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Gas-phase characterization of silicon nanoclusters produced by laser pyrolysis of silane
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Max-Planck-Institut fu¨r Strömungsforschung, Bunsenstrasse 10, D-37073 Go¨ttingen, Germany
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Silicon clusters and nanocrystals containing up to several thousand atoms per cluster have been generated by
pulsed CO2-laser-induced decomposition of SiH4 in a flow reactor. By introducing a conical nozzle into the
reaction zone, the nascent clusters are extracted into a molecular beam apparatus where they are analyzed with
a time-of-flight mass spectrometer. Compared to the well-established laser vaporization method, this technique
is capable of producing considerably larger silicon clusters with diameters in the nanometer size regime. A
time-of-flight study of the neutral silicon clusters has shown that the velocity of the particles strongly depends
on their size. This feature enables one, by introducing a chopper into the cluster beam, to considerably reduce
the size distribution and to perform experiments with quasi-size-selectedneutral clusters. An investigation of
the fragmentation behavior of the ionized silicon clusters as a function of the fluence of the ionizing ArF
excimer laser reveals that intermediate-size Sin clusters (n5222100) fragment by fission, yielding Si6

1 -Si11
1 ,

while nanometric silicon clusters evaporate single Si1 and Si2
1 ions if the fluence of the ionizing laser is large

enough. At the same time, multiply charged nanoclusters are observed. The probability of multiple ionization
scales with the size of the nanoclusters.@S0163-1829~99!15203-2#
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I. INTRODUCTION

In recent years, there has been increasing interest in
synthesis and characterization of nanosized particles.1 Due to
their finite size, they often exhibit physical properties th
may significantly differ from those of their bulk counterpar
Research in this direction is strongly motivated by the p
sibility of designing nanostructured materials that poss
novel electronic, optical, magnetic, chemical, and mecha
cal properties. Silicon is of particular importance for the m
croelectronics industry, and therefore a detailed knowle
of the physical and chemical properties of silicon in its m
soscopic state between the atom and bulk matter is hig
desirable.

Much work has been devoted to silicon clusters conta
ing up to n5100 atoms. While the structures of small Sn
clusters withn<10 are well understood,2 the transition to the
bulk phase, which is realized by the mid-sized clusters
still subject of intensive experimental and theoretical wo
Consistent with the known experimental facts, the m
promising structures of clusters in the size rangen,90 (d
,1.5 nm) are the endohedrally self-doped fullerenes.3–5 On
the other hand, large silicon clusters, containing a few th
sand atoms, are found to be monocrystalline with diamo
structure,6,7 polycrystalline8 or amorphous. However, thes
nanosized particles were produced as supported species
it should be noted that the structures of free and suppo
clusters may be different.

The observation of photoluminescence from porous na
structured silicon at the beginning of this decade9,10 has trig-
gered an enormous increase in activity.11–13 While the early
investigations were devoted exclusively to porous silic
produced by electrochemical etching of Si wafers,11,14 recent
work is concentrating more and more on the production
characterization of silicon nanoclusters constituting zero
mensional quantum dots.15 Important issues of current re
search are: what is the smallest cluster size exhibiting p
PRB 590163-1829/99/59~4!/2975~11!/$15.00
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toluminescence, how do the luminescence wavelength
the efficiency vary with the cluster size, and what is the r
of surface passivation?

In the past, most experimental studies devoted to sm
Sin clusters (n,100) were carried out in molecular beam
using a laser vaporization source to produce the silic
clusters.16–19Apart from being restricted to the pulsed mod
and having poor long term stability, this source has the d
advantage that the maximum cluster size is restricted to
proximatelyn5200.

An alternative technique, capable of producing mu
larger silicon clusters, is based on the pyrolysis of silico
containing gas phase precursors, such as silane. This
nique, commonly referred to as chemical vapor deposit
~CVD!, can be used to produce ultrafine powders and t
films. From the many possibilities to dissociate the precur
molecules, CO2-laser-induced decomposition of SiH4 in a
gas flow reactor has been shown to be particularly useful
the production of ultraclean silicon particles in the nano
eter size range.8,20–22However, with typical diameters abov
10 nm, the particles are too large for many applications.

To close the gap between small silicon cluste
(n,200, d,2 nm) and large nanoparticles (n.2.5
3104, d.10 nm) and to study the intermediate sizes,
have recently developed a cluster source which combines
laser-driven CVD reactor with a supersonic expansion of
nascent clusters into a high vacuum molecular be
apparatus.23 Indeed, it could be shown that the source is c
pable of producing silicon nanoclusters in the desired s
regime.24,25 In addition, it was found that the velocity of th
nanoclusters correlates with their mass, enabling us to
form a size selection of the neutral clusters by introducin
slotted chopper wheel. This feature has been success
exploited to produce thin films of silicon nanoclusters and
study their photoluminescence behavior and Raman s
troscopy as a function of cluster size.26

While our earlier publications24,27 report on preliminary
2975 ©1999 The American Physical Society
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results or focus on the Raman and photoluminescence s
troscopy of silicon nanoparticles, the present paper give
full account to the mass spectrometric characterization of
silicon cluster beam extracted from the laser-driven CV
reactor. In presenting the experimental results, the emph
is placed on the fragmentation of the ionized silicon clust
after interaction with 193 nm photons, the investigation
multiple ionization effects, and the determination of the a
tual size distributions in the different parts of the clus
pulse. With the help of a molecular-beam chopper introdu
into the cluster beam, the velocities of the various clus
sizes are determined. It is shown that the same chopper
be used to select a narrow size distribution and to perfo
experiments with quasi-size-selected silicon nanoclusters
contrast to the widely used laser vaporization sources,
present cluster source can be operated continuously if a
CO2 laser is employed.

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

The experiments have been carried out in a molecu
beam apparatus that is shown schematically in Fig. 1.
setup consists of three vacuum chambers: a source cha
containing the flow reactor, a differential chamber enhous
the chopper for size selection, and a ultrahigh-vacu
~UHV! chamber that contains the time-of-flight mass sp
trometer~TOF-MS!. The silicon clusters are produced in th
flow reactor by pulsed CO2 laser pyrolysis of SiH4 as has
been described in detail earlier.23,28,29During the course of
the experiments, various reactor conditions have been te
If not otherwise stated, the results presented in this st
were obtained under the following conditions, which ha
been found to be particularly favorable: SiH4 flow rate: 20
sccm; He flow rate: 1100 sccm; total pressure: 330 mb
pulse energy of the CO2 laser: 50 mJ; laser line
10mP(30) (934.9 cm21). Under these conditions, th
background pressures in the vacuum chambers wer
31023 mbar ~source chamber!, 531025 mbar ~differential
chamber!, and 231027 mbar ~detector chamber!.

The reaction products are extracted perpendicularly
both the gas flow and the CO2 laser beam through a conica
nozzle of 0.3 mm diameter opening, merging into the re
tion zone. The velocity of the SiH4 gas flow is estimated to
be at most 1 m/s~Ref. 20!, i.e., three orders of magnitud
lower than the velocity of the silicon clusters in the beam
also follows that the silane molecules move less than 1mm

FIG. 1. Schematic view of the cluster beam apparatus.
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during the 150-ns lasting pulse of the CO2 laser. After skim-
ming, the silicon clusters enter a pressure-reducing differ
tial chamber of 370 mm length, and finally they reach t
UHV detector chamber where they are ionized by the rad
tion of an ArF excimer laser (l5193 nm).

The mass spectrometer can be operated as a simple W
and McLaren30 TOF-MS ~WMTOF-MS! or as a linear
reflectron-type time-of-flight mass spectrometer~RETOF-
MS!. If used as an ordinary WMTOF-MS the ions are d
tected by a pair of microchannel plates mounted at the en
the detector chamber. High-resolution mass spectra are
tained with the RETOF-MS. In this mode, an appropria
voltage is applied to the electrostatic mirror at the end of
detector chamber. It then reflects the ions back to the
source where they are detected by another pair of microch
nel plates. These channel plates have a central hole of 6
diameter through which the ions, after generation in the
source, are extracted into the field-free drift region. The
tire RETOF-MS setup is identical to a construction
Neusser and co-workers and has been described in more
tail in their publication.31 The high-resolution mode of ou
mass spectrometer has been used to reveal the isotopic
position of small silicon clusters (Si2-Si11). Due to the exis-
tence of different isotopes, the individual cluster sizes can
be resolved in the size regime of silicon nanoclusters, eve
high instrumental resolution. Therefore, all other measu
ments presented here, have been carried out with the o
nary WMTOF-MS.

In contrast to earlier experiments23,24,28in which a digital
scope~Tektronix, model TDS 520! was used to record the
time-of-flight mass spectra, we are now using a multichan
analyzer~EG1G ORTEC, model T914! with a dwell time of
typically 200 ns. For every detected ion, the channel co
sponding to the ion arrival time is incremented by one. T
technique enables us to carry out experiments at much lo
fluence of the ionizing laser and to accumulate the m
spectra over several thousand laser shots. Using the ave
function of the digital scope, small signals are lost in t
background noise if such large integration times are us
This is the result of the low sampling rate~and thus unfavor-
able duty cycle!, which must be used if extended mass sp
tra are to be measured.

Before entering the TOF-MS chamber through a qua
window, the ArF excimer laser beam is shaped by a 3-m
wide and 5-mm-high aperture. Depending on the intenti
laser fluences in the range from a fewmJ/cm2 up to several
mJ/cm2 have been used. In order to apply even higher fl
ences for ionization, the laser beam was focused by eith
cylindrical or a spherical lens.

In the present study, we have exclusively used the pul
CO2 laser for pyrolysis. As a result, the silicon cluster bea
is pulsed, with a repetition rate of 20 Hz. This pulsed ge
eration has the advantage that theneutralsilicon clusters can
be separated in time~and space! according to their size. By
varying the delay between the generating CO2 laser and the
ionizing excimer laser, different parts of the cluster pu
~and thus different cluster size distributions! can be investi-
gated with the mass spectrometer.

A velocity analysis of the silicon clusters was perform
by modulating the neutral cluster beam with a rotating ch
per wheel mounted inside the differential chamber~see Fig.
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PRB 59 2977GAS-PHASE CHARACTERIZATION OF SILICON . . .
1!. The chopper disk has two diametrically opposed 1-m
wide slits and is operated at a rotational frequency of 4
cps. Using a light barrier, a by-forty frequency divider, and
variable pulse and delay generator~SRS, DG 535!, the CO2
and excimer lasers are synchronized to the chopper. The
lay generator receives a trigger at time zero (t50), which is
defined by the moment when one of the two chopper s
passes through the light barrier. AfterT51.25 ms the same
slit crosses the molecular-beam axis. If the CO2 laser is fired
after a delayt1,T, silicon clusters with flight times in a
narrow range aroundt25T2t1 or velocities near v
5s2/t2 will be transmitted by the chopper slit. Heres2 is
the distance between the nozzle and the chopper w
( s25218 mm). After another delayt2 ~with respect tot
50), the excimer laser is fired. It follows that only particl
with flight times aroundt15t22T or velocities aroundv
5s1/t1 can be ionized and analyzed with regard to th
mass distribution.~The distances1 between chopper an
ionization region iss15321.5 mm.) By choosing the ap
propriate timet2 between the firing of the CO2 laser and the
moment when the particles pass through the chopper slit,
possible to select a small portion from the entire clus
pulse. Mass and velocity distributions of the silicon clust
within this selected portion may then be determined by m
suring the mass spectra at different timest1.

In order to determine the velocity distribution belongin
to the neutral precursor of a specific~ionic! silicon cluster
size Sin

1 , we proceed as follows. At fixed phaset i
2 between

CO2 laser and chopper, mass spectra are measured for
ferent delayst1 between excimer laser and chopper, cov
ing the entire cluster pulse transmitted by the chopper
small steps ofDt1510 ms. If the intensities measured fo
each cluster sizen are now plotted as a function oft1 the
time-of-flight distributionI n,t

i
2(t1) of the neutral precursor

of cluster sizen, transmitted by the chopper at timet i
2 , is

obtained. This procedure is repeated for differentt i
2 ~also in

steps of 10ms) so that the entire pulse produced by t
cluster source is probed. Hence, the sum over all distr
tions

I n~ t1!5(
i

I n,t
i
2~ t1! ~1!

yields the time-of-flight distribution of the neutral precurso
of Sin

1 present in theentire cluster pulse. Finally, the time
of-flight distribution ~1! is converted to a velocity distribu
tion I n(v).

Since the kinetic energyT0 of large neutral clusters is o
the same order of magnitude as the energyTion that they
receive in the ion source,T0 must not be neglected. There
fore, the simple relationt;Am between the time of flight of
the ions in the mass spectrometer and their mass is not
filled anymore. To perform an accurate mass calibration
the TOF spectra, the initial velocity of the neutral cluste
has to be known. Then the mass calibration of the TOF sp
tra can be performed numerically using the proper geome
and electrostatic parameters as well as the velocity of
neutral silicon clusters. The measured ion time-of-flight d
tributions are converted into mass spectra according to
formula
-
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, ~2!

whereI (t) andI (m) are the intensities in the TOF and ma
spectra, respectively, andDt and Dm the corresponding
channel widths in the time and mass domains.Dm is deter-
mined numerically for each channel, taking into account
proper relation between the time of flight and mass. S
distributions~in terms of the numbern of atoms! are propor-
tional to the mass distributions sincedm/dn5const.

III. RESULTS

A. Overview

The early experiments were carried out without chop
in the beam. First, we analyzed the temporal variation of
composition of the silicon cluster pulse extracted from t
flow reactor by measuring the TOF mass spectra at diffe
delaysDt between the firing of the CO2 laser and the firing
of the excimer laser. A typical set of TOF mass spectra
tained in this way is shown in Fig. 2. For this measureme
the fluence of the ArF excimer laser beam in the ionizat
region was adjusted to 21 mJ/cm2. The cluster sizesn,
which correspond to the various ion flight times are given
the top of the figure.

The first spectrum (Dt5250 ms) shows Sin
1 cluster

peaks up ton57 and no signal in the region of large
masses. At larger delay (Dt5280 ms), a broad peak ap
pears at flight times above 50ms. This broad structure gain
in intensity and shifts to larger flight times~or masses! as the
delay is further increased. For example, at a delay ofDt
5380 ms, the silicon cluster distribution is centered arou
n51000, a cluster size that corresponds to a particle dia
eter ofd53.4 nm.

From the overview spectra shown in Fig. 2, we may e
tract the following results:~1! with the present technique w
are able to produce silicon clusters in the nanosize regi
~2! the arrival time at the ionization region correlates w
the size of the particles~i.e., larger particles arrive at late
times than smaller ones!. In addition ~3!, it was found that
the finer details of the mass spectra were strongly depen
on the fluence of the excimer laser fluence. This shows

FIG. 2. TOF mass spectra of silicon clusters measured with
chopper for different delaysDt between the CO2 laser and excimer
laser.



o
ys

ho
he
e
t
,
-

io

o
o

f
s
n
e
e

e
m

s
u
ri
et
n

ar
O

a
o
e

m

per

es,
of
ets

l

ew
ing
-

Si
ed
n
ther
ro-

-
are

he
tion

, it
the

la-
.23%

the
hat
y-
for

f-

ay

s

the

2978 PRB 59MARKUS EHBRECHT AND FRIEDRICH HUISKEN
fragmentation and multiple ionization are important pr
cesses that must be taken into account for a proper anal

The problem of multiple ionization~which mainly affects
large silicon clusters! is clearly revealed in the following
experiment, where we have used the molecular-beam c
per to select different narrow size distributions out of t
entire silicon cluster pulse. The result of this study is d
picted in Fig. 3. For each spectrum, recorded at fixed to
delayDt5t21t1 between the CO2 laser and excimer laser
the delayt2 between the CO2 laser and chopper was ad
justed to obtain maximum transmittance. The unfocused
ization laser beam had a rectangular shape of 335 mm2,
and the laser fluence was kept constant at 2.2 mJ/cm2.

Spectrum (a), which has been taken in the early stage
the silicon cluster pulse, shows a uniform distribution
cluster ions centered at a flight time of 140ms. A closer look
to this spectrum reveals an onset of the signal at Si22

1 and a
maximum position of the size distribution aroundn5130. In
spectrum (b), the maximum has shifted to ion flight times o
approximately 290ms, corresponding to silicon cluster
containing approximately 700 atoms. Furthermore, a seco
ary distribution is noted that appears at shorter flight tim
In spectrum (c), this earlier secondary maximum increas
in intensity, and in spectrum~d! even three ion distributions
are clearly identified. As will be shown in Sec. III C, th
secondary and tertiary peaks appearing at smaller flight ti
are due to doubly and triply ionized silicon clusters. From~a!
to ~d! the silicon cluster size continually increases and
does the probability for multiple photon absorption and th
multiple ionization. Compared to Fig. 2, the various cont
butions of singly and multiply ionized clusters are much b
ter resolved, because the chopper has preselected quite
row neutral cluster size distributions.

B. Intermediate-size silicon clusters„n<100…

Figure 4 shows two TOF mass spectra taken at the e
stage of the silicon cluster pulse. The delay between the C2
and excimer laser was set to 270ms. Hence, the spectr
were measured under conditions very similar to those
spectrum~a! in Fig. 3. The upper spectrum has been obtain
with an ionizing laser fluence of 0.8 mJ/cm2 while, for the
lower spectrum, the fluence was increased to 25 mJ/c2.

FIG. 3. Typical TOF mass spectra, recorded at different del
Dt between the CO2 and excimer laser:~a! 280 ms, ~b! 310 ms,
~c! 330 ms, and ~d! 350 ms. The ionization laser fluence wa
2.2 mJ/cm2 for all spectra.
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The two larger peaks in the lower mass region of the up
spectrum can be assigned to He1 and to a fragment of pump
oil at m5152 amu. In addition, some residual gas molecul
especially atm518 amu, are detected. The distribution
ions, which are clearly identified as silicon cluster ions, s
in at n517. This distribution has its maximum betweenn
570 andn580. On the other hand, smaller silicon Sin

1 clus-
ters with 2<n<16 are practically not observed~apart from
some small signal for Si11

1 and Si10
1 and some very smal

signal for Si6
1 and Si2

1).
As can be seen in the lower spectrum of Fig. 4, some n

peaks appear in the lower mass region when the ioniz
laser fluence is raised to 25 mJ/cm2. These are clearly iden
tified as the small silicon clusters (Si2

12Si11
1 ). The intensity

pattern and the shape of the peaks, in particular, for6
1

2Si11
1 are typical for fragmentation products that are form

by fission of the silicon clusters following multiple photo
absorption. This behavior has also been observed by o
investigators who used a laser vaporization source to p
duce their silicon clusters.16,32,33Since the fragmentation pat
terns are identical we may conclude that our clusters, that
produced by laser pyrolysis of SiH4 in a flow reactor, must
be pure silicon clusters and do not contain hydrogen.

To investigate the small silicon clusters in more detail, t
mass spectrometer has been operated in its high resolu
mode using the reflecting field. In this RETOF-MS mode
was possible to resolve the isotopic composition of
smaller silicon cluster peaks (Si2

12Si11
1 ). Examples of these

measurements are shown in Fig. 5 forn53, 6, and 10 to-
gether with the theoretical isotope distributions. The calcu
tions are based on the natural abundances, that are 92
for 28Si, 4.67% for 29Si, and 3.10% for30Si ~Ref. 34!. It is
seen that the measured distributions agree very well with
stick spectra of the simulation. This is another indication t
the small silicon cluster ions are not contaminated with h
drogen. Otherwise one would expect higher intensities
the peaks belonging to the massesm528n11 or m528n
12 amu.

C. Large silicon clusters„n>100…

In order to obtain information about the origin of the di
ferent ion distributions appearing in spectra~b!–~d! of Fig. 3,

s

FIG. 4. TOF mass spectra recorded at the early stage of
silicon cluster pulse using different ionizing laser fluences.
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PRB 59 2979GAS-PHASE CHARACTERIZATION OF SILICON . . .
we have studied the dependence of the mass spectra o
fluence of the excimer laser for various neutral cluster dis
butions. The TOF spectra have been transformed to m
spectra taking into account the proper velocities of the n
trals and the transformation factor, as described in Sec.

Figure 6 displays three spectra recorded at low, medi
and high laser fluence, labeled (a), (b), and (c), respec-
tively. The delay between the CO2 and excimer laser wa
adjusted toDt5t21t15330 ms. Spectrum (a), recorded
at the lowest fluence of 27mJ/cm2, is characterized by a
single distribution of ions centered around 1500 silicon
oms per cluster. If the laser fluence is increased
2.2 mJ/cm2, a second distribution appears. It is centered
n5750, and its amplitude is already larger than that of
parent distribution. It should be noted that spectrum~b! of
Fig. 6 and spectrum~c! of Fig. 3 are extracted from the sam
measurement. The difference in the relative intensities of
two distributions as well as the increase of the noise in
region of lower masses of spectrum~a! are a consequence o
the transformation into cluster size spectra~see Eq. 2!. If the
laser fluence is further raised, a shoulder appears in the
mass tail of the secondary distribution, as can be see
spectrum~c! of Fig. 6.

FIG. 5. Individual silicon cluster peaks, measured in the hig
resolution mode, in comparison with simulations based on the n
ral abundances of the silicon isotopes. The separation between
adjacent lines corresponds to 1 amu.

FIG. 6. Mass spectra of the same neutral cluster size distr
tion, measured at different fluences of the ionizing excimer las
the
i-
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e
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w
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To obtain a quantitative description of the spectra, logn
mal distributions have been fitted to the measurements.
fitted curves are shown in Fig. 6 as dashed lines. Compa
the maximum positions of the lognormal distributions,
seems very likely that multiply ionized silicon clusters a
responsible for the distributions appearing at lower mas
for the maxima occur atnmax/2 andnmax/3, with nmax being
the maximum position of the primary mass distribution.
order to confirm this conjecture, the area below the fit
curves has been plotted in Fig. 7 as a function of the la
fluence. The filled squares designated withz51 represent
the data points obtained for the primary peaks whereas
filled circles (z52) are obtained by evaluating the seconda
peaks. In the double logarithmic plot, both data sets reve
linear increase of the intensity up to laser fluences aro
2 mJ/cm2. A least squares fit to the data yields straight lin
with the slopesp150.8(1) andp251.6(2), respectively.
Since the ionization potential for Sin clusters withn>22 is
below 6 eV ~Ref. 17! one ArF excimer laser photon (hn
56.4 eV) is sufficient to ionize all larger silicon cluster
Therefore, the measured fluence dependencies, which
gest a one-photon process for the primary and a two-pho
process for the secondary mass distribution, underpin
conjecture that the secondary distribution results from d
bly ionized silicon clusters. The deviation from the ideal fl
ence dependencies with slopes 1 and 2, given by the da
lines, is probably due to saturation effects in the ion detec
Unfortunately it is difficult to determine the exponent of th
fluence dependence for the tertiary distribution from t
measurement because only two data points are avail
~filled triangles in Fig. 7!.

A closer look to the development of the tertiary distrib
tion with the fluence of the ionization laser becomes poss
if a larger mean cluster size is chosen by increasing the d
between CO2 and excimer laser toDt5350 ms, the condi-
tion under which spectrum~d! of Fig. 3 was recorded. The
results are given in Fig. 7 by the open triangles. A linear
to these data points yields an exponent of the fluence de
dence ofp352.0(3), which is also consistent with the tw
data points extracted from the measurement atDt5330 ms
~see short dashed line!. It should be noted that the peak are

-
u-
wo

u-
.

FIG. 7. Fluence dependencies of the peak areas of the sp
shown in Fig. 6~filled symbols;Dt5330 ms). The open triangles
reveal the fluence dependence of the tertiary distribution meas
for another neutral cluster size distribution containing larger spe
(Dt5350 ms).
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2980 PRB 59MARKUS EHBRECHT AND FRIEDRICH HUISKEN
of the tertiary distributions are difficult to determine becau
of the overlap with the secondary distributions. However,
exponent of the power dependence is clearly larger than
the secondary peak, suggesting that the tertiary distribut
observed in the mass spectra at larger fluence values~and for
larger cluster sizes!, must be attributed to triply ionized sili
con clusters.

Summarizing the fluence and size dependence studies
state that the secondary~tertiary! distribution, occuring in the
mass spectra at larger fluence of the ionization laser and/
larger preselected neutral cluster size, has its maximum
position corresponding tonmax/2 (nmax/3) whennmax is the
position of the primary distribution. Furthermore, the fluen
dependencies suggest a two-photon process for the sec
ary distribution and a three-photon process for the terti
distribution. From these observations we conclude that
secondary mass distribution must be assigned to doubly
ized silicon clusters (z52) while the tertiary distribution is
formed from triply ionized nanoclusters (z53). It is found
that the probability and thus the cross section for multi
ionization depends strongly on the cluster size, as is
denced by Fig. 3.

To study the behavior of silicon nanoclusters in las
fields of even larger fluence, different lenses have been u
to focus the excimer laser radiation. Figure 8 shows the T
spectra of cluster ions produced with and without a focus
lens at different laser pulse energies. The upper two spe
designated as~a! and (b), have been taken at 0.2 and 2
mJ/pulse without the focusing lens. These pulse energies
respond to fluence values of 0.54 and 5.4 mJ/cm2, respec-
tively. The chopper has been adjusted so as to transm

FIG. 8. TOF mass spectra of cluster ions formed under differ
conditions of the ionizing laser field~high mass range!. The maxi-
mum of the singly ionized cluster distribution corresponds ton
52700.
e
e
or
n,

we

at
t a

nd-
y
e
n-

e
i-

r
ed
F
g
ra,

or-

a

neutral silicon cluster distribution with an average clus
size of n'2700. Whereas in spectrum~a! only singly and
doubly ionized silicon clusters are observed, spectrum~b! is
dominated by triply ionized species.

If the fluence is further increased~by a factor of approxi-
mately 10!, by focusing the laser beam with a cylindric
lens ~200 mm focal length! to a laser sheet oriented perpe
dicularly to the cluster beam, a broad unstructured distri
tion appears in the low mass tail of the triply ionized clus
distribution@spectrum~c!#. This broad distribution cannot b
explained by multiple ionization since it does not show t
typical pattern which should be characterized by a conti
ally decreasing peak separation since the peak positionstmax
have to follow the 1/Az law as the numberz of charges is
increased. In particular, the minimum att5300 ms is not
compatible with silicon clusters having four or five positiv
charges. Instead, the broad distribution must be caused
fragmentation of larger clusters after absorption of more th
three photons. The smallest ionic fragments in this distri
tion have size-to-charge ratios aroundn/z'200. For ener-
getical reasons, however, singly ionized clusters will
dominant.

The bottom spectrum of Fig. 8 has been obtained wit
spherical lens~200 mm focal length! producing very high
fluence in a small ionization volume. With an estimated la
beam waist of 0.2 mm, the calculated fluence is appro
mately 200 mJ/cm2. Due to the small volume, the intensit
of the various ionized cluster peaks is rather low@as is al-
ready the case in spectrum (c)]. Nevertheless, ions with
flight times down to 60ms are clearly observed. This ind
cates that the ionized clusters form ionic fragments as sm
as Si22

1 . Since the inferior beam quality of the excimer las
did not allow ideal focusing the actual focus was embedd
in a larger volume with much lower fluence, which gave ri
to a relatively strong contribution of singly ionized Si clu
ters.

Now we want to address the question of whether, in
TOF-region below 50ms, the same fragmentation pattern
observed as if medium-size silicon clusters are ionized. T
situation has been discussed along with Fig. 4. In Fig. 9
expanded view of the low mass region of the spectra alre
presented in Fig. 8 is shown. Note that for each spectru
different vertical scale is used~also compared to Fig. 8!, in
order to highlight the interesting features. The vertic
dashed lines denote the positions of Si1, Si4

1 , and Si10
1 . The

positions of the other small silicon cluster ions are indica
in the bottom spectrum.

Spectrum (a), recorded at the lowest fluence, is chara
terized by rather low signal. The dominant peaks are att
uted to He1, to ionic fragments of the silane molecule, an
to a strong contribution from pump oil fragments
29.5 ms. As far as small silicon clusters are concerned, o
a small peak is observed for the dimer; but its intensity
less than 2% of the intensity of the nanoparticles~see Fig. 8!.
In spectrum~b! the silicon dimer peak has become consid
ably larger. The corresponding count rate is of the same
der of magnitude as that observed for the multiply ioniz
nanoclusters~Fig. 8!. All other peaks appearing in the spe
trum are assigned to residual gas molecules and do not
long to silicon cluster ions. In spectrum~c! silicon clusters
with n5124 are clearly identified, while larger cluster
with n>5 are not important. In particular, silicon cluste

t
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ions with n510 and n511, which are magic numbers
medium-sized (n5222100) clusters are fragmented, a
practically not observed. The absence of these cluster s
becomes clearly evident in the enlarged inset of panel (c).
Spectrum (d), which has been measured with the high
fluence, shows two intense mass peaks forn51 andn52.
The larger cluster peaks are significantly weaker but, in
enlarged portion of the spectrum, they can be clearly see
to n511. In order to reveal these peaks even more clea
we have subtracted in spectrum~d! the residual gas spectrum
~background spectrum! that was recorded without firing th
CO2 laser. Although then56 peak is slightly larger than th
n55 peak the characteristic fragmentation pattern, as
played in Fig. 4, cannot be observed.

As far as the fragmentation of large silicon clusters
concerned, the results of the fluence dependence stud
vealed by Figs. 8 and 9 may be summarized as follows. If
fluence of the ionizing laser reaches values so that mult
ionization becomes important, the dominant fragmentat
channel of silicon nanoclusters is the evaporation of po
tively charged silicon dimers@spectrum~b!#. At higher laser
fluence, fragmentation~fission! of the nanoclusters into
pieces smaller than one third of the original size, accom
nied by the evaporation of silicon atoms, dimers, and trime
competes with multiple ionization@spectrum~c!#. Finally, at
very high fluence, strong fragmentation into daughter io
containing a few tens of silicon atoms is observed@spectrum
~d!#. Upon absorption of additional photons during the 16
lasting excimer laser pulse, these products further fragm

FIG. 9. Enlarged view of low mass range of the TOF spec
shown in Fig. 8.
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into small clusters withn56211, in agreement with the
result obtained earlier~compare Fig. 4!.

D. Velocity analysis

As described in Sec. II, we have performed a veloc
analysis of the pulsed silicon cluster beam. For this purpo
the chopper is used to preselect, at fixed delayt2, a small
portion of the initially broad silicon cluster pulse. Then th
delay t1, after which the excimer laser is fired, is varied
analyze the transmitted pulse. Figure 10 shows two exam
obtained for different delayst2 between the chopper an
CO2 laser. The upper set of mass spectra (t25110 ms) re-
flects the situation when the early part of the cluster puls
probed. The delay of the excimer laser~with respect to the
opening of the chopper! is varied betweent15110 ms and
t15190 ms, but significant signal is only observed in th
40 ms interval from 130 to 170ms. If the peak intensities
for a given cluster size~for example,n53 at m584 amu!
are plotted as a function oft1, the time-of-flight distribution
of the neutral precursor~of Si3

1 in our example! transmitted
by the chopper att25110 ms is obtained. This neutral TOF
distribution can be easily transformed into a velocity dist
bution by taking into account the lengths1 of the flight path.
In order to obtain the complete velocity distribution repr
sentative for the neutral precursors of Si3

1 in the entire clus-
ter pulse, this procedure must be repeated for all relev
delays t2. The lower part of Fig. 10 shows another s
of mass spectra measured at a delayt25140 ms. In these
mass spectra, silicon cluster ions Sin

1 in the range ofn

a

FIG. 10. Two series of mass spectra measured for different
lays between chopper and CO2 laser, probing the early part (t2

5110 ms) and a later part (t25140 ms) of the cluster pulse.
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5250 (m57000 amu! are clearly visible. In addition, it is
noted that the highest Si3

1 peak (m584 amu! is now ob-
served att15200 ms while, in the upper set of mass spe
tra, it occured att15150 ms. In Fig. 11 all time-of-flight
distributions of the Si3

1 precursors, measured along the ent
silicon cluster pulse in steps of 10ms, are collected. The
two distributions extracted from the data of Fig. 10 are in
cated by the filled data points. The sum curve, given by
open circles, represents the overall TOF distribution ofall
neutral precursors present in the silicon cluster pulse. As
be discussed later, the peak at larger flight timest1

'200 ms) results from the fragmentation of larger~and
slower! clusters.

The analysis just described for Si3
1 has been carried ou

for various cluster sizes up ton53500. Afterwards the TOF
distributions were converted into velocity distributions ta
ing into account the proper flight path length ofs1

5321.5 mm. Figure 12 displays the velocity distributions
the neutral precursors of some representative silicon clu
ions with n52, 4, 6, and 10 atoms. The distributions forn
52, 4, and 6~and the ones forn51, 3, and 5, which are no
shown! reflect a bimodal behavior. In order to obtain a qua
titative description, we have fitted Gaussian distributions
the experimental data points. This results in a slow com
nent centered around 1600 m/s and a fast contribution w
its maximum at approximately 2000 m/s. While the fast co
tribution is assigned to fragments of medium-sized (n522
2100) silicon clusters the slow component is due to Sn

1

ions evaporated from large silicon clusters. The intensity
the slow component continually decreases with increas
mass of the detected ion. For cluster sizes larger thann56,
the slow component is not observed anymore. The co
sponding distributions can be fitted by a single Gauss
whose maximum continually shifts to smaller velocities
the cluster size is further increased. The velocity distrib
tions of the large cluster sizes, that cannot be resolved in
TOF mass spectra, are determined in the same way: the
responding signals measured at fixed ion flight time are p
ted as a function oft1 and then summed over all delayst2.

The results of the velocity analysis are summarized in F
13. The open circles represent the maxima of the velo
distributions while the error bars indicate their full widths
half-maximum. Figure 13 clearly shows that the velocity

FIG. 11. Time-of-flight distributions of the neutral precursors
Si3

1 selected from different parts of the silicon cluster pulse. T
sum curve, given by the open circles, is representative for all n
tral precursors present in the pulse.
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the silicon clusters extracted from the flow reactor stron
depends on their size. Small clusters containing only a
atoms are accelerated during the expansion of the
through the nozzle to velocities around 2000 m/s. On
other hand, large silicon clusters are considerably slower.
example, the neutral precursors ofn52500 have velocities
aroundv51400 m/s.

Up to now we have only talked about the neutral prec
sors of the detected cluster ions. This is because, in the in
stage of the present study, we employed the less sens
digital scope for taking the mass spectra. It required the
of rather high excimer laser fluence, which may have
sulted in multiple ionization of the silicon nanocluster
Since the measurements shown in Figs. 2 and 10 have

e
u-

FIG. 12. Velocity distributions of the neutral precursors f
some selected silicon cluster ions.

FIG. 13. Open circles: Measured velocities of the neutral p
cursors of the detected cluster ions of sizen/z at large excimer laser
fluence. Solid circles: Only singly ionized clusters are consider
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carried out under these high fluence conditions, the extra
results~Figs. 11, 12, and 13! may be affected by multiple
ionization. When we used the more sensitive multichan
analyzer, which allowed us to work at lower fluences,
realized that multiple ionization indeed represents a ser
complication if larger fluences are applied. Thus, it appe
that the parent cluster sizes belonging to the open data p
of Fig. 13 have been determined too small. Consideration
the multiple ionization effect would shift them to larger clu
ter sizes. In the final stage of the present study, when
were able to work with much lower excimer laser fluenc
we have repeated the velocity analysis for a few cluster
distributions selected by the chopper wheel. Evaluating o
the distributions of the singly ionized nanoclusters, the so
circles of Fig. 13 were obtained. Although the velocity d
pendence of the corrected curve is somewhat less
nounced it still shows a large variation fromv52000 m/s to
v51600 m/s for Sin cluster sizes belown53000.

IV. DISCUSSION

Although the dissociation of silane results in the produ
tion of hydrogen atoms and molecules it is found that
silicon clusters encountered in the beam do not contain
drogen. This is inferred from the excellent agreement of
measured high-resolution RETOF mass spectra with calc
tions based on the natural isotope abundances of silicon.
conclusion is further supported by the close resemblanc
the present mass spectra with earlier results obtained
other investigators who employed laser vaporization sou
containing high-purity silicon.16,17,32 We have also investi-
gated the internal structure of the silicon nanoclusters us
high-resolution electron microscopy~HREM!. These studies
which will be the subject of a forthcoming publication,35

revealed that the silicon nanoclusters having diameters
tween 3 and 10 nm are monocrystalline with the same lat
parameters as encountered in bulkc-Si. The absence of hy
drogen can be explained by the fact that the silicon clus
are extracted from the hot region of the reaction zone,
temperature of which is estimated20 to be 1200 K or even
more. At these elevated temperatures, any chemisorptio
atomic hydrogen will result in the associative desorption
hydrogen molecules.

The silicon clusters are cooled by collisions with heliu
atoms during the expansion and, further downstream,
evaporative cooling. Their ultimate temperature is n
known. During the supersonic expansion the lighter silic
clusters are accelerated much more efficiently as a resu
the collisions with the carrier gas atoms. This explains
large velocity mismatch between the light and heavy silic
clusters. The velocity is found to decrease fromv52000 m/s
for the lightest silicon clusters tov51500 m/s for the heavi-
est species (n'4000). In this context it is also interesting t
note that a neat supersonic beam of helium atoms expa
through a room temperature nozzle has a velocity ov
51760 m/s. For an assumed reaction zone temperatur
1200 K,20 the He beam velocity is calculated to be 3500 m
Thus, the measured velocity of the small silicon clusters
v52000 m/s can be easily rationalized.

The mass spectra measured for various delays betw
the pyrolyzing CO2 laser and ionizing excimer laser reve
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that the silicon cluster pulse emanating from the flow reac
is characterized by a rather large size distribution. Figure
and 3 show that, at constant operating conditions of the fl
reactor, the cluster size may range fromn522 to n.2000.
Due to the size-dependent velocity of the silicon clust
produced by the present technique, the cluster size distr
tion can be further narrowed by introducing a chopper in
the beam and operating it with constant phase with respe
the pulsed CO2 laser. As has been demonstrated ve
recently,26 narrow size distributions with full widths at half
maximum ofDd5121.5 nm can be selected from the e
tire cluster pulse.

Although the kinetic energy of a 3-nm silicon cluster a
pears withEkin5440 eV rather high it should be noted th
the energy per atom is only 410 meV. Thus the present c
ter source is very well suited for low-energy cluster bea
deposition experiments.36 Indeed, as has been shown b
Raman and luminescence studies, the silicon clusters do
fragment or coalesce if they are deposited on so
substrates.26 In good agreement with other low-energy clu
ter beam deposition experiments,37 it was found that the size
of the free clusters is retained in the deposited films. T
proves the usefulness of mass spectrometry of gas p
nanoparticles for characterizing thin films. However, as h
been shown in the present study, care must be taken to a
multiple ionization and fragmentation.

If a modest laser fluence of 2.2 mJ/cm2 is applied to ion-
ize the silicon clusters, the smaller clusters (n>22) are sin-
gly ionized. In contrast, for the larger clusters, doubly a
triply ionized species are observed. This behavior can
rationalized if one considers that, with growing cluster si
the absorption cross section and the ionization cross sec
continually increase. As a result of the Coulomb repuls
acting on the positive charges, positively charged atoms a
to an even larger extent, silicon dimers (Si2

1) are evaporated
This effect is well manifested in Fig. 9.

In order to discuss the competition between multiple io
ization and fragmentation of nanosized silicon clusters o
somewhat more quantitative level, it is useful to consider
following simple model, which has been used to describe
multiple ionization of large sodium clusters.38 In a classical
picture, the ionization potential of a large cluster can be w
ten as the sum of the work function,Wb , and an electrostatic
term describing the energy of a conducting sphere with
dius r.39 Then the energyI (z,r ), needed to remove an add
tional electron from a (z21)-fold positively charged sphere
is calculated to be

I ~z,r !5Wb1~2z21!e2/2r . ~3!

If the radiusr is kept constant the ionization potential in
creases linearly with the number of charges. Assumin
typical cluster size (n53000, r 52.43 nm) and Wb
54.87 eV,17 we calculate that the ionization potenti
equals the energy of an ArF excimer laser photonE
56.42 eV) forz53.12. According to this simple picture,
single photon is sufficient to produce a threefold charg
silicon cluster ion from Si3000

21 ; but at least two photons ar
required for the next ionization step. This result is in perfe
agreement with the experimental finding that the highest i
ization state isz53 @see Fig. 8~b!#. Additional absorption of
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2984 PRB 59MARKUS EHBRECHT AND FRIEDRICH HUISKEN
excimer laser photons results in internal heating and
evaporation of small silicon cluster cations as is eviden
by Fig. 8~c! and Fig. 9~c!.

Figures 11 and 12 show bimodal time-of-flight and velo
ity distributions for Sin

1 with n5126. It is quite obvious
that the slow component must be assigned to silicon clu
cations being evaporated from larger silicon clusters at
ficiently high laser fluence. Since this component is char
terized by a mean velocity slightly above 1600 m/s it follow
that the small cluster cations must have been evapor
from nanoscale silicon clusters withn>1000. Our experi-
ments show that the largest cation produced in this wa
Si6

1 .
The evaporation behavior of nanosized silicon cluster

completely different from what is observed for the small s
con clusters betweenn522 andn5150. If a higher laser
fluence is applied to ionize these smaller species, they f
ment by evaporating small positively charged Sin

1 clusters
with n56211 ~see Fig. 4!. The same result has been o
tained earlier by Zhanget al.32 One possible explanation o
this would be that the Sin clusters withn,150 are built from
smaller subunits containingn56211 atoms. While these
subunits probably have quite stable cage structures they
bonded to each other rather loosely. This interpretation
also in accord with the spectroscopic study of Rinnen a
Mandich40 who observed surprisingly identical spectra f
the entire size range betweenn518 andn541. The conclu-
sion from this experiment was that the silicon clusters sh
one or more common structural entities.40

High-resolution transmission electron microscopy has
vealed that the silicon nanoparticles, collected in the clu
beam on TEM grids with holey carbon films, are charact
ized by a perfect monocrystalline structure with the sa
lattice parameters as encountered for bulk silicon.35 In con-
trast, the nanoclusters collected in the flow reactor are m
larger (d.20 nm! and mostly amorphous. This shows th
the early extraction of the silicon clusters from the high pr
sure reaction zone is essential for obtaining crystalline na
clusters.
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V. SUMMARY

CO2-laser-induced decomposition of silane in a flow r
actor has been employed to produce silicon clusters ov
very large size range. Using a conical nozzle, the nasc
clusters were extracted from the reaction zone into a h
vacuum molecular-beam apparatus where they were ion
by 193 nm photons and analyzed in a time-of-flight ma
spectrometer. The analysis revealed that the cluster so
was capable of producing Sin

1 clusters withn varying from a
few tens to several thousands. These larger silicon clus
have diameters in the range between 2 and 7 nm and
referred to as nanoclusters. Other experiments26,35 have
shown that these nanoclusters have crystalline structure,
representing so-calledquantum dots.

We have shown that the nanoclusters can be characte
in the gas phase using the same techniques as employ
cluster research, in particular time-of-flight mass spectro
etry. However, due to their large photoabsorption cross s
tion, care must be taken to avoid fragmentation and multi
ionization of the nanoclusters. Furthermore, we have dem
strated that the velocity of the silicon clusters ejected fr
the pulsed source strongly depends on their size. This p
erty enabled us, by introducing a mechanical chopper i
the cluster beam, to select different portions from the ori
nally broad size distribution and to perform experiments w
quasi-size-selected neutral clusters. This particularly att
tive feature has been exploited very recently to study
photoluminescence of silicon qantum dots as a function
their size.26
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