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Using a plasma-gas-condensation-type cluster source, we could obtain nano-scale clusters with the
average diameter between 2 and 13 nm. In order to detect such large free clusters containing
1-1@ atoms, we have constructed a time-of-flight high-mass spectrorfie®¥-HMS). The size
distribution of the NR clusters observed by the TOF-HMS is in good agreement with the result of
the transmission electron microscope observation. The mass spectra have been measured with
varying the operational parameters of the cluster source. They are shifted to the smaller size
direction and the mass distribution becomes narrower with increasing the He gas flovgatend

keeping the Ar gas flow ratd/,,, constant. These features are attributable to the decrease in the
residence times of gaseous species in the cluster source. The cluster size increases with increasing
the Ar gas pressure and lowering the temperature of the cluster sourcE99®American Vacuum
Society [S0734-211X99)04005-4

I. INTRODUCTION (2-13 nm in our PGC source corresponds to the number of
_ , ?toms between foand 16, we have modified a standard
There has been much interest in syntheses of nano-sc

a\ﬁiley—MacLaren-typél TOF to detect large clusters with

S Contoles, Talrls such s Tanc-Csalne: fhe e s range of 1A, T ma ity i
g ! PRy the TOF-MS detection of such large clusters flying from a

properties are different from those of uniform bulk . . e . .
materialé® Fabrication of these materials from nanometerCIUSter source is to adjust the drift distance in the flight tube

sized clusters would be promising if we can produce and)ecause their initigl velocities pgrpendicglar to the_ TOF axis
assemble the uniform size clustérsAs the first step, we &€ usually very high. The possible solutions of this problem
have constructed a plasma-gas-condensafR®Q cluster ~are as follows:(1) using special ion optics such as quadru-
source, which is a combination of sputter vaporization and?ole focusing and reflecting optics after the acceleration
inert gas condensation techniqe® and successfully pro- Plates?*?® (2) applying high potential at the acceleration
duced transition-metal clusters on substrates. Based upon théates to obtain the shorter flight tim) tilting the accel-
transmission electron microscog@EM) observation, we eration plates so as to compensate the initial velocity trans-
have confirmed that the average cluster diametkrare be-  verse to the flight patf* and(4) reduction of the flight tube
tween 2 and 13 nm. We have reported the unique electricaéngth.
and magnetic properties of these monodispersed Co-cluster In the present Wiley—McLaren-type TOF high-mass spec-
assemblies, i.e., the nonuniversal scaling behavior of thgometer(TOF-HMS), the flight tube length was only 0.2 m,
electrical conductivity in the two dimensional percolation however, we obtained the mass resolution of the order of
proces®'" and the marked temperature dependence 0§00, The cluster beam from the PGC source was collimated
Coulomb-blockade-type tunnel conduction and magnetorepy gjits with the gap of 2 mm corresponding to the ionization
sistance I 8CoO-coated Co cluster assemblies at 10w, yme of 300 mn? The large ionization volume was not
temperatures’ , necessary because a huge amount of clusters was already
I the small clusters mgra}e on the substrate and for onized in the cluster source by the Ar plasma in front of the
larger islands, we cannot distinguish whether the nano-scale . : .
Sputtering targel. We simply used two rectangular multi-

clusters are formed in the free space or on the substfdte. . . .
In this context, we wished to observe the sizes of n::mo-scal%hanneI plate$MCP) for the ion detection and a high elec-

free clusters by mass spectrometry and compare the resuﬁréc potential for postacceleration to enhance the sensitivity

with those of deposited clusters estimated by TEM observa®' MCP in the high-mass range. In this article, we deal with
tion. A time-of-flight mass spectrometéFOF-MS) has been  the TOF-HMS spectra of Nb clusters produced by the PGC

widely used to characterize a molecular beam and estimaf@®Paratus in comparison with the results of the TEM obser-
the sizes of free clusters. The size dependent physical arition. We also describe the possibility of the cluster-size

chemical properties as well as their electronic states haveontrol using the results of the TOF-HMS spectra as func-
been discussed with the results of the TOF-MStions of the operational parameters of the PGC cluster depo-

observatiorf:?° Since the above mentioned cluster size rangesition system, i.e., He and Ar gas flow rates, their partial
pressure in the growth chamber, and the temperature of the

dCorresponding author; electronic mail: Hihara@imr.tohoku.ac.jp cluster source.
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100 mm (Fast Comtec 70)1and accumulated by a multichannel
scaler(MCS) system(Fast Comtec 7885 MCD

T Vg +2kV A. Acceleration of ions
7
CP KLU < <<< NN Vq A principle of the modified Wiley—McLaren-type

Ly, ~ TEM 4 TOF-MS has been already presenteé® The cluster with a
e mass,m, and a chargeg, is collimated by the slits to deter-
3 mine the initial positionx,. In the following numerical ex-
pressions, we neglect the initial velocity component along
the spectrometer axis,q. The total flight timet, is then the
sum of the four partial flight timeg; , in each region, and
<_J Ba=0 | vy, is given as follows:

4 4
t00=3, ti<X>=L3\/%§1 f(X), @

whereX=X,/L3 is the reduced initial position of the cluster
and the other quantities in the equations are defined in Fig. 1.
The termf;(X) is a dimensionless function expressed as fol-
lows:

f1(X)=2XIE,
L2 TE 2 L2
| H ................. e Ly fa(X)=2 - (JEX+1- VEX),

_X
Ly | B v E @
. H_ X0 i Jlv, f3(X)=1EX+1,

=

2L,
Fic. 1. Schematic diagram of the time-of-flight high-mass spectrometer. The f4(X)= —— ( VEX+1+a— VEX+1).
ionized particles are collimated by the slits, entered into region 1, and ac- al
celerated by electric fiel&,;=(V,—Vyp)/L,. They are further accelerated Here, E={(Va—Vb)/L1}/(Vb/L3) is the reduced electric

by the electric fieldE,,=V, /L, and flight in region 3 of length 5, where . . . - .
the electrostatic fieldg,;=0 (free-flight zong. In order to compensate for fields in region 1 anm_vd /Vb the reduced VOItage In re-

the initial velocity v, a perpendicular fielEy;=V/0.1 (V/m) can be gion 4. The sum of;(X) with i=1-4,f(X), is normally an

applied. The ions are further postaccelerated by the electrostatic field abrder of 1.

Exu=Va/L, and detected by multichannel plat@4Cp). Figure 2 showd (X) vs X with the different electric fields
in region 1,E,;. The mass resolution of the TOF system is

described by
II. DESIGN OF THE HIGH MASS SPECTROMETER

. . . m 1t 1 f(xmax)+f(xmin)

Figure 1 shows a schematic diagram of the spectrometer. ST 252 FXonm) — F(Xor)
A vacuum chambef400x200x200 mn) for the TOF-HMS m min
was evacuated down t0>510 8 Pa by a turbo-molecular which does not depend on mass and charge. The ionization
pump. The clusters enter in region 1 from the PGC clusterolume is the restricted area betwe¥p;, and X,.x, where
source through the collimators. The large fraction of clustershe mass resolution is independent©fAs shown in Fig. 2,
are already ionized in the cluster source via the Penninghe mass resolution decreases, while the ionization volume
process. They are extracted by the electric field Bf; and  increases, a¥max— Xmin iNCreases. An appropriate electric
further accelerated in region 2 by the electric field,. The field, E,;, should be applied in the region 1 in order to
pulsed extraction potentials were generated by high voltagebtain a large ionization volume with a reasonable resolu-
generator§Max-Electronics Co. Ltd., APL seriggnd high  tion.
voltage push—pull switche@ehlke HTS 150-PGSM? Re- For large cluster detection, the electric potentgl in
gion 3 is a field free zone where the clusters with the differ-region 2 should be high enough to overcome the shift due to
ent mass-to-charge ratios are separated. In region 3, we céme initial velocity»,,. We also chose a rather short value of
apply the electric field; in order to steer the clusters along 0.2 m inL 3, and confined the large clusters within the de-
the perpendicular direction to the TOF axis. The incomingtection area of the MCP during their total flight time. In
ionized clusters are postaccelerated by the electrostatic fielofder to obtain the plateau area betwegép,, and X, in
E,. in region 4 so as to increase the sensitivity of the MCPFig. 2, the electric fieldE,;=(V;—Vp)/L1, is necessarily
for large clusters. The signals were amplified by a pre+aised to around 138 kV/m, which corresponds Vg
amplifier (EG&G Ortec VT-120@, sent to a discriminator =10kV whenlL;=0.03m andV,,=6 kV. Nevertheless, we

()
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Fic. 2. Characteristic function of the TOF-HM$(X), defined in Eqs(1)
and (2) vs the normalized initial position of the ionized clustexs,It was
calculated by Eq(2) with L,=L,=0.01m, L3=0.2m, E,,=600 kV/m,

andE,,= —700 kV/m.

desired the potential voltagé, to be less than 10 kV, be-
cause it was difficult for us to construct the high voltage
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Fic. 3. Characteristic function of the TOF-HM$(x,), defined by Eqgs(1)
and(2) as a function ok, instead ofX(=x,/L3), at the operating param-
eters. The cluster beam collimator is opened with the widtk-2 mm. The
parameters for the calculation are the same as in Fig. 2.

circuit and switchers whose rise time is short enough. It )
should be noted that the rise time of the extraction voltage i¢hich is close to that of the carrier Ar g&in order to
a very important factor for the mass resolution. Thereforeincrease the mass range of the TOF system, a wide detection

we found optimum parameters so thdt/dx=0 within
lower potential voltages. Figure 3 shows thexp) vs Xg
plots (instead ofX=x,/L3) as a function of differenv/,,
with L;=L,=L,=0.01m, L3=0.2m, V,=7465-7485V,
V=6 kV andVy= —7 kV. The optimized electric potential
V, is found to be 7475 V with the reasonable resolution
f/6f=2200 (m/6m=1100) andAx=2 mm corresponding

area was desired. We used XJb mm MCP so as to detect
the clusters with the mass of 1x8Famu at V,
=0-3 kV.

100 1. T ! :
to the ionization volume of 300 mm ? / //
B. lon steering optics

Since the clusters from the PGC source have a transleg *° 111
tional velocity along the beam axig,o, they move to the <« // /1 /
perpendicular direction to the TOF axis during the total flight % Evs V8% ]
time, t. Therefore, when the clusters are too heavy, they will ~ . 0 kVim IRl 7
stray off the effective detection area of the MCP. In our TOF "2 S IR ) /
system, the deflection electric fiell,;=V/0.1 (V/m), can - 20 ki et
be applied through the wide deflection plate for steering thE‘é T — /// //
heavy clusters. The total drift length of the cluster, s A — 1 A/
Yumce(M,Ey3), along the perpendicular direction to the TOF i — | - //
axis after the time of flight can be given by the following 50 ky/'n] =i
equation: 60 kV/m JERN gy

Yvep(M,Eys) = vyt — iE t2— EE t t -1001o° i 1111:21 ;02 10° | i1o‘ 10° 10° 107

mcplM; Ey3 yOL ™ 5 Fy3t3™ |y Fystats: mass (amu)

Figure 4 shows the calculatedycp for the differentEy;

Fic. 4. Deflection length of the clusters by the electrostatic fiel&gf, so

values. Here, the initial _VelOCityyo is assume_d to be inde- 45 to compensate for the initial velocity, perpendicular to the TOF axis.
pendent of the cluster size and to be approximately 300 m/She v, value is assumed to be 300 m/s.

JVST B - Microelectronics and Nanometer Structures



1926 T. Hihara and K. Sumiyama: TOF-HMS observation of large size Nb clusters 1926

Liquid N, Shield Cover
He gas
Fic. 5. Schematic diagram of plasma-gas-condensation
Ar gas » PP (PGO-type cluster source. Ar gas is introduced in the
Cooling == Tid sputtering source through the small gap between target

Water and shield cover. He gas is injected from the backside

of the cluster source.

/ \
O000O0CO0CU00DO000W0U0O0
/ N\

Magnet (SmCo) \Sputtering Target

C. Detector thickness monitor. The samples were exposed in air for
The ion detector consists of two MCP in series. The in-transportation and observed with an Hitachi HF-2000 elec-

coming ions were postaccelerated by a high voltegeof tron microscope, operating at 200 kV. The TEM images

—7 kV before reaching the MCP. Across each MCP, 1 Ky were taken as digitized data with a slow-scan charge coupled

potential was applied. The electrons emitted from the reapev'ce(CCD) camera installed in the electron microscope.

MCP were accelerated by an additional 5 kV potential onto a
collector plate, producing a pulse current, which was sent tdV. RESULTS

the data acquisition electronics as a count. Figure Ga) shows a typical bright-field TEM image of the
The signal intensity of the MCP depends on the incideniNb clusters prepared atly;=200mm, Va=Vye=3.0

velocity of the cluster. It decreases with increasing the cluss«10~*mol/s (400 sccr), ps=380Pa, andP,,=300W.

ter mass, because the total kinetic energy of the cluster oli4ere, V,, and V. are the flow rate of Ar and He gases,

tained from the electric fields is independent of their massrespectivelyp, the total pressure in the cluster source, and
Consequently, the sensitivity of the MCP decreases with in-

creasing the cluster mass. It has been reported that the
threshold is about 1X10°amu for Cs clusters and 1.5

% 10° amu for Li clusters when the postacceleration voltage
is 8 kV.2% In our experimental setup, the total acceleration
potential is higher than 13 kV, which would be sufficient to
detect the large clusters generated by the present PGC cluster
source. To confirm this, we compared the cluster size de-
tected by our TOF-HMS with that by TEM observation as
we will describe in Sec. IV.

[ll. EXPERIMENT

Nb clusters were synthesized by a PGC apparatus, whose
details have been described elsewH&rtn this work, we
changed the sputtering source as shown in Fig. 5. A continu-
ous Ar gas stream was injected through the 0.3 mm gap
between the shield cover and the target in order to avoid the
accumulation of formed particles which induce the abnormal
discharge and the short circuit during the glow discharge
operation'® The metal vapors were generated from a Nb
target by dc magnetron sputtering. Clusters nucleate in a
high pressure Ar gas atmosphéfe2—0.7 kPaand grow in
the space between the target and the no@hle growth re-
gion), whose lengthl 4, can be varied by moving the sput-
tering source back and forth. He gas was also introduced into
the sputtering chamber from the backside of the source. The < ,
cluster beam was extracted through the nozzle of 5 mm in 0 2 4 6 8 10 12 14
diameter by differential pumping and further collimated by (b) Cluster Size (nm)

the three skimmers. Fic. 6. (8) TEM i f th ter size Nb clusters ob. d by TEM
. N . . . _FIG. b. Image or the nanometer size Clusters observea by
For a TEM observation, a microgrid, which is a carbon- © -~ °* © Va=Vpe=3.0<10"* (400 sccr), p,=380Pa, andPy

coated colodion film sg_pported by a Cu grid, was used as a 300 w. (b) The histogram of cluster size distribution estimated from the
substrate. The deposition rate was measured by a quartEM image in(a and the notched line from the TOF spectrum.
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Fic. 8. Mass spectra of Nb clusters prepared W= 300 W, V,,=3.0
X 10" * (400 sccm, andVy=3.0—12x10"* mol/s (400—1600 sccin

only the nucleation and growth of the clusters but also the
sputtering yield.

Figure 8 shows the TOF spectra sequence of the Nb
clusters synthesized atLy=200mm, P,=300W,
Vao=3.0x10"*mol/s (400 sccm and V.,=3.0-12

2.6 X10 “mol/s (400-1600 scci ps=380-650Pa. These
b ol = spectra were mathematically smoothed to emphasize the
0.0 0.5 1.0 1.5 2.0 25 3.0 . .
. spectral differences. The mean cluster size becomes small
mass (xio” amu) with increasingVy, although the total inert-gas pressure in
Fic. 7. Mass spectra of Nb clusters prepared wih,=300W, v,  the cluster source increases. This result is contradictory to
=2.6-6.0<10% (350-800 sccin and the constantVy, of 3.0  the variation of the mass spectra taken with chanylpg It
X 10™* mol/s (400 sccr. is also seen that the mass spectrum becomes narrow when
increasingV, with the constan¥,,. These results suggest
that the He gas reduces the residence time of the gaseous
species inside of the cluster source, as we will discuss in Sec.
P the sputtering power. The corresponding size distributiony,
histogram estimated from the deposited area of 0036 is In order to investigate the temperature effect on the clus-
shown in Fig. 6b). The clusters are dispersed in the sizeter size, we cooled the PGC cluster source by liquigd N
range of between 2 and 15 nm. The mean size of the NIFigure 9 shows the TOF spectra sequence of the Nb
clusters is about 7 nm. The TOF spectrum of the Nb clusterglusters obtained at the different sputtering power,
as a function of diameter is also indicated in Figo)6Here,  P,,=200-350W, Lg=200mm, and Va=Vue=3.0
we converted the mass of the Nb cluster into its diameter by 10~*mol/s (400 sccm. The clusters become slightly larger
assuming the bulk Nb density. Both are well overlappedwith increasingPy,, owing to the increase in the density of
within the observed size range above 2 nm in diameter.  the vaporized atoms. When the cluster source and the nozzle

Figure 7 shows the TOF spectra sequence of the Nb clusare cooled by liquid ¥, the mass distribution of the clusters
ters operated at y=200mm, Py=300W, V,,=2.6-6.0  shifts toward the larger size direction and becomes broader,
X10 *mol/s (350—-800 sccm ps=350-620Pa, and the suggesting that the residence time of the gaseous species is
constantVy, of 3.0x 10 *mol/s (400 sccm. The spectrum increased by coolingsee Sec. Y.
at V,=2.6x10 % mol/s (350 sccn)logxhibits a broad distri-
bution with the maximum at 0X410° amu. The peak in the
mass spectrum shifts toward the higher mass direction witlY - DISCUSSION
increasingV,, up to 5.3x10 “mol/s. The mass spectrum  The observation of the cluster size by the TOF-MS is
becomes broader and its intensity decreases with increasirspmetimes misleading. The detection probability of the MCP
V. With further increasing/,, above 5.% 10 *mol/s, the is strongly mass dependeétitlt is also possible that the dou-
mean cluster size slightly decreases. One can also see thé ionized clusters are produced in the PGC cluster source,
small peak at around>10° amu forV,=4.5x10 *mol/s.  which have shorter flight time in the TOF-MS. The cluster
These results indicate that the Ar gas pressure influences nsize estimated from the TEM photograph is, however, con-

JVST B - Microelectronics and Nanometer Structures
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AARAARARE AAAM] RARAE AAARE RARAE RALAS RAAL ters are formed in the heavier inert gdsThis explanation
—— without cooling can be reasonable but not enough to understand the present
---- with LN, cooling experimental results, because the smaller clusters with nar-
rower size distribution were obtained when the total pressure
in the cluster source was increased by introducing more He
gas with the constant,, (see Fig. 8.
In an isentropic flow of compressible fluids, a critical
pressurep* can be defined 4%%°

p* =pf2((y+ 1)}, (5

w whereps is the pressure in the cluster source aneb/3 the
g ratio of molar heat capacity for the monatomic He and Ar
g gases. Within our experimental condition, the back pressure
s after the exit nozzle was much lower thafi. In this case,
- the mass flow ratem, through the nozzle can be formulated
’é by the following equation within the standard gas
g dynamics®
(y+D/(y=1)
_ Anbs \/vm 2 | ©
VkgTs y+1

wherekg is the Boltzmann constant the gas temperature

in the cluster sourcéy, the cross section of the nozzle, and
mthe atomic mass of the inert gas. In the present experimen-
tal setup, the total amount of the incoming inert gases was
estimated by the mass flow meter andV,g). The esti-
matedm values from Eq(6) were roughly in agreement with
the sum ofV,, and V. This fact suggests that the gas
dynamics through the nozzle is isentropic and &.is ful-

filled at the exit nozzle. The drift velocity of the gaseous

Fic. 9. Mass spectra of Nb clusters prepared vitly=200—350W and ~ SPECies ir? the Clus_ter source,, can then b? estimated by
Var=V}4e 3.0 10 * (400 sccnh. the following equatior(the perfect gas equatifin

......

IR NURVE SURTE RERTE P

00 05 1.0 15 20 25 3.0 35 4.0
mass (x10°amu)

g
sl

kg T,

sistent with the mass distribution measured with our TOF- mA.SpS )
HMS in the size range between 2 and 15 nm except for thé"herezAs2 is the cross section of the cluster source (1.4
smaller clusters. In the bright-field imaging mode, such smalf< 10 “m°). Combining Eqs(6) with (7), we can express
clusters can hardly be distinguished from the background€ residence time of the gaseous species in the cluster
image of the amorphous carbon film. This is particularly trueSOurce as follows:
for the clusters whose orientation is not strongly diffracting A m
with respect to the incident electron beam direction. Another ts= Lgvz_l= LgA—s \/ﬁ
problem is that the atoms and the smaller clusters can move n ' Ye8ls
on the substrate and coalesce to form larger cluét€r®’  When p, increases, the gases are more compressed at the
This effect will be observed when a large amount of atomsozzle and the flow rate of the exit gases increases. Accord-
and smaller clustersd<1 nm) are produced in the cluster ingly, ts becomes independent pf for the isentropic flow.
source. However, we have not found any clear evidence for In the present experimental results, the important param-
the surface migration within the present operation parameters to determine the cluster size are the residence time,
eters. and the gas pressurp,, in the cluster source. Based upon
The cluster size can be controlled in the PGC methidd. the cluster growth model by the inert gas condensdtighe
The important experimental parameters are the sorts of themaller cluster can be obtained when the residence time be-
inert gas, i.e., He and/or Ar, their partial press(he mixing  comes shorter, because the total number of cluster—cluster
ratio) in the cluster source and the sputtering power. Accordand/or cluster-vapor atom collisions can be proportional to
ing to the inert gas condensation process, the metal vapor tg. Thet, value decreases when the He gas is introduced into
cooled by collisions with the cold inert gas atoms. In generalthe cluster source, because the mass and viscosity of He
since the thermal energy transfer from the metal vapor duratom are one order smaller than those of Ar, and He gas is
ing the collision process is much more effective for heaviemrmore effectively ejected than Ar gas. The nozzle temperature
inert gases, the atomic vapor condensation is promoted mordso influences the cluster size. According to E8), the
effectively in the Ar gas than in the He gas: the larger clus+tesidence time increases with decreasing the gaseous

)

Vs

y+1 (y+DI(y=1)

. ®
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