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民1icrowearof Si Single Crystal 

シリコン単結晶のマイクロ摩耗
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Absiract Micr'Otrib'Ol'Ogy 'Of Silic'On single crystals is 'One 'Of the irnp'Ortant factors f'Or the practical use of MEMS. In this 

study， the e宜ect'Of crystal orientati'On 'On micr'Owear 'Of Silic'On single crystal and the wear structure were mainly 

investigated. Micro企icti'Onexperiments using at'Omic f'Orce /酎cti'Onf'Orce micr'Osc'Ope (AFM / FFM) were c釘ried'Out t'O 

investigate the effect 'Of crystal 'Orientati'On 'On the micr'Ow巴ardepth 'Of Silicon single crystals. In these experlments， the 

scarming-scratching directi'Ons 'Of a 均'OfAFM / FFM wereく100>andく110>'On Si(100) su由 .ceandく112>'On Si(lll) 

surface. As a result， it was f'Ound白紙thedepth 'Ofthe we紅 maτ'ksgenerated 'On Silic'On surfaces increased in仕1efoll'Owing 

order:く112>，く100>，く100>.Cross-secti'Ona1 TEM 'Observati'Ons ofthe micr'Owear marks were carried 'Out. As a result， it 

was f'Ound廿latthe small dislocati'On l'O'Ops were generated in the su由 ceregi'On at白e畳間 stage'Of the microwear， and the 

size and the number 'Of disl'Ocati'Ons increased with the pr'Ogress ofthe microwear. 

1.酎τ'RODUCTION which w悶叫別総dt'O Iぉult恒也eclarification 'Of mec加 国smof 

microwear， cr'Oss-s帥 α1lllτEM'Obsぽvati'Ons'Of枇 microw聞 marks

陥 ny 悶 earch凶 and developme臨 'On ~S genera飽dbymicrow間協ts凶加gAFMwe陀悶rriedout. 

。Acroelω位。>mec加nical可蹴ms)have beenω出回'Outin即位1t

戸沼'8.お1iαo凶bologyis 'One 'Of也ekey techn'Ol'Ogies f'Or也epractical 

凶 eofI¥伍MS.

百1e de市el'Opments 'Ofお加国ng骨 obe micros∞pe (SP明，

espωially，脚>micf'O問 microscope(組問問市id吋 甘沼田W

approaιb岱命f世le組ldi岱'Onmicr'Otribol'Ogy. A l'Ot 'Of inv>岱6伊品ons'On

micr'O凶bol'Ogicalproperties 'Of vari'Ous m峨erialsincluding加吋白血

films山崎由開miαm∞阿国veb悶∞nduc低d血印翻叩dl卯O

[1-4]. Am'Ong吐leseinvesti伊ti'Ons，a few即位包 on白eeflおtsof 

αys包lorien匂ti'On叩 dgz話nbo岨ldary'0畑仕lemicrofri由。冊1properties 

加veb悶 1publish吋 [5].Ho明市民 n'Omany repo描'On吐lee盗犯t'Of 

αys凶'Orien仮説。nωnuαow鉛r戸。戸出esand 'On由.enucro蜘伺r

池山tureshaveb悶 1available s'O耐:

In世le伊国ents加.dy，吐lee晶ct'Ofαy武alorie団組ononmiα0明 ar

戸可制es'OfS品∞n(Si) singleαy由 l釦 dせlemicrow叩組閣岡部

were m副 yinV(組側edIn'O吋erωs旬dy伽enuα'Owears国側官S
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2. EXPERJ.l¥置ENτ:ALDETAILS

姐 crow伺 rpr'O同胞'OfSi sin俳句stalswereぽ凶iedby the 

sca血血g-悶 atchte由 凶ingAFM. In these microwear tests， tw'O lands 

'Of tips made 'Of diamond組 dSi~4 were凶edωgeneratethe n'Onnal 

f'01'∞ of 10仏2∞飢d1・5州， res戸ctively.百lete剥ng紅叫 5戸nX

5開nin size， was民annedby 512 line-sc刷出ngof the tip and白is

or熔副'Onwas 1甲巴atedω 勘 range'Of 1-40 cycles.百le蜘 ming

sp記 ds'Of diam'Ond and ShN4 tips were 10凹凶飢d5阿n1s，respectively. 

A政r也巴Sωm血g-sc醐 ch回 ts，surface m'OIph'Ol'Ogy around白巴包剥ng

g田 ofSis泊.gle句坑alwasm師団吋凶ingAFMwi也 an'Ormal f'Orce 

of 5nN. Two types 'Of Si singleαys加ls，白atis， Si(l∞)釦dSi(lll) 

wafers， were usedω ぬldy世leeffect 'Ofαy踊 1orien凶'Onon 

microwear pro戸姐es.In也鉛ee河充血nents，血escanning-scratching 

d祉-ections'Of the diam'Ond and Si剖4tiPSwereく1α)>andく110>'On 

Si(l∞>) surface， andく112>'On Si(lll) sulface. 

A武町血eabove-m田lti'Onedmicrow侃 rt倒 s，α'Oss-sectionalTEM 
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observa臼onsof microwear marks gener羽00by血escanr歯19-scratch

国包 we間関口iOOout in orderめはudy世lestructur百1changes of Si 

S回合∞.B悶四位leareaand也edep1h of microWIωrmarksw悶 V町 f

smallラ anew tα加liq∞凶H盆19a批郎副ーionbe姐 1σ1B)sy:坑印L

wlllch was made possible to p問pareTEM s伊路面leIlS蜘1ma 

pre-sel>ぉ飴d民gionwi吐1a pin-poin也193J∞班-acy，was usedω 血e

pr叩紅姐onofTEM年ecimens加配p悶eIlt鈎roy[6，7

3. RESULTSAND DISCUSSION 

3.1 Microwear properties 

Fi忽配 1shows e圧配包 of1he scanning・scratchingcycle and 1he 

normal fo悶 onw悶 de陣 官 官W即 de帥 ofw伺 rmarksgeIl!田民d

after microw聞紙副担問asOOw抽 mcrl伺 sing世les伺腿由19-.悶司副由19

cycle and世lenormal fo悶.At a large number of scanning-scratching 

cycles，世lein:fluen∞ of n佃 nalforce on. WI飽 rde同1 app甜壱d

remar加bly.
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四割E叫 Effect of (a) scanning-scratching cycle and (b) 

normal force on wωrde同l

AFM出lagesof也eWIωr mark.s prl晴間don Si SUI色cea加

組問nt湖町古19-5αatchingcycles at normal fo悶 of5耐 areshown

in figure 2 (c王figure1)圃 Inthis figure， arrows indicate世le

scarming-scratching direction ofく110>on Si(lOO). WI関 rmarks 

ap戸arOOafter 1 cycle of SCanning-SCIョ凶也事 and也巴 dej:油inc記ased

Figm官.2 AFM卸tagesof誼leWIωr marks prod凶 edon Si 

日出低eatnoo田 lforceof5凶¥[a政;:rvarious s白血由19-5cratching

cycl岱 of(a) 1 scan cycle， (b) 20ぉancycles and (c) 40 sωn 

cycles. 
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FiguKモ.3 Wear dep1h vs. sc但ming-sαatchingcycle c四ves

obぬinedby sωm也19幽 scratぬingofvariα18 crys匂]国間協tions

atnormal force of(a) 5州 and(b) 2∞凶.
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appar匂ltlywi也 mc民asmg也es切血血g-scratchingcycles. At the edges by the s印鑑血g幽Sα百tcht，偲包 were伺nied'Out in 'Order t'Oぬl<zy白E

'Of w<儲rm拙 s，吐lerisen areas genera凶 p宮中田diCl品紅 ω 吐le 位 ucturalcharlge 'Of Si s国低ewi也世leprogress 'Of microw悶:Figt田

畑血也19-scra副官19dir制'00， aIld血ehei出lt'Ofthem inα四 sedwi血 4 sh'Ows TEM image 'Of批 αoss関 cti'On'Of a wear mark genera鈴dby

血c陀asings儲四世19-5α略 hIl事 cycles，也atis， with世leprogress 'Of 1 cycle 'Of s伺血由g-scratchingat n'Ormal f'Orce 'Of 100μN. Acarbon 

microwear. Bωause血em'Orph'Ol'Ogy 'Of the ris回紅easdid n'Ot charlge fiIm叩veredwith Si smace， sh'Own恒也ismicrogr却人waspr邑P砲もd

byul回 sonicc!叩lIllg，it is c'Onsid田 d吐latthe risen areas were印国ed

by plぉticdeforma姐'On'Or oxi似討'On'Of Si smgl'宮 αy蜘 ls，田，tby 

a顕官gati'On'Of wear powd悶.百ledug v'Olume 'Of a wear mark was 

aPI溜-ently1紅ger白血1血en悶 1v'Oltnne at也eedges 'Of a w'悶 rmark. 

百 leref'Ore，it is吐10ugllt白且tmost of the dug v'Ol凹 eofSi版記amew'伺 f

powders回 dde開舟d企om誼les国facedurIDg也eprogr百S'Of 

rmcrowear. 

Effect 'Of crysぬ1'Ori印刷onon microwear pro戸 崎 ' OfSisingle 

αys凶swas血 died.Figt鵬 s3 (めaIld(b) sh'Ow Wωr depth vs 

sωm世19-悶 atchingcycle c町vesob旬血吋 bys鎚血歯車朝間百耐世19

process 'Of variousαy銑aI'Ori四ilationsat normal fc町ce'Of5 aIld 2叩ρ.r，

resぴ当地vel手

百lewear dep血 ofwear marks g四位鵠dby micr'OWI間協tsat

no江田lfo悶 si.e. 5州釦d200耐 d叩enゐdon血gαy捌'Ori，田雌'Ons，

aIld mc民俗edinせlefoll'O羽ng'Ordぽ:く112>ラく100>ラく110>.

3.2 Microwear s抑制ll'e

mc町derωprotectthe s日t低巴紺uct凶官'Ofthewl伺rmark企omGai'On

radiati'On 'OfFIB. A l'Ot 'Of small dislocati'On loops， mder 4伽nnin size， 

were 'Observed at出es国 f低 e'Ofthewl伺rmark. Figure 5 sh'Ows τEM 

image 'Of出ecross secti'On 'Of a w<伺rmark: gen回総dby 20 cycles 'Of 

S伺血血g-scratchingat n'Ormal f'Orce 'Of 200μN. Som号 dislocati'Ons

隠 acbingω誼ledepth 'Of 50-14伽皿金um則合∞W悶'Ob町 vedd関車

It is∞nsider吋伽I甘le泊回ducti'Onof由開 disl田 ati'Onswas 

開山edby the gruw由'Ofsmall dislocati'On 1ω'psヲasshown也 盆思田 4，

wi世1世leprogr右58'Of miαDwear. A black-c'Olor吋也inlayer， abol且

4伽lillID由ickness，was aISゅ'Obsぽvedat自己 ωpsmace of註lewear 

m酷.Figur自 6st.ows TEM d曲ぉti'Onp蜘 rns'Of the black四批z

layeζ血earean甜 disl叩 ati'OnsaIld也eintemal担問'OfSising1eαy制

(cf均配分百四邑悶ultsindiωお白紙白血lct町 ofSi single 

αystai was preservedヲ and血atせleblack罰JIf釦elayer was Si smgle 

cry血 l∞n凶姐nga 1叫 en1IDlber 'Of 1調印 de批 tssuch as small 

dis1ωぬ.on1，∞ps. B筋吋'Onせleめove-menti'Onedresults 'OfτEM 

'Obsぽvati'Ons，itωnbe鎚id色紙smalldislocati'On loops gen田 100m the 

surface 1志gi'Onat the血百t銑age'Of聞ぽ'Ow伺r，鉦ldthe size aIld the 

Cross-.鈴 cti'OnalTEM '000ぽvati'Onsof the w'伺rmarks gene!ヨ舵d numb号r'Of dislocati'Ons mc.応部edwi吐1也eprogress of凹 cr'Ow悶 .

輔醸顕轍

Silicon 

Single 

Crystal 

Sl..Irface of 

Wear嗣ark

日gllIl芭.4 TEM Illlage 'Of theα'Oss secti'On 'Of a WIωrmark: gen町説edby 1 cycle 'Of sωnnmg-sα蹴 hmgat normal force 'Of 

100μN(s伺血血19-5Cratchingdir，邸ti'On:く110>'On Si(l叩)).
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Silicon 

Single 

Crystal 

Surface of 

Wear醐ark

F島Z臨港。5 TEM image of the cross s民 tionof a wear mark g四回tedby 20 cycles of s切町山19-間百:tchingatn叩na1force of 

200μN(scam曲19叫醐ching歯切首on:く110>on Si(l00)) 

F培慨。6 TEMd出-actionpat蜘lSof (吟 blacksurface laye耳(b)are日開 disl∞ations釦 d(c)帥 ma1沼田 ofSi single 

αystal (cf.担割re5). 

4. CONCLUSIONS 

お1icrowearproI到ertiesof Sili∞n singleαy坑al，especially， the 

E宜ectofαy翻 1orientation on miCroWI伺 r，were託凶iedby using AFM 

and also cross-sectionalτ'EM observations of the miαowear marks 

wereωrriedouL百lefollow泊gres凶包wereob凶ned.

(1) w<<悶 dep血 ofwear marks gene臨 dby microw巴紅臨包

mc毘おeswl白血α田 sing世lesωm血g司悶-atchingcycl~ and 

the normal force圃官官 W切 rdepth depends on世leαys包1

ori田岡ons，叩dinc陀おes白血efollo明 ngorder:く112>，

くl∞'>，く110>.

(2) Small d包l∞a1ion1<∞ps genera出血せles阻faceregion at吐le

白百t由 geof miα'Ow悶;and the s四阻dthe num1x交 of

disloc甜onsm悶邸宅withthe progress of miα'Ow伺 E
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