tempered, polishedjood vertical resolution~0.05 nm, but its horizontal
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resolution (apparent particle width) is limited by the striking contrast to the results of Yoshigaal.” and of
finite size of the imaging tip. The apparent nanoparticleMakimuraet al.'° who found that the mean diameter of
width is W ~ 4(R,R»)"?, whereR, is the tip radius and Si nanoparticles increased monotonically with the He
R, is the nanoparticle radius. Thus, for measurementpressure in this pressure range; their results also are
with a 10-nm tip, a 5-nm diameter nanoparticle canshown in Fig. 2.

have an apparent widttw ~ 28 nm. Consequently, The absence of a normal (Gaussian) size distribu-
the measured nanoparticle height was taken to be itdon in the AFM measurements of Fig. 1, in contrast
diameter. to HRSEM measurements of ZnTe nanocrystals (see

Nanoparticle size distributions (number density ver-below), apparently results from the ability of the AFM to
sus diameter) were obtained by statistical analysis ofletect quite small nanoparticles together with the need
the TM-AFM images. Briefly, the images first were fit for an absolute cutoff (at approximately one standard
to a plane and flattened; then a statistical roughnesgeviation in surface roughness) in the minimum nanopar-
analysis was carried out to determine the rms andicle size that can be measured by the AFM nanopatrticle
average surface roughnesses. A grain size analysis wasunting method used here.
performed next by passing a series of planes through
the nanoparticle images at various heights above thB. znTe nanoparticle size distributions,
reference surface, using a height increment of one-haltructure, and composition

the rms roughness determined earlier. The number of Figure 3 and Table | show that by changing thedX

nanI(()jpabrtlcclie? ter_mlrzjat?ﬁ in e?ﬁh dhe;ggtt'“tef"?" ﬂ:ﬁr\ig pressure or the target-substrate separation the average
cou € determinéd. This method ol determining t€y;ameter of znTe nanoparticles could be varied over a

nanoparticle size distribution tends to overestimate th%vide range. Quite small ZnTe nanocrystals, with mean
number of very small nanoparticles because sufficientl)aiameters (')f 1—2 nm. were formed either ’by ablating

jagged surfaces on larger particles may I_oe counted_a}ﬁto N, at 150 mTorr or into KH at 1 Torr and collecting
two (or more) particles. In contrast, direct visual anaIyS|sat D, = 10 cm (Table 1)
ts .

of plan-view HRSEM images inevitablyndeestimates The HRSEM data forP[N,] = 1.5 Torr (Table |
the number of small particles, because particles below Fig. 4) show that for fixed pressure the largest

a certain size are ignored. Jaggedness also C.OUId resylhre nanocrystals were collected closest to the ablation
in an overestimate of the number of large particles, bu[arget, just as was found for Si (Fig. 1). Figure 4 also

tr?at errolr_ can b% avotl_ded sr;mplybl%y V'et‘(v'”g succes_srl;]/qeveals a pronounced narrowing of the ZnTe nanocrystal
planar slices and noting wnere bifurcations occur. 1N&;, o gistribution with increasin@,, at fixed pressure.

nanoparticle height distribution also was viewed anngThe HRSEM data for M pressures of 1.5 and 10 Torr
particular line-scan directions on the surface as a rOUQQnd fixedD.. = 4 cm also reveal slightl)} smaller ZnTe
ts

check on each statistical analysis. nanocrystals at the higher pressure, perhaps indicating
that the mean size of ZnTe nanocrystals reaches a
lll. RESULTS maximum value at an intermediate, Idressure, similar

A. Silicon nanoparticle size distributions to the behavior of Si shown in Fig. 2.

AFM measurements of Si nanoparticle size distri- Table | a!so includes a comparison of the znTe

butions (nanoparticl¢gem’ versus mean diameter) are nanocrystal diameters measured by HRSEM and AFM
. . for P[N,] = 1.5 Torr, D,, = 8 cm, and shows that the

shown in Fig. 1. The measurements reveal that for
He pressures in the rangk5 < P < 10 Torr, large
nanoparticles are most numerous close to the target. With . o
increasing target-substrate separation, the size distribdABLE 't- l'\"e]?” d'j‘”?eters (i‘_’l‘d Sta”dacrjd dl‘lev'a“g”) for ZnTe
fon shits toward smaler nanopartcies. I obtainingsieesils formed o Mor v gus and coleted st verows
these distributions, occasional large, snowflake-like ag

glomerations that form increasingly at higher pressures Pressure D Diameter (std. dev.)
(see Sec. V) were avoided, as were occasipmatsized ~ Method  Gas (Torn) (cm) (nm)
particulates (“splashing” from the target). HRSEM N 15 4 31.4 (14.1)

If each distribution is characterized by the average 8 19.2 (7.9)
nanoparticle diameter, then the results shown in Fig. 2 12 15.8 (4.7)
are obtained. For all target-substrate separations in the N2 10 4 25.1 (7.4)
rangel0 < D,, < 40 mm, the mean Si nanoparticle size AFM N2 0.15 10 11
was maximized forP ~ 6 Torr under these ablation HZ 1'5 13 El"j
and deposition conditions. The existence of a maximum Hz 10 5 48

in the size distribution as a function of pressure is in
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FIG. 1. Areal density of Si nanoparticles versus nanoparticle diamefey, at 10, 20, and 40 mm for He pressures of (a) 1.5 Torr, (b) 4 Torr,
and (c) 10 Torr, using 500 ArF laser pulses at 1.0én#. This data was derived by analysis of AFM measurements, as described in the text.

meandiameter determined by AFM is about a factor of in visual inspections of HRSEM images; consequently,
two smaller. This doesotindicate any actual difference the meandiameter determined by statistical analysis of
in the diameters measured by AFM and HRSEM forAFM images is smaller.

the same nanocrystal, but simply that the AFM data HRZTEM was used to study in detail the microstruc-
set includes many small nanocrystals that are missetlire, crystallinity, and composition of individual ZnTe
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FIG. 2. Average Si nanoparticle diameter (height) versus He ga:
pressure during ablation, at target-substrate separafigns 10, 20,

and 40 mm. For eaclb,, value, size distributions were measured
at two locations on each substrate, corresponding to the center ar §
left-of-center of the ablation plume (open symbols and dashed lines)
The average of these measurements is shown by the solid symbc (C)
and line. Results from Refs. 7 and 10 also are shown.

nanoparticles in relation to their formation mechanism. |2
The samples for these studies were briefly air-expose
but were loaded into the microscope within a few %
minutes after deposition. As shown in Fig. 5, atomic-
resolution Z-contrast imaging revealed that both large
(~10 nm) and small ZnTe 2-3 nm) nanoparticles
consist of a crystalline core surrounded by an amorphou
ZnO shell [see Fig. 5(b)]. In fact, Z-contrast imaging
detected what appear to be facets at the surface of tt
f:rySta_”me core as well as _'ntemal defect StrUCturesFlG. 3. HRSEM images of ZnTe nanocrystals deposited on a silicon
including what may be a twin boundary and stackingsubstrate using 500 ArF laser pulsesgat= 0.74 J/cm? in N, gas at
faults within the larger nanocrystal in Fig. 5(a). Other(a) 150 mTorr,D,, = 10 cm; (b) 1.5 Torr,D,; = 8 cm; (c) 10 Torr,
AFM images, as well as HRSEM pictures, revealed thaf: = 4 cm.
the largest ZnTe nanocrystals were formed by collisions
in the N, gas that resulted in initial nanocrystallite
growth followed by subsequent agglomeration with otherY: OBSERVATIONS OF NANOPARTICLE
nanocrystals. FORMATION IN AMBIENT GASES

Information about the structure and chemical com-  From time- and spatially-resolved ICCD-array meas-
position of ZnTe nanocrystals was obtained by measurdrements of light emission following Si ablation into He,
ing electron energy loss spectra (EELS) point-by-pointMakimuraet all® developed a description of the prop-
across the larger nanocrystal of Fig. 5 (top). Theagation of ablated species that is consistent with earlier
resulting high-resolution composition profile is shown measurements by Geoheganal 1517 of the interaction
in Fig. 5 (bottom). The O and Te EELS profiles andbetween ablated atoms/ions and ambient gases. Briefly,
HRZTEM images reveal definitively that the nanocrystalMakimuraet al.reported that following Si target ablation
has a crystalline ZnTe core surrounded by an oxidizedthe position of peak light emission moved with a constant
amorphous ZnO outer shell. velocity of 1.2 X 10” mm/s in vacuum, but evolved in
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5 Ei THH 3 FIG. 5. (a) High-resolution Z-contrast TEM image of a large ZnTe
ok Bl nanocrystal (center) with a small nanocrystal attached (lower right).
: IE R O Crystalline lattice planes are clearly seen in the interiors of both
0 10 30 50 70 90 nanoparticles. (b) Composition profile derived from spatially resolved
NANOPARTICLE DIAMETER (nm) EELS taken point-by-point across the larger ZnTe nanocrystal
shown above (see text). The ZnTe nanocrystals were collected using
FIG. 4. ZnTe nanocrystal size distributions from HRSEM imagesEqs = 0.74 J/cm?, P[N,] = 1.5 Torr, andD,, = 8 cm.
for E; = 0.74 Jen?, P[N,] = 1.5 Torr and (@)D, = 4 cm; (b)
D, = 8 cm; and (c)D;; = 12 cm. Mean values and standard de-
viations for each distribution are included in Table I.

% OF NANOPARTICLES

formation!® Briefly, nanoparticles with nearly constant
diameter were found on a substrate that was placed near
two stages when He gas was present. In 0.5 Torr of Hegr beyond the final position of light emission, but only
the peak emission position moved initially at an averagesmaller nanoparticles or no nanoparticles at all were
velocity of 6 X 10° mmys, but this was followed by a found when the substrate was placed closer to the target.
pronounced spatial spreading and slowing of the peakurthermore, the Si nanocrystal size distribution did
emission position until it became almost stationary at anot depend orD,,, if the substrate was placed farther
distance of 12 mm from the Si target. In 2 Torr of He, from the target than the final position of light emission.
the final (stationary) emission position was only 7 mmMakimura et al. point out that gas-phase nanoparticle
from the target. The second stage of motion is diffusiveformation is strongly supported by the results that (a) the
rather than ballistié? nanoparticle diameter increases with increasing He pres-
By correlating these measurements with AFM line-sure and (b) nanoparticles are deposited on a substrate
scan measurements of nanoparticle heights, Makimuranly when it is placed farther from the target than the
et al. postulated a model for gas-phase Si nanocrystdinal position of light emission. In this model, the first
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stage of expansion is considered to be one of kinetibut still close to the end of the luminescent plume,
energy dissipation via collisions, while the second stagand the mean diameter of nanoparticles became sys-
is one of particle agglomeration with the cohesive energyematically smaller with increasing,, (Figs. 1 and 2).
of nanocrystal formation dissipated into the gas. The systematic decrease of nanoparticle diameter with
The quantitatively different pressure dependence#creasingD,, does not seem to have been present (or
observed by Yoshidat al” (using the 193 nm wave- was simply not noticed) in earlier studies of laser-ablated
length at~1 J/cn?) and by Makimuraet all® (using Si nanocrystals. However, it is quite general in our
the 532 nm Nd: YAG wavelength at10 J/cn?) were  data (occurring also for ZnTe nanocrystals, accompanied
explained within this model by the formation in the latter there by a narrowing of the size distribution, see Fig. 4
experiments of Si atoms/ions in higher charge stateand Table I) and appears to be an important constraint
and with much higher kinetic energy. These atoms/ion®n model calculations of nanoparticle formation.
are expected to expand into a larger volume in the
first stage, resulting in a lower atom density and the . .,
subsequent formation of smaller Si nanocrystals in'- EPRMATlO!,\‘ OF FRACTAL "SNOWFLAKE
the second stagé€. Matsunawaet al. earlier observed OR "WEBLIKE” STRUCTURES AT
exactly such a decrease in the mean size of metallif!l CHER PRESSURES
nanoparticles as the power density of a pulsed (msec) Observations of the plume during ZnTe nanocrystal
Nd: YAG laser was increaséd.Matsunawaet al. also  deposition in 1.5 Torr of M revealed a purple lumi-
found that reducing the ambient Ar pressure resulted imescent region extending 4 to 5 cm out from the tar-
much smaller metallic nanoparticles and a narrowing ofjet, within which there was a blue core3 cm long
their size distributior}* that occasionally touched substrates locatedDat=
Although time-resolved measurements and mode4 cm. In 10 Torr of N the plume consisted of a bright
calculations are necessary to fully understand thdlue core ~1 cm long terminating in a blue ball at
dynamics of nanocrystal formation, it was found in~2 cm, followed by a new region of pale yellow-
this work that direct visual observations of the spatialorange luminescence that was not seenPfl,]| =
extent of luminescence in the ablation plume are stronglyt.5 Torr and completely filling the space out to substrates
correlated with the dependences of nanoparticle size oplaced atD,;, = 4 cm. HRSEM images such as those in
ambient pressure and target-substrate separation. AtFigs. 6 and 7 revealed that, in addition to nanocrystals,
He pressure of 0.5 Torr, a bright orange plume extendechuch larger aggregates having a “flakelike” or “weblike”
slightly more than 20 mm out from the Si target and thestructure were collected throughout the = 4—12 cm
same distance parallel to it. No significant deposits ofange under these conditions (stati¢ pfessures of 1.5
Si nanocrystals were found fd»,, = 10 mm or 20 mm  and 10 Torr). Figure 6, foP[N,] = 1.5 Torr, shows that
(average roughness 0.14 nm), i.e., no deposits within with increasingD;,, the areal density of flakes decreased
the luminescent plume, fo?’[He] = 0.5 Torr. Only  but their size increased. The number of large flakes also
a sparse distribution of large particulates was foundncreased with increasing,Noressure (compare the top
at D,; = 40 mm. However, forP[He] = 1.5 Torr, the  panels in Figs. 6 and 7). Figure 8 shows that the flakes
luminescent orange plume was much shorter, extendingeen on the=um scale actually are quite open agglom-
only ~7 mm out from the target aneé-10 mm parallel erations of much smaller10 nm-scale) particles. The
to it. As shown in Fig. 1(a), Si nanocrystals were theflakelike agglomerations shown in Figs. 6—8 appear to
largest and most abundantf, = 10 mm, just beyond be the source of the greatly increased yellow-orange
the end of the luminescent plume. FBfHe] = 4 Torr  luminescence during ZnTe ablation 2N, ] = 10 Torr.
and 10 Torr, the luminescent plume dimensions perpen- A second, distinctly different, type of luminescence
dicular (parallel) to the target were 4 mm (~5 mm) also was observed during Si nanoparticle deposition at
and ~2 mm (~2 mm), respectively. At these higher He pressures of 4 and 10 Torr. A long “pencil” of weak
pressures, Si nanocrystals again were largest and maostange luminescence extended back along the incident
numerous closer to the targeb( = 10 and 20 mm) ArF excimer laser beam, apparently photoluminescence
with primarily much smaller nanocrystals found at (PL) from larger particles or aggregates “floating” in the
D, = 40 mm. These observations support the idea thaHe gas and excited by the ArF laser beam. By quickly
nanocrystals are formed just outside (beyond) the highlynoving the substrate holder to produce turbulence this
excited (luminescent) part of the ablation plume whenorange PL could be eliminated for a few laser shots but
and where the kinetic energy of ablated species has be¢hen was re-established, indicating that the larger aggre-
nearly completely dissipated by collisions. gates could be swept out of the laser beam temporarily
When combined with the Si AFM data of Figs. 1 but then more were produced. At a static He pressure of
and 2, our plume observations reveal that, at any HA0 Torr the “pencil” of PL was well established along
pressure, the largest nanocrystals were deposited beyotite ArF beam path and was present on every laser shot;
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FIG. 7. (@) ZnTe “flakes” or “webs” collected on a Si substrate
at D,; = 4 cm after 500 ArF laser shots d@,; = 0.74 J/cn? into

10 Torr of static N. (b) High resolution image of one extended
flakelike structure.

out of the ArF laser beam. At[He] = 4 Torr the pencil

of PL was much less obvious though still clearly present.
Taken together, these observations demonstrate that

larger aggregates of both ZnTe and Si were formed, grew

mainly in the gas phase, and could be swept through the

chamber by flowing gas.

FIG. 6. ZnTe flakes deposited on Si substrates located,at= (a)
4 cm, (b) 8 cm, and (c) 12 cm, after 500 ArF laser ablation pulses aV!l. DISCUSSION

Eq = 0.74 J/cn? into 1.5 Torr of static M. These experiments confirm the observation by
Makimura et al. that there is negligible nanoparticle
deposition if the collection substrate is placed within the
fluorescent part of the ablation plume. In addition, three

this PL was strong out te-13 mm from the target and new results were obtained:

weaker out to~26 mm, indicating that the largest or (1) In striking contrast to both Makimuet al° and

most numerous aggregates were formed closer to théoshidaet al,’” the mean diameter of Si nanoparticles did

target. Indeed, inspection of the substrates on whiclmot increase monotonically with ambient gas pressure

Si nanoparticles were collected at 10 Torr He pressurbéut instead reached a maximum near 6 Torr and then

revealed numerous larger Si aggregates (up- & nm  declined for higher pressures (Fig. 2).

in diameter) atD,, = 10 mm, but decreasing numbers (2) For both Si and ZnTe thlargest nanoparticles

as well as decreasing size of these aggregates at 20 amgre found closest to the ablation target (though al-

40 mm. When the He flow rate through the chambemvays beginning beyond the fluorescent plume region)

was increased to 72 sccm the “pencil” of PL fluctuated,and the mean nanoparticle diametgecreasedwith

suggesting that many of the larger aggregates were swetcreasingD;,.
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Polaroid film*® The latter is susceptible to overestimat-
ing the laser spot size and therefore to underestimating
E,;. There is clear evidence of a difference between
the two sets of experiments since Yoshidaal. de-
posited a~150-nm thick nano-Si film in about 30 min at
10 Hz}® while our deposition rate was much lower using
E; = 1.04 J/cn?. Indeed, a recalculation indicates that
Yoshidaet al. used a laseE,; of ~1.8 J/cn? (or even
higher) in their experiments.

(2) Yoshidaet al. mounted their Si substrates on a
4 cm X 4 cm square holder that was placed only 7 mm
from the ablation target. This large holder undoubtedly
strongly confined and reflected the ablation plume back
into itself, greatly modifying its free expansion and
drastically changing nanoparticle nucleation and growth
conditions. In contrast, the relatively “open” collection
geometry employed in this work, with two long Si-
strip substrates placed both above and below a central
~ 5 mm gap through which the laser beam passed, may
reduce reflection of the shock front that is formed when a
target is ablated into a gd3Consequently, both the time
scales and the locations for nanoparticle growth would be
expected to differ greatly in the two sets of experiments.
The confinement and reflection of the plume in the
experiments of Yoshidat al., coupled with their much

FIG. 8. High-resolution images of flakes collected®t = (a) 8 cm larger nanoparticle sizes, suggests that either the gas-

and (b) 12 cm, following ZnTe ablation by 500 ArF laser pulses atPhase Q_erWth conditions for their _nanOpartideS were
E4 = 0.74 J/cn? into 1.5 Torr of static M. much different or that much of their growth occurred

after deposition on the substrate. situ, time-resolved
imaging measurements of the ablation plume are needed
to fully understand these differences.

(3) A pronouncecdharrowing of the size distribution
with increasingD,,; (Fig. 4 and Table I) was found for

X B. Dependence of nanoparticle size on D
ZnTe nanocrystals formed under these IBw-ablation P ) ) P o
conditions. Yoshidaet al. did not vary D,,'* while the model

of Makimura et al. suggests that the nanoparticle size
] ] should increase with increasing,, if D, lies inside
A. Pressure-dependence of nanoparticle size the “final” (stationary) position of plume luminescence,
The maximum in the Si nanoparticle size distributionbut should be approximately constantlf; lies outside.
near P[He] ~ 6 Torr may be due to the relatively low Matsunawaet al. reported an increase in the mean size
laserE, (193 nm)= 1.04 (+0.06) J/cn? as well as the of metallic nanoparticles formed by millisecond pulsed
different nanoparticle collection geometry that was usedNd : YAG laser ablation in 1 atm of Ar out t®,, ~
in this work. Makimuraet all° used a much higheE, 15 mm, with the metallic nanoparticles linking together
(532 nm)~ 10 J/cn? to produce Si nanoparticles with but maintaining a similar size distribution at larger
mean diameters similar to those reported here (Fig. 2)distances? These results contrast with the systematic de-
In contrast, Yoshidat al.” reported using nominally the crease in the size of both Si and ZnTe nanoparticles with
sameE, (193 nm)~ 1 J/cn? to produce much larger Si increasingD,, that was found in this work. This decrease
nanoparticles (mean diameters increasing ftet®) nm  seems to be a general characteristic of IByablation
for P[He] = 2.5 Torr to ~20 nm at 10 Torr) at aD,,  in the collection geometry used here but apparently was
of only 7 mm. The pronounced difference between oumot noticed in the few previous ablation studies. For
results and those of Yoshidd al. involves two factors:  ZnTe nanocrystals the decrease in nanoparticle size was
(1) The E,; actually used by Yoshidat al. appar- accompanied by significant narrowing of both the abso-
ently was significantly higher than ¥ch?. Their E;  Iute and relative (% of mean value) size distributions.
was estimated from the laser pulse energy measured ior example, forP[N,] = 1.5 Torr the mean size (and
front of the entry window and the laser burn area onrms % deviation) of ZnTe nanocrystals decreased from
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31 nm (+45%) at D,, = 4 cm to 15.8 nm £29%) at  distribution. Si nanocrystals were deposited with a mean
D,, = 12 cm. As we now discuss, this narrowing may bediameter of 8 nm and a narrow spread of orly nm.
quite useful if it can be developed further and exploited ~ The principal limitation of both the Ifuku and
for quantum confinement. Camata techniques appears to be fairly low surface
coverage by size-selected nanoparticles@°/cn? to

_ 10'!/cn?) after reasonable operating times.
C. Control of nanocrystal size

and size distribution

These results demonstrate that the size scale fd?- Model calculations of nanocrystal formation
laser-ablated nanoparticles can be controlled through a Wood and collaboratof$ recently tried to apply
combination of the molecular weight)W, and pressure, classical nucleation theory as outlined by RaiZdo
P, of the ambient gas. For example, ZnTe nanocrystalglescribe nanoparticle formation in an ablation plume,
formed in N (MW =28) and H (MW = 2) at P = first for a plume expanding into vacuum and then in
1 Torr and collected ab,, = 8 cm had mean diameters an ambient gas. However, calculations using this model
(measured by AFM) of~9 and ~1.4 nm, respectively. indicated that in laser ablation the initial expansion is
Decreasing the N pressure to 0.15 Torr reduced the so rapid that critical nuclei do not have enough time to
average nanocrystal diameter tol nm, similar to that form before the density falls to the “freezing” Iirr?oﬁ.
obtained by using higher Hat higher pressure. We Moreover, if critical nuclei (with diameters of15 A
note that Matsunawat al. earlier found an absolute and containing~ 40 atoms) could be formed in this
(but not relative) narrowing of the size distribution of way, then they should also form during ablation into
laser-ablated metal and metal-alloy nanocrystals wittvacuum and would be easily detectable by TEM or
decreasing gas presstfe. AFM. However, they do not seem to have been observed

Our data show that it should be possible to collectand the experiments described here confirm that the
nanoparticles with a mean size of @:1) nm (i.e., presence of an ambient gas is necessary for nanocrystal
+30%) by ablation into a lonMW gas at low pressure nucleation and growth. The model calculations of Wood
and largeD,,. Such nanocrystals are interesting mainlyet al. indicate that if critical nuclei had been present
because at this length scale the quantum size effedtom the earliest stages of plume expansion into a
substantially shifts the lowest quantized energy levels ofjas then they would have grown to very large sizes,
electrons and holes and increases the energy of opticalhich also was not observed. Consequently, Webdl.
emission across the band g&p?° Whether this can be have postulated that the principal difference between a
exploited for light emission remains to be seen, since thelassical nucleation and growth scenario and the actual
size distributions of laser ablated nanoparticles still ardaser ablation situation is thdirected kinetic energpf
relatively broad while the extent of oxidation, the needthe plume constituents. It is only after this kinetic energy
for surface passivation, and the relation of both to lightis mostly dissipated by collisions that stable dimers can
emission are unclear. Nevertheless, nanocrystals of marfgrm and grow into trimers, tetramers, etc., without being
elemental and compound semiconductors clearly can beissociated agaiff This idea appears to be consistent
synthesized by pulsed laser ablation, with the possibilwith the data presented here though a full model remains
ity of creating new nanocrystalline thin-film materials to be developed.
including layered and composite structut@s.

We note that two methods for further reducing the o )
spread of nanocrystal sizes also were reported recently Crystallinity of nanoparticles

(1) Camataet al. described a technique for size- For Si nanoparticles, Yoshidet al. obtained cross-
classifying nanocrystals formed by any vapor-phasesectional HRTEM images of3-nm and~10-nm diam-
method?* A radial differential mobility analyzer was eter spherical Si particles that revealed a core containing
used to select nonagglomerated nanoparticles out of lattice planes with a spacing of 0.31 nm, nearly equal
polydisperse aerosol. The average nanocrystal size was the spacing of the (111) planes in crystalline Si.
selected simply by adjusting a voltage; size control taThe core was surrounded by amorphous carbon from
within ~15—-20% was achieved in the 2—10 nm range. the microscope grid on which the nanoparticles were

(2) Ifuku et al. found that excess hydrogen radi- deposited. Thus, at least the cores of the generally
cals increase the density of nucleation but suppress tharger Si nanoparticles produced by Yoshitaal. were
growth of Si nanocrystals formed in a high-frequencycrystalline. As described above, we found a similar
SiH, plasma celf? By injecting a pulsed kiflow into a  structure for ZnTe nanocrystals of various sizes. Whether
SiH, plasma cell they were able to control the relativethe smaller Si nanopatrticles produced in our work have
amounts of time available for nucleation and for growth,a crystalline Si core surrounded by an oxide shell, as
thereby controlling both the nanocrystal size and sizeargued by Makimurat al,, is unknown®
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F. Future directions: Time-resolved  in situ imaging other compound semiconductor) nanoparticles have a

The results presented here provide useful constrain@yStalline ZnTe core. Fourth, a pronounced narrowing
on model calculations of nanocrystal formation. How- Of the ZnTe nanocrygtal size dlstrlbutlo.n with increasing
ever, the variations of mean nanoparticle size with ambiPs Was found. Fifth, differences in the average
ent pressure and target-substrate separation also suggB@poparticle diameters determined by AFM and HRSEM
that hydrodynamic flow or collisional phenomena may'€Sult simply from the ability of the AFM to detect
affect the nanocrystal size distribution, and perhaps capmaller particles; i.e., the AFM data set extends to
be exploited to collect nanoparticles with a narrowerSmaller values. Sixth, the mean size of nanoparticles
distribution. For example, how does placing a substrat@roduced by ablation into a gas is a strong function of the
in the ablation plume affect the flow and collisions Molecular weight of the gas molecules (scattering cross
of species in the plume? And how are nanoparticlese?t'on) and the gas pressure, with larger nanopartlcles
nucleation and growth affected by collisions betweenP€iNg produced by larger gas molecules or higher gas
incoming species and those reflected off a substrate®€Ssure. Finally, larger aggregates of both ZnTe and Si
Such effects are not understood at this time and call fof/eré formed at the higher ambient gas pressures. These
in sity, time-resolved imaging studiem situ PL meas- 2dgregates grew mainly in the gas phase, produced
urements can provide spatially and temporally resolvedminescence in the ArF laser beam, and could be swept
information about the connection between changes ifrough the chamber by flowing gas. For ZnTe these
plume hydrodynamics and the nucleation and growth oft9gregates have a “flakelike” or “weblike” structure and
nanoparticleg® By such measurements it should be pos-2'€ |00s€, open agglomerates of much smahei(nm)
sible to determine (i) where in the ablation plume and orParticles.
what time scale nanocrystals are formed; (ii) the effects
of laserE,;, ambient gas pressure, and gas c:ompositio|‘$CK'\'OWLEDGME'\ITS
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