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Submitted to Applied Physis ExpressThe density of integrated iruits has been ontinuously inreasing sine their �rst appearanearound 1960.1) In the nanotehnology era, the surfae properties of materials have beome ritial forthe eÆieny of devies beause of their rapidly inreasing density; thus, the requirements for materialproessing methods have beome exating.2, 3) For example, ion-beam ething and implantation areommon methods in semiondutor manufaturing. However, the damage aused by the ion-beamirradiation is a serious drawbak to the requirement of lower-damage proessing for higher-densitydevies. On the other hand, the luster ion beam method realizes the irradiation of eletromagnetiallyontrolled ion beams that are more than 100 times heavier than the heaviest atomi ion beam, a 238Ubeam. Various luster ion beams suh as metal,4, 5) fullerene,6) silion,7) `gas',8) and `liquid'9) lusterion beams have attrated muh interest. The unique features of the interation between luster ionbeams and solid materials8) are mainly attributable to the high-density energy deposition and the low-energy irradiation e�et. Sine the kineti energy of a moleule in a luster is equal to the total kinetienergy divided by the luster size (the number of moleules that omprise a luster), low-energy ionbeams an be realized using luster ion beams at relatively high aeleration voltages. Therefore,the radiation damage aused by luster ion beams is muh smaller than that aused by monomerion beams. A liquid luster ion beam also has unique properties that are indued by the haraterististruture as well as the hemial properties of the moleules that omprise the luster. The interationsof liquid luster ions with solid surfaes have been investigated to larify the harateristis of liquidlusters as a new type of liquid materials. Their harateristis are expeted to be muh di�erent fromthose of bulk-state materials used in onventional wet proesses. Furthermore, it is of muh importaneto larify the e�ets of irradiating liquid luster ions, and this study is expeted to open up a new �eldof materials siene. In this artile, a method of ahieving low-damage and high-rate sputtering usingan ethanol luster ion beam is presented.Figure 1 shows a shemati view of the liquid-luster ion-beam apparatus. The apparatus on-sists of three vauum hambers: a soure hamber, an ionization hamber, and a target hamber. Thehambers are separately evauated using vauum pumps that meet the gas load of the hambers. Forexample, the soure hamber is evauated using a Roots pump and the ionization hamber is evauatedusing a di�usion pump. Ethanol is �lled in a liquid ontainer, whih is plaed in the soure hamber.Typially about 150 m3 of ethanol is used for approximately 2 h of irradiation. The ethanol is heatedusing a heater attahed to the outer wall of the ontainer, and is maintained at the temperature orre-sponding to the vapor pressure at whih the lusters with the desired size distribution is produed. Thesoure temperature was 109ÆC, whih orresponds to a vapor pressure of 3 atm. The typial variationof the temperature is approximately �1ÆC, whih orresponds to a �10 kPa variation of the ethanolvapor pressure. Vaporized ethanol is ejeted to the soure hamber through a Laval nozzle whosenozzle diameter is 0.1 mm. The expanding vapor is supersaturated, and lusters are produed.10) Theore portion of the �ow is seleted by a skimmer and transported to the ionization hamber through ahamber for di�erential pumping. The diameter of the skimmer opening is 1.3 mm. The skimmer is2/11



Submitted to Applied Physis Expressused to avoid the disintegration of lusters aused by shok waves. The Mah-disk position has some-times been estimated using the empirial formula for soni nozzles,11) but the formula annot be usedto predit when a Laval or onial nozzle is used.12, 13) In the ionization hamber, the neutral lusterbeam is ionized by the bombardment of eletrons emitted from the loop of a tungsten �lament. Theurrent and voltage of the ionization eletrons are typially 200 V and 0.2 A, respetively. The ionizedbeam is extrated by an extration voltage applied to an extration eletrode. The typial extrationvoltages are from 3 to 9 kV. The lower part of the luster size distribution was eliminated using aretarding voltage (Vr) applied to a retarding eletrode. This method is based on the phenomenon thatthe veloity of the nozzle �ow is highly uniform, typially within 10%.10, 14) The kineti energy ofethanol lusters alulated on the basis of this phenomenon is 0.29 eV/moleule. The size-separatedluster ion beam is aelerated by an aeleration voltage (Va) typially from 3 to 9 kV applied toan aeleration eletrode. The divergene of the aelerated luster ion beam is suppressed using anEinzel lens, and the horizontal position of the beam is �ne-tuned using an eletrostati de�etor. AFaraday up with an eletron suppressor typially at -315 V and a sample holder attahed to a linearmotion feedthrough are inserted at the beam position. The vertial intensity distribution of the lusterion beam is measured by moving the Faraday up, and the sample is plaed at the peak of the distribu-tion. The variation of the beam intensity over time was typially within 10%. The samples irradiatedin this work were Si(111) and SiO2 substrates at room temperature. The e�et of the harge-up inthe SiO2 substrate was expeted to be small beause 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 baksattering(RBS) method using � partiles at 2 MeV. The surfae roughness was measured by an atomi foremirosope (AFM).The luster size distributions were measured by the time-of-�ight (TOF) method.15) The peak po-sitions of the distributions were loated between 1300 to 1800 when retarding voltages of 27 to 82 Vwere applied, respetively, and the distributions shifted to the larger side in general as the retardingvoltage was inreased. Figure 2 shows the retarding voltage dependenes 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 auray 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 dependene of the sputtering depthon the dose. The maximum sputtering yield in the Si sample irradiated at the aeleration voltage of9 kV was 360 atoms/ion, whih 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 hemial sputteringe�et.16) The sputtering depths of both the Si and SiO2 substrates irradiated at higher aelerationvoltages were larger than those obtained at lower aeleration voltages. In the ase of the aelerationvoltages of 6 and 9 kV, the sputtering depths of the Si substrates initially inreased as the retarding3/11



Submitted to Applied Physis Expressvoltage inreased, then dereased when the retarding voltage further inreased to above the peak val-ues. The initial inrease may be explained by the range of the luster ions in Si and the volatility of thehemial produts generated from the reation between ethanol and Si. In the present ase, the lustersize inreases with inreasing retarding voltage, and the kineti energy per inident ethanol moleuledereases. 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 hemial produts would be bloked. Therefore, when the retarding voltage is smaller than thepeak value, a lower retarding voltage may result in a smaller sputtering depth. The derease in thesputtering depth when the retarding voltage is further inreased may be explained by the followingmehanism. The kineti energy per moleule of the larger part of the luster size distribution may betoo small to indue sputtering, and the ratio of this part inreases as the retarding voltage is inreased.The sputtering depth for the aeleration voltage of 3 kV monotonially dereased as the retardingvoltage inreased. This is possibly beause the range is already smaller than the depth where the evap-oration of the hemial produts is prevented, even when the retarding voltage is less than 30 V. On theother hand, the sputtering depth in the SiO2 samples monotonially dereased with inreasing retard-ing voltage. The reason for this tendeny may be explained by assuming that the interation betweenan ethanol luster and a SiO2 substrate is dominated by the physial sputtering and by onsidering thederease in the kineti energy per moleule with the inrease in retarding voltage.Figure 3 shows the retarding voltage dependenes of the number of disordered atoms in the Sisubstrates measured by the RBS of � partiles at 2 MeV. The number of disordered atoms (ND) isreognized as a measure of radiation damage.17) The sample irradiated at the aeleration voltage of 3kV and a retarding voltage smaller than 54 V had a �nite ND value, whih approahed 0 as the retard-ing voltage inreased. This phenomenon is thought to be beause the ratio of ethanol moleules thathave suÆiently large kineti energies to produe lattie disorders dereased as the retarding voltagewas inreased. However, in the ases of 6 and 9 kV, all the data points are loated at approximately thesame values. So far, the whole peak near the surfae in the hanneling spetra was assumed to origi-nate from the lattie disorders, but it may be possible that some parts of the peak originate from siliondioxide or other produts formed by the interation between ethanol moleules and silion atoms. Thephenomena observed in the ases of 6 and 9 kV an possibly be explained by this assumption.Figure 4 shows the retarding voltage dependenes of the surfae roughness of (a) Si and (b) SiO2substrates. The surfae roughness of the Si substrates irradiated with the ethanol luster ion beam waslarger than that of the unirradiated surfae. However, the surfae roughness dereased with inreasingretarding voltage, and the surfae 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 ethanolluster ion beam at an aeleration voltage of 3 kV, the surfae roughness dereased to that of theunirradiated sample as the retarding voltage was inreased. This phenomenon may be explained by theenhanement of the lateral sputtering e�et aused by the inrease in the luster size with inreasing4/11



Submitted to Applied Physis Expressretarding voltage.In summary, the e�et of irradiating an ethanol luster ion beam on a Si surfae 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 aeleration voltage, the number of disordered Si atoms dereased tothat of the unirradiated sample with inreasing retarding voltage. A surfae 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 aeleration voltages.AknowledgementThe RBS measurements were performed at the Quantum Siene and Engineering Center, KyotoUniversity.
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Submitted to Applied Physis ExpressReferenes1) G. E. Moore: Eletronis 38 (1965) 114.2) J. E. Greene: MRS Bulletin 26 (2001) 777.3) J. W. Faul and D. Henke: Nul. Instrum. Meth. B 237 (2005) 228.4) I. Yamada and G. H. Takaoka: Jpn. J. Appl. Phys. 32 (1993) 2121.5) A. Herrmann, S. Leutwyler, E. Shumaher, and L. Wöste: Helv. Chim. Ata 61 (1978) 453.6) H. Shen, C. Brink, P. Hvelplund, S. Shiryaev, P. X. Shi, and J. A. Davies: Nul. Instrum. Meth. B129 (1997) 203.7) Y. Iwata, M. Kishida, M. Muto, S. Yu, T. Sawada, A. Fukuda, T. Takiya, A. Komura, and K.Nakajima: Chem. Phys. Lett. 358 (2002) 36.8) I. Yamada: Nul. Instrum. Meth. B 148 (1999) 1.9) G. H. Takaoka, H. Noguhi, T. Yamamoto, and T. Seki: Jpn. J. Appl. Phys. 42 (2003) L1032.10) O. F. Hagena and W. Obert: J. Chem. Phys. 56 (1972) 1793.11) H. Ashkenas and F. Sherman: in Rare�ed Gas Dynamis, ed. J. H. de Leeuw (Aademi Press,New York, 1966) vol. II, p. 84.12) A. Benidar, R. Georges, R. Le Douen, J. Boissoles, S. Hamon, A. Canosa, and B. R. Rowe: J.Mol. Spetros. 199 (2000) 92.13) A. Bro, S. De Beneditis, G. Dilee, M. Vigliotti, R. G. Sharafutdinov, and P. A. Skovorodko:J. Fluid Meh. 500 (2004) 211.14) O. F. Hagena and K. Varma: Rev. Si. Instrum. 39 (1968) 47.15) G. H. Takaoka, H. Noguhi, K. Nakayama, and M. Kawashita: Surf. Si. Nanoteh. 4 (2006) 473.16) G. H. Takaoka, M. Kawashita, and T. Okada: Rev. Si. Instrum. 79 (2008) 02C503.17) W.-K. Chu, J. W.Mayer, and M.-A. Niolet: Baksattering Spetrometry (Aademi Press, NewYork, 1978).

6/11



Submitted to Applied Physis ExpressFigure Captions:Fig. 1: Shemati view of liquid-luster ion-beam apparatus.Fig. 2: Retarding voltage dependenes of sputtering depth of (a) Si and (b) SiO2 substrates irra-diated with ethanol luster ion beams at aeleration voltages of 3 (irles), 6 (triangles), and 9 kV(squares).Fig. 3: Retarding voltage dependenes of number of disordered atoms in Si substrates irradiatedwith ethanol luster ion beams at aeleration voltages of 3 (irles), 6 (triangles), and 9 kV (squares),measured by the RBS method. The error bars represent only the statistial error of the RBS measure-ment.Fig. 4: Retarding voltage dependenes of surfae roughness of (a) Si and (b) SiO2 substratesirradiated with ethanol luster ion beams at aeleration voltages of 3 (irles), 6 (triangles), and 9 kV(squares).
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