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Typeset with apex.
ls <ver. 1.0.1> Applied Physi
s ExpressLow-Damage and High-Rate Sputtering of Sili
on Surfa
es by Ethanol Cluster IonBeamHiromi
hi Ryuto� y, Kazumi
hi Sugiyama, Ryosuke Ozaki, and Gikan H. TakaokaPhotoni
s and Ele
troni
s S
ien
e and Engineering Center, Kyoto University, Kyoto 615-8510, JapanTo realize the high-rate and low-damage sputtering of a Si surfa
e, the effe
t of irradiating an ethanol
luster ion beam on a Si surfa
e was investigated. The sputtering depths in Si substrates indu
ed by theethanol 
luster ion beam irradiation were larger than those in SiO2 substrates, whi
h was due to a
hemi
al sputtering effe
t. The latti
e disorder and the surfa
e roughness of the Si substrates de
reasedwith in
reasing retarding voltage.
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Submitted to Applied Physi
s ExpressThe density of integrated 
ir
uits has been 
ontinuously in
reasing sin
e their �rst appearan
earound 1960.1) In the nanote
hnology era, the surfa
e properties of materials have be
ome 
riti
al forthe eÆ
ien
y of devi
es be
ause of their rapidly in
reasing density; thus, the requirements for materialpro
essing methods have be
ome exa
ting.2, 3) For example, ion-beam et
hing and implantation are
ommon methods in semi
ondu
tor manufa
turing. However, the damage 
aused by the ion-beamirradiation is a serious drawba
k to the requirement of lower-damage pro
essing for higher-densitydevi
es. On the other hand, the 
luster ion beam method realizes the irradiation of ele
tromagneti
ally
ontrolled ion beams that are more than 100 times heavier than the heaviest atomi
 ion beam, a 238Ubeam. Various 
luster ion beams su
h as metal,4, 5) fullerene,6) sili
on,7) `gas',8) and `liquid'9) 
lusterion beams have attra
ted mu
h interest. The unique features of the intera
tion between 
luster ionbeams and solid materials8) are mainly attributable to the high-density energy deposition and the low-energy irradiation e�e
t. Sin
e the kineti
 energy of a mole
ule in a 
luster is equal to the total kineti
energy divided by the 
luster size (the number of mole
ules that 
omprise a 
luster), low-energy ionbeams 
an be realized using 
luster ion beams at relatively high a

eleration voltages. Therefore,the radiation damage 
aused by 
luster ion beams is mu
h smaller than that 
aused by monomerion beams. A liquid 
luster ion beam also has unique properties that are indu
ed by the 
hara
teristi
stru
ture as well as the 
hemi
al properties of the mole
ules that 
omprise the 
luster. The intera
tionsof liquid 
luster ions with solid surfa
es have been investigated to 
larify the 
hara
teristi
s of liquid
lusters as a new type of liquid materials. Their 
hara
teristi
s are expe
ted to be mu
h di�erent fromthose of bulk-state materials used in 
onventional wet pro
esses. Furthermore, it is of mu
h importan
eto 
larify the e�e
ts of irradiating liquid 
luster ions, and this study is expe
ted to open up a new �eldof materials s
ien
e. In this arti
le, a method of a
hieving low-damage and high-rate sputtering usingan ethanol 
luster ion beam is presented.Figure 1 shows a s
hemati
 view of the liquid-
luster ion-beam apparatus. The apparatus 
on-sists of three va
uum 
hambers: a sour
e 
hamber, an ionization 
hamber, and a target 
hamber. The
hambers are separately eva
uated using va
uum pumps that meet the gas load of the 
hambers. Forexample, the sour
e 
hamber is eva
uated using a Roots pump and the ionization 
hamber is eva
uatedusing a di�usion pump. Ethanol is �lled in a liquid 
ontainer, whi
h is pla
ed in the sour
e 
hamber.Typi
ally about 150 
m3 of ethanol is used for approximately 2 h of irradiation. The ethanol is heatedusing a heater atta
hed to the outer wall of the 
ontainer, and is maintained at the temperature 
orre-sponding to the vapor pressure at whi
h the 
lusters with the desired size distribution is produ
ed. Thesour
e temperature was 109ÆC, whi
h 
orresponds to a vapor pressure of 3 atm. The typi
al variationof the temperature is approximately �1ÆC, whi
h 
orresponds to a �10 kPa variation of the ethanolvapor pressure. Vaporized ethanol is eje
ted to the sour
e 
hamber through a Laval nozzle whosenozzle diameter is 0.1 mm. The expanding vapor is supersaturated, and 
lusters are produ
ed.10) The
ore portion of the �ow is sele
ted by a skimmer and transported to the ionization 
hamber through a
hamber for di�erential pumping. The diameter of the skimmer opening is 1.3 mm. The skimmer is2/11
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s Expressused to avoid the disintegration of 
lusters 
aused by sho
k waves. The Ma
h-disk position has some-times been estimated using the empiri
al formula for soni
 nozzles,11) but the formula 
annot be usedto predi
t when a Laval or 
oni
al nozzle is used.12, 13) In the ionization 
hamber, the neutral 
lusterbeam is ionized by the bombardment of ele
trons emitted from the loop of a tungsten �lament. The
urrent and voltage of the ionization ele
trons are typi
ally 200 V and 0.2 A, respe
tively. The ionizedbeam is extra
ted by an extra
tion voltage applied to an extra
tion ele
trode. The typi
al extra
tionvoltages are from 3 to 9 kV. The lower part of the 
luster size distribution was eliminated using aretarding voltage (Vr) applied to a retarding ele
trode. This method is based on the phenomenon thatthe velo
ity of the nozzle �ow is highly uniform, typi
ally within 10%.10, 14) The kineti
 energy ofethanol 
lusters 
al
ulated on the basis of this phenomenon is 0.29 eV/mole
ule. The size-separated
luster ion beam is a

elerated by an a

eleration voltage (Va) typi
ally from 3 to 9 kV applied toan a

eleration ele
trode. The divergen
e of the a

elerated 
luster ion beam is suppressed using anEinzel lens, and the horizontal position of the beam is �ne-tuned using an ele
trostati
 de�e
tor. AFaraday 
up with an ele
tron suppressor typi
ally at -315 V and a sample holder atta
hed to a linearmotion feedthrough are inserted at the beam position. The verti
al intensity distribution of the 
lusterion beam is measured by moving the Faraday 
up, and the sample is pla
ed at the peak of the distribu-tion. The variation of the beam intensity over time was typi
ally within 10%. The samples irradiatedin this work were Si(111) and SiO2 substrates at room temperature. The e�e
t of the 
harge-up inthe SiO2 substrate was expe
ted to be small be
ause the mass-to-
harge ratio of the ethanol 
lusterions is extremely large. The sputtering depths of the samples were measured using a step pro�ler.The number of disordered atoms in the Si samples was measured by the Rutherford ba
ks
attering(RBS) method using � parti
les at 2 MeV. The surfa
e roughness was measured by an atomi
 for
emi
ros
ope (AFM).The 
luster size distributions were measured by the time-of-�ight (TOF) method.15) The peak po-sitions of the distributions were lo
ated between 1300 to 1800 when retarding voltages of 27 to 82 Vwere applied, respe
tively, and the distributions shifted to the larger side in general as the retardingvoltage was in
reased. Figure 2 shows the retarding voltage dependen
es of the sputtering depths of (a)Si and (b) SiO2 substrates irradiated with ethanol 
luster ion beams. The SiO2 samples were irradiatedwith a 5 times larger dose than the Si samples to improve the a

ura
y of the depth pro�le measure-ment. The sputtering depths in the Si samples at the retarding voltage of 27 V were approximately 6times larger than those in the SiO2 samples 
onsidering the linear dependen
e of the sputtering depthon the dose. The maximum sputtering yield in the Si sample irradiated at the a

eleration voltage of9 kV was 360 atoms/ion, whi
h is more than 200 times larger than that for an Ar monomer ion beamat 9 keV. The large sputtering yields in the Si samples are possibly due to the 
hemi
al sputteringe�e
t.16) The sputtering depths of both the Si and SiO2 substrates irradiated at higher a

elerationvoltages were larger than those obtained at lower a

eleration voltages. In the 
ase of the a

elerationvoltages of 6 and 9 kV, the sputtering depths of the Si substrates initially in
reased as the retarding3/11
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s Expressvoltage in
reased, then de
reased when the retarding voltage further in
reased to above the peak val-ues. The initial in
rease may be explained by the range of the 
luster ions in Si and the volatility of the
hemi
al produ
ts generated from the rea
tion between ethanol and Si. In the present 
ase, the 
lustersize in
reases with in
reasing retarding voltage, and the kineti
 energy per in
ident ethanol mole
ulede
reases. Therefore, the range of the ethanol 
luster ions in the Si may be larger when the retardingvoltage is smaller. If the ethanol 
luster ions were deeply implanted in the Si samples, the evaporationof the 
hemi
al produ
ts would be blo
ked. Therefore, when the retarding voltage is smaller than thepeak value, a lower retarding voltage may result in a smaller sputtering depth. The de
rease in thesputtering depth when the retarding voltage is further in
reased may be explained by the followingme
hanism. The kineti
 energy per mole
ule of the larger part of the 
luster size distribution may betoo small to indu
e sputtering, and the ratio of this part in
reases as the retarding voltage is in
reased.The sputtering depth for the a

eleration voltage of 3 kV monotoni
ally de
reased as the retardingvoltage in
reased. This is possibly be
ause the range is already smaller than the depth where the evap-oration of the 
hemi
al produ
ts is prevented, even when the retarding voltage is less than 30 V. On theother hand, the sputtering depth in the SiO2 samples monotoni
ally de
reased with in
reasing retard-ing voltage. The reason for this tenden
y may be explained by assuming that the intera
tion betweenan ethanol 
luster and a SiO2 substrate is dominated by the physi
al sputtering and by 
onsidering thede
rease in the kineti
 energy per mole
ule with the in
rease in retarding voltage.Figure 3 shows the retarding voltage dependen
es of the number of disordered atoms in the Sisubstrates measured by the RBS of � parti
les at 2 MeV. The number of disordered atoms (ND) isre
ognized as a measure of radiation damage.17) The sample irradiated at the a

eleration voltage of 3kV and a retarding voltage smaller than 54 V had a �nite ND value, whi
h approa
hed 0 as the retard-ing voltage in
reased. This phenomenon is thought to be be
ause the ratio of ethanol mole
ules thathave suÆ
iently large kineti
 energies to produ
e latti
e disorders de
reased as the retarding voltagewas in
reased. However, in the 
ases of 6 and 9 kV, all the data points are lo
ated at approximately thesame values. So far, the whole peak near the surfa
e in the 
hanneling spe
tra was assumed to origi-nate from the latti
e disorders, but it may be possible that some parts of the peak originate from sili
ondioxide or other produ
ts formed by the intera
tion between ethanol mole
ules and sili
on atoms. Thephenomena observed in the 
ases of 6 and 9 kV 
an possibly be explained by this assumption.Figure 4 shows the retarding voltage dependen
es of the surfa
e roughness of (a) Si and (b) SiO2substrates. The surfa
e roughness of the Si substrates irradiated with the ethanol 
luster ion beam waslarger than that of the unirradiated surfa
e. However, the surfa
e roughness de
reased with in
reasingretarding voltage, and the surfa
e roughness was smaller than 1 nm when the retarding voltage waslarger than approximately 50 V. Moreover, in the 
ase of SiO2 samples irradiated with the ethanol
luster ion beam at an a

eleration voltage of 3 kV, the surfa
e roughness de
reased to that of theunirradiated sample as the retarding voltage was in
reased. This phenomenon may be explained by theenhan
ement of the lateral sputtering e�e
t 
aused by the in
rease in the 
luster size with in
reasing4/11



Submitted to Applied Physi
s Expressretarding voltage.In summary, the e�e
t of irradiating an ethanol 
luster ion beam on a Si surfa
e was investigatedto examine the possibility of low-damage as well as high-rate sputtering. The sputtering depths of Sisubstrates were deeper than those of SiO2 substrates at the energy range from 3 to 9 keV. On the otherhand, in the 
ase of the 3 kV a

eleration voltage, the number of disordered Si atoms de
reased tothat of the unirradiated sample with in
reasing retarding voltage. A surfa
e roughness of less than 1nm was realized at retarding voltages larger than approximately 50 V. Therefore, the low-damage andhigh-rate sputtering of Si substrates 
an be realized using an ethanol 
luster ion beam by adjusting theretarding and a

eleration voltages.A
knowledgementThe RBS measurements were performed at the Quantum S
ien
e and Engineering Center, KyotoUniversity.
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Submitted to Applied Physi
s ExpressFigure Captions:Fig. 1: S
hemati
 view of liquid-
luster ion-beam apparatus.Fig. 2: Retarding voltage dependen
es of sputtering depth of (a) Si and (b) SiO2 substrates irra-diated with ethanol 
luster ion beams at a

eleration voltages of 3 (
ir
les), 6 (triangles), and 9 kV(squares).Fig. 3: Retarding voltage dependen
es of number of disordered atoms in Si substrates irradiatedwith ethanol 
luster ion beams at a

eleration voltages of 3 (
ir
les), 6 (triangles), and 9 kV (squares),measured by the RBS method. The error bars represent only the statisti
al error of the RBS measure-ment.Fig. 4: Retarding voltage dependen
es of surfa
e roughness of (a) Si and (b) SiO2 substratesirradiated with ethanol 
luster ion beams at a

eleration voltages of 3 (
ir
les), 6 (triangles), and 9 kV(squares).
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