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1. 1 XKBFFEONEST

AR, MBOREFLELTHBHEL NIRRT s 27 B8 EFF oD 12,
INHEZOMBEROELGETHY, WALOBEHHENZ W=D, 7
A AR Y=L OFEERE . TR, BHHEIZESW TRRELDO = — R
%<, B NVFXF =R L L TREBBILOMEN LI ITbRL TS 39,
Holmberg & O E TIE, BEOFT L2z x -2 KLHEL LT, BREHC
EHEN DT FLX =0 21.5%IC%F LT, BRENCH A & e VBB K I
16.6% LW WERRINTWD Y. T, BEENICHER S 2 W EEE
RIFFFIZRERBRTHS.

O BRMEBEERKERBT A0, REBLOEBALETHD. &
VB R, K JE T o E B BRI B W TR AE Sk o FiE AR Mg 2N i A RTRE T H
Do o, BEE, KE D EE, BRI E AR — R o
P S TN5.

EAEEEAICESNT, 77774 MERAPT T, ZiifbEY) 77 I E
R CHBEAIBEROEREABERRICLVIKREBEREZRTELINLNATWVD
n, FMICHEND D 56, —F, XA VYEL K747 1 —7K > (Diamond
like carbon coatings, DLC &)< %2 1tk & (Carbon nitride coatings, CNx
BD X D2 —AR v REEREL, HEE S RmoRERL L &b, mE
FErEO M FICB W THFE STV D 78, CNg BT 5 & 1% & 23 B-CsNy it

DiEBRERTHE, A4 VYT U FULOBESE2HT 5 EHmatEAN TR
729, F7, CNRIZRFEZOMEI TH D Z L2 n, KEEREDHIFF S
h, EEHSOMREROICHPRFI S 8. 20X RBiffF I iz CNy
B DWT, B, RO ITHREZEFHEITICE W THFEMEHZE
A% (SisNg) Bz AV, 0K BRI X - TEBMAEKN 0.01 &<
BAHZEERELTND 01D, 2O L) RFEHAK T THRYIKLERIZKY,
BKEAWMREBERO®m NI T 774 MELTEMEFENERIND Z LR
MESNTWVWS 101D, Lnl, 7T 7 7 A bTEEREH D EZE f TEE
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1. 2 k0B
1. 2. 1 ¥4 %% K, DLC BT CNx ® kK

RIRZ A ¥ E 2 RITAICHT 500~600 F 2 A2 A » R THRAL I, 1797
FIZIRFBOFMETHLE WS ZERHALNIZINT 12, £, AF AT
E 2 R 1955 4 General Electric £ ® F.P. Bundy et al. 52 L - T, ##
FIEMIBREAEE CERINT B, RRFIAYELY RKOBEHRY A Y E
FiTE & E, et KREE, WEREORMEAT D, b
TARO Y —=HICEBNTHTHRAMETHL., ZoXre v r 2 14F
EFEY RO M IA AR Y —RHEIFEENTH D2, THMEICEE S5 L
KBP/MVLETHY, aXAMNKRY A XOENPE N TAFRR Y —3HICHED
IS E T WA W, 1970 FR D, BB E L TR K E ik
(Chemical Vapor Deposition, CVD) <X #) B 78 % {% (Physical Vapor
Deposition, PVD) T4+ 2 % A4 ¥ £ FIEREH SN 9. 20 X H 7
A X E FES DLC IBIE, ZRITTHIRED R & L CTIRW K I AR
THZENHETHD. EOPHESY 4 AL a X o A5 b T AR
0y —# i ~OSHNER SN 1Y, £, 19894, AY. Liu & M.L.
Cohen (¥, ¥ A VYEU NL VY @EERZERMEL LT, B-CsNyfhdhT
TV ARG R X R IICRGE L7z 19, Z O B-CsNy i L. # i,
HETTHLERREBETHLIREMELIHME L. ZOENMRFOMMIT
B-SisNs D Si % CIZEESHLZT-HEET, ¥4 VEL FDO C-CHA L HHEk
L, ZMLRFDO C-NFEEITEAHEEHENENTD, A4 VE FULEOM
ErzfFioLTHLEL. 0%, CNEOGROM RN TTHON, TENLT 7
AMEENZ < Wt S d, B-CsNy MO L7 M REICH L T
72N 16, 17)
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1. 2. 2 DLC FEDAREEHEE X I = X A

DLC DX B O BF5e 1%, RIEMHA T A OfE, BETOREK T A, &
B, mE, HEMORA REEENRBEALICTHNLNTER D FFICHEKE
BAH =X ELTA. Erdemir 5 O #f%E 7 /v — 7 & C. Donnet & O Hf 3¢
TN =TI LoTUTOEIRRE S L.

1990 FMRIC, KET VT XESHFEF O A, Erdemir 61%, DLC &
ARSI, WE, MPEMEOK L REAEE CTEEAR LT, 1991
AT HLEE Ar PR T © DLC WA M FRIER & My ik LEEST 5 Z & T,
0.02 A TOAREE L 725 Z L 2 @E L7z 18, 1995 12, HznfheE R IR
TICBWTAKFEEH DLC A M FMIEK LMK LERTHZ LT, 0.01
UTOBRBEEEZRL, BRBEIALEZRE L. Z0M0 K LEHBIZ,
KFEGH DLCIEAEFE L, HMFHRA~ABEENERL I ATV 19, Z0%
BEEOHEE BN T I aXaothicky, 79774 FD X5 REIEIC
T o2 en@ESNT. ZOXRIEEBBO AN =X LIZBWT, I
WEC LT BRIEREEBEENERT I ENEETHDI ERE L
19, KpiliREOKBRFFEENKIENEZREL, MELXXR DI & TE
BRELIRMAD T 2R BIREBEA D = XN ERE L 20,

1994 2, {AEY 3 TR K% ® C. Donnet b, FBEREFEHEK T
IZBWTKFEEH DLC A M FERE MY K LEERT 5 Z & TREREZ R
Lz e zqELL2Y, £, BEZEFICBVWTHERERELZHRELL. Z
DRI LUEE T, DLC ENERE L, BEBREAHTFMICERI N, &
DAERND, KEEO A =X A5\ T, DLC Ko BRI K m & & 55
ORI ET D2HEAWERPR, EFICNELholalad EIRE L - 2122,

ZD kO RAFEER DLC BIZHOWT, KFEIZEELEK L XE T 5 ER
EEZDHNDEOITRY, 2000 FLIKE D KE L BEELRE OB ®E
ITc 2329, KFEEGEH DLCID KFZENR DV WEGE, SEZETIZBWTE
BWOMBBIRER Z R L%, BEEEOKBEPFEIMT~EHT 5 LR
W BRI 2 F RO M & i7z 2420, F72, KEBEBFHK FIC
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ZATDORAKFBENEBRBRmMMZEK L., ZOBENEE N ZHD I,

KB T 2 EMRSNTAREBET VR RE I NI 29,
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1. 2. 3 CN:EDBIEEEA I =X A,

CNx HOKEE A 7 = X AOZEICB T, 1998 FEICHEE, IR,
o, A4 E—LaIFv o 7kicky, £F%2 10at.%BEESH L,
P LIARIE S 234 20GPa O 7 £V 7 7 AEA LK B A Si RIS L,
WIREFRPTEILT A RIRE OBBEEREZIT- 2 10, ZORKR, PIHOE
BAREE 0.16 Emhooh, BEOKVIE LEOHME & bICEEREK
£ 001 UTFETCHAODTAZLEZWONIC L. £, FREKQT RADREE
FHOMICT D010, MBEHETALORELE LTEETRERRLGTIC
ONWTHEERBREZITo7-. BEZPoBEEMAKIT 0056 2/7L, KKH o0
BEBAREUL 0.2 278 L7210, B ROFHEA T Th b BEAR N R/ L 72
L2l mE L. TOXIRBREBOADN =L E2BRICTDHITHI
D, BEHOMIE LA O NICT D720, 2000 FI2T7 v 4 k1E (Raman
spectroscopy) , X #IEFE T4 1% (X-ray photoelectron spectroscopy,
XPS) 12X > TT 4 A7 M CN D EEFREIE 2 o LT, MR h Cfl
REEZER LIZLEAIC, RAD sp2ii G ORGP HMRICHENL, i
FAbLleRmEAER I N 100D, ZhickY, BREERmEZXZ 7774
MELTWADZEZHOLNIZLE., 612, 2002 4, L AOHRG
X, ZElbT7 A RIR~OBEY OBESCHMA RO B2~ #0 K
LR I BIRE R 2 R B8, SisNy BR E OB SO TE AL b BT HE )
RUAMBICE2BEEmOFEAENEE THDLZ L2 60T Lz 26,

200612, 77 774 MUELTEERERTMOEROE G ZH D20,
F— 2 = EF 4 (Auger Electron Spectroscopy, AES) (2 L » T, B
BB T, BEREIE R D% R E DS BT X 0 e r s Lz E
PHER S ule W, ERERE OHMAREDOZE/IZHONT, AFM 27 Z
v FRBEIT, BREEREOMENEAD L., 20X REEZELND
BEEEHITRETAMBIRZATOBIZELLTWEZ L2 LNITLE
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ZALIE N REICAER S, 77774 bO XD e iE B kE K AW E
ELTIERT D LB I 27,

72%, J.C. Sanchez-Lopez & O W% 7 /v — 71X LL T2 CNy 5O K
FEED A H = X L ZRE L TWS. 2002 4, J.C. Sanchez-Lopez & i,
ERFHLIFICB W T CNEE 7 7 47 R OBHERZ BE#E L744 0.008
FREOFFITIRWEBEEAG O, MEMBEREICIIBEREDEK S L
TWiz &t Lie 29, F 7 BEEIERHROERITEREICKINRET D
DEBGE, BEFAKOBEKZHIEL TS ERELE 29, Z0 X 5 ITKE
B AT =X LIZOWT, J.C. Sanchez-Lopez & X B &L, R 5 D%
JN—7 LAERIC, BEFREOMEEMTZT TR, MYk LE#E D CNy
BEOMFEREA~OBEICHEIBEEOEENEETHL EREL TS,
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1. 3 ZXBFEOEH

PERDWFFEIZIB W T CNy EDHz R R P EKER A I = X LB A
Wrop i Abig O RIC R RT 5 ERES . UL, BEICES HH)
MO nm A G — L ORI & 05 A O BAKEE BB 5T KT 3 AT
LTSN TR, KT, 77774 MIEZHRTIHEREHELEL 2L 20
ZENHBLNYD, KCNJEDOLAITEER CHIRERE b7, BEIC
KV EINIHEELNLBIZ DT T 774 NEIZELIEETH D
EEZLND. CNEDOBIKEE A H = X AR O - DI IXBEFIE R &
BAEBEON G OBERITIIIEFTICEE LS A OND.

F TR TIE, HMRERFEAT TR IR LEERE OBEEEKR OB
ERIZOWT, M E S 2 AT, k0 XPS KN T ~ >4y 5T
TROLNLZWRFTIEHKO 5M%Z nm SETHLNZIT L. £, 4T
BONTHEEICONWT I 7 7 OWEmMEEOET VEPEREZ N—
TLEETNVEERL, BEFRENZE LHEZFET L. HEmICF
P OB TFREOZYEEBRIEL, BAERENOEREN T 77 = i
WCRIFTHELRIET S, 20X IZRAEKOEEZEE ORFEIZHES
WT, BEETNLVEREL, CNAIEOBRBEEO A =X L EH LT
LENMHEHMTH .

UED X SIZFEMAREMEEERES D DI, EAFETEFHEME
(Scanning transmission electron microscope, STEM) & OV = % /L ¥
— 8 &4y 15 (Electron energy-loss spectroscopy, EELS) Z 5. HiK
FIZBL T 3EHBEEZHOLMNZT 5.

1. MBRERFHKT TR LB LZEREREICE N T nm OZ%E
M fERE CRFTBEICE T 27T — 4 2155, BIRMICERIEO XA
NHEFERSICBITIWBEDOENICHONVWT, 67T AE LV E—7 2 BE
LT, BE, spPao®a, BEROKRE S KO KERMOEREZ
HoNZT 5.
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FEFREIR E BAEBO RFHEEIC O VW TREFELEFZDO KB 7k 2 2
J MV ERGT S, RFELERO KEEFRIE AT Vb S
ZEAEDERREZWH LML, KFZD KZETREA~NT7 Lo
= P OEEECEOERER OB AER L NI T .
EFRFHKITOMIK LBEBIZE s TERINTEZEBERICSONTDH, o
TIAETE=I RS LT, BE, EEBOKRS S EZHLNICT
5.
CNx OB ERZFHKT OM VIR LEEPIZER S L5 MEEL
JEEBERICERVERAET L. 20X RBER LB TET D s Z
774 M FRERLIBEELEBZAONDTZD, TREWHLNITT ST
W, ST T7 2 UHEMEEDOET NV EENICERE N LIS T
Tz KR EOET VAR L, BENBEEELEHVWTERR
MZ X% sp2iti & @ CNx i DL EAL K OCEFRIRIMIT X 25 B JEm O
AEMHEALZA ST 5.
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1. 4 AKX OER

R LITLUL TOENOHERIND.

W1 EOBR T, KB OME ST KOS, A% o B 1% ik
~ND.

B2 mTIEL, MR LUEE%Z O CN KO EFIERT O STEM EELS #iE
FEHTIZOWTIR RS, ZOF TIELMD K LEE% O BEFEERm O 7T s
WZOWTe 7T AEVE—IDAXRT MV E/H{D. o7 T AELE—2T
RBONTHEELOREBIZONWT, BEL sp3faOHE, EKEmOKE
S, REmOmMBEHBZPAS L, BREERROBELS(LEZ RN,

553 E TIT MR UEE KR O IELLE & B A KO STEM EELS ## i& fi# 4
IZOWNWTHRARD., ZOETIIEREEBEREORIMHEEIZONT CEKUN
D K-edge A7 M a/GDH. RBLEFRO KEFEFHEAXT bAnb
HMELLEOERBEELZWLNICL, REFO KEEFRHEAXT F Lo
E— 7o oEELELEOREROREEAE WG T 5. WHRER R
[EFOBIRLEEFICERINTEBEERIIONVWTS, o7 7 XEE—7
FIALC, BE, REGOKEXIEZHLNCL, LREZFHK T OMR
RUBBEEOBELELE EBERORMERRD.

4 B TILE E LB I L D CN & ORI K 2 RiE Ak o fig

CR2ELEHEIETHLNATL CNYROFEBEFFHKR T O#D

BREN—TLET T 7 = WHEAEEOE T VAR L, &ELEEGE
ZHAWTERIRIMIZ L D sp2ii 5 O CNuEE DL EM K OERIRIMIZ KL D
K O AREEAL 2R~ D

FHHEIIMmM THY , AMETHLNLEHREET LD LD TH 5. Fig.
1-1IZARHFTE DORERR 2 7R 3.
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Consideration of ultra-low friction mechanism of CN, coating using STEM EELS

Chapterl. Introduction

Clarificaton of micro structure of wear track and transfer layer

=

k=101
=

After repeated sliding in dry N, gas

Wear traclg

. “Transfer layer

Si,N, ball

Si substrate

]

Chapter 2.
Structural analysis of wear track after
repeated sliding using STEM EELS.

Structural change from plasmon peak

n-plasmon peak —_‘____cs»plasmon peak

Normalized Intensity

Energy loss (eV)

Density, sp? fraction,

Basal plane, Inter layer

Chapter 3.

Structural analysis of wear track and
transfer layer after repeated sliding
using STEM EELS

Structural change from C and N K-edge
Structural change from plasmon peak

i
f Carbon K-edge

Nitrogen K-edgg
*

O

Normalizeed intensity

280 300 320 340 360 380 400 420 440
Energy Loss (eV)

N/C ratio, n* peak of C K-edge,
Density, Basal plane

Chapter 4.

that of inert surface using

Analysis of stable structure of CN, with sp? type bonding and
method based on density functional theory

Total energy, m orbital orbital and differential denisty from
molecular orbital optimized sp?

a molecular orbital calculation

carbon structure

Stable structure of CN,
Nitrogen bonding property
inert surface of CN, and role of N

Chapter 5. Conclusion

Consideration of mechanism for ultra-low friction of CN, coating

Fig. 1-1

Structure of the study
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2 MR LR O CN RO EEFEE £ O STEM EELS H#1&EfEAT

F£2F MORLULEE#OCNJEDEFEERFE D STEM EELS
1 15 FRAT

2. 1 ¥S

Umehara o %, #BEEEPT THLIAALM S 20GPa O7 /L7 7 A
CNx I8 12% 2 L r A FEREDBY IR LB AT A, BEOBKY K
LEoEme &b ICBEAET 0.007 TR LEFEZHL NI L V.
COXIMEBEERPICE T 50 E UBEEIC X D BIKEEO RO KA
ELT, CNYEOME R OCBEEOHEICER L., 7~y ok, XPS
IZ& > T CNEDERIEZ T+ 5 2 & T, MaEFE T CHKERN R
L& ICFD sp2 A OE A AR MICEML, ME2{b £z
oML 12, 7/, AES 12k - T, EBERRBICIIERERDOE
FO BB LD IS L EEH S T L 2.

TOEIIT CNENBIRERZ BT LRI, 77 774 MuL2HE
EACE P RMEIZAER S, KEAWREELLEORRICHEKT 5 & W
L. LD L, 797774 NIEZERFTIIERERS 2LV ERMbLN,
AKCONEOHZ AT E TR CHIRERE L 22 Vi, BEICXVEARIND
BEEEE D77 774 Ve RBERIBETHDIEEZLND. £
DO, WRD T~ KO XPS o TIEERERIED 7 7 7 74 ML oHiE
EHMICHL LTV, 20X ) REEECIE 2 A E O A6 D
CHILMNIZTHAZEDRVETHS.

Z T, KETIE, 74 A7 [OBEREIEIZD U T T GEM 72 3 A
DEREF D HI, STEM EELS 2 A\ T, EFEEORmN S HES JH
X LTFH 2 A= bR RETHNT AT o7z, MBERFEHITROKRK
T CEERBREZIT 77 4 2270 CNLBEOEFREWHEICH LT, 77 X
FEUE - OESKEE LR, REBHHOER L ik 52 L2 kv E
FEEREAMA L OMEEMICEHTHERERTZ. b OE®»LIEEES
LR G ZAICE D BEREOMEN 2 MEL b2 BE L, BIREREL R L
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2 MR LR O CN RO EEFEE £ O STEM EELS H#1&EfEAT

ToEEFEIR OMEIE 2 B b 2T L7z,
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2 MR LR O CN RO EEFEE £ O STEM EELS H#1&EfEAT

2. 2 £ R

2. 2. 1 R

FEEEBR ICH W2 CNy R, Fig. 2-1 I R"T K2 RA A4 E—LIF
7' (Ion beam assisted deposition, IBAD) (2 X Y, 2 inch A X®
Si(100)H: A FIC e & ® 7= 120, Table 2-1 (k42 Rr3. Si K%
AN, BEF Y A NNE I TAF R T (EHER L T)TH
JERTIZ 1.0x104 Pa F TEZEH R L. REOEHENLERET S0, MK
TwWE 1 kV, A4 EREE 100 pAlem2 O N+A A2 LY SiEl%E 5
GGARYy B 7 ) —=v 7 Uiz, BREICE LT, MMEEE 1 kV, INEE
it 100 mA @ ArtA AT —AR o #—5 v FHE 99.999 %) & A /3w
L, FRFCMEERLT 1 kV, A4 BREE 30 pAlem2 O N+A 42 %
SIEBRICHWHL, 2O C A F e N A AU Z SiERECITIFZF I T
HZ ETHBELZ. 100min TH 165 nm O K% 1T - 7=. Table 2-2 |2,
CNEDO R L LT, CINWk, A>T T7—va s, YU r7E, %
mH EZ 3. C/N HOMEITAAEFE JEM-2100 ONEEE 200
kV)TEM } (! Gatan #:% ENFINA1000 EELS /%22 L 7. KM
SOWMEE, RAMAOBEMBE 42— 2 b A M SPA400 %
ML, ATy —va sk 7ROWUEL, BHE/NHELIA
S BE — VA =7 2% ENT110a ZffH L 7=.
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Rotation holder

1 Si(100) substrate
Sputter carbon C < D X

— ——
FFF Ar ions.],
1 t“ s . KA :

: lon gun
& ~Nions for
Target —>, sputtering

Vacuum chamber

Fig. 2-1 Schematic of IBAD.
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Table 2-1 Deposition condition

Target Carbon (99.999%)
Acc.voltage 1 kV
Sputtering Ar ion beam
Acc.current 100 mA
Gas flow Ar 1 4.0 SCCM*
Acc.voltage 0.5 kV
N ion beam
Mixing Current density 30 pA/cm?
Gas flow Ny : 2.0 SCCM*
Background < 1.3 X 10*Pa
Pressure
Operating 1.0 x 102 Pa
Substrate Si (100)

Coating thickness

about 100 nm

Rotation speed 4 rpm
Substrate temperature <100 C
Acc.voltage 1kV
N ion beam
Sputter Current density 100 pA/cm?
cleaning Gas flow Nz : 2.0 SCCM*
Duration 5 min

20
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Table 2-2 Properties of CNx coating

N/C ratio  Hardness H GPa  Young's modulus E GPa  Roughness Ra nm

0.12 20 200 0.72
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2. 2. 2 AR
BB OBEICTER TRE SN E VAT ¢ 27 REBERRE 2%
Hwnwic, ©rd 7 ¢ 27 REEREREOMIEN %2 Fig. 2-2 /R 7. fii &
X, Fy oA A—RNIZBR oz r B2 L T&E, 740 27 12#
LT THEZLND. fEEOEENIE, FAITHRARICHMT 20T RS
—vVAr—FEBALIZEVHIESND.

BEEABRO S, FAKRELZ=RIETE L, WEE 0.1N, § X0 #HF
# 0.13m/s & L, BB MliceE b o FEK(SisNy Bk, B 8 mm) %
v, 4 271 CNxBEZH W/, T 4 A7 CNg L L ClR— &
WMo nE LT 0z EEABRICH W, SisNg ERIZFEEARATICT &
Rz XY 15 MEBEEEER L, MRS E., BEERFEKTRLOK
AP TENENEHERBR AT o7, RERFAK T OBEERRIT, Fv
YN—=NEr—Z JRTT 270 Pa ETHRL, TORERT AL EA
LTATo . BERBRO B BT EBEL DL ET 5 £ TITV, 8300 B £ T
Fh L 7=
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Evacuation -
[[] »
Speed —

Strain gauges Holder control
. . . motor
Linear bearings f SINg 'y Gas

\% #_ﬂ]}]ﬂ]}. ﬁll irlet
et | 1P
CNXx coatin .

qn Si(100) il:l_‘_—‘_l

Fig. 2-2 Schematic of pin-on-disk friction tester.
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2. 2. 3 STEM EELS

B ERFHK[RT A ORK[P OEERKBR 21T > 2%, E&EEFHEME
(Scanning electron microscope, SEM) % H\ T, Fig.2-3a-c IR LT
KT 4 A7 M CNy D EEFEIR O fERE 21T - 72
WIZ, R/ A A v— L4 #E (Focused Ion Beam, FIB: H 32 FB-2100(J01
W 40k V)T & o TEEFEIR B i o0 W IR0 L A 47\, Wb sl 2 /R L 7z
—H O HIZ, Fig. 2-3a O(II) TRTHRERFHK T CEERRZ
iTo72 CNy ED O RBEH O OWrmalb 2 /E- L. b ok
O N JE % JEBEMEHUGEL Y B AT D 1/5 O 40 nm I L7z, 202 LT X
> TELEMELNRIZ L D EELS A7 MVIRE O IEMIE 70 oR E EH B R &
BT HHENTE D D,

LR ERFPHR T A ORGA TERE I CERE, REDHOHEEO
EELS /3#r % H ARE 8 JEM-2100 (IN#E/E 200 kV)STEM & ' Gatan
f & ENFINA1000 EELS 7y tas 24 L, Rm2 o &S M
STEM-EELS Il € #1T-> 7. E&EKN 2nm OFE - — A%, 3nm [{E TE
FIREOXRmE MO m (Y W) [CEAEL, HMEICKIE L2 EELS X
X7 MVEFig. 256D L H BT —FF=2—7 & LTHEL, Fig. 2-4 27
FTEOIWCXFGMIC 10 nm MR THEZZZX TC4REEZIT- . EFE
— LK UEBENMENER L RWEHE T, XM e Y J5m o flE H bz
MADZET, MMEBICHTLIMET —ZOBHAMEZMHB L. 22 TIEEH
ICHEKR T XV F —0~50eV OFHNICA N T I AT E—7 4
(Plasmon peak) I[ZVEH L7, FEBALACTHEINDI T T AXELE—F 5
O —flZ Fig. 2-5 \ZRx L. I RXELE—271%, —HIICMETF»IE
MphE =2 Z & IchkT 277 A~vIREBICKIET L2 -2 & LTHbR
TW3 6, 77754k, a-C (Amorphous carbon, a-C) K& A ¥
N7 EDRFBRWE TIE, sp2-ofit LD sp3-ofti & IZH KT 5 o-Plasmon
(23-27eV) L7777 4 b a-C®D sp2-nfi &Ik A Dr-Plasmon (5-8
eV) O “HBEOT I Xe = N8ND 68, HHETFVAETVICK
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HETITREVZANF—IIMEFHEED 50 —FIZHHIL, KM
R L Z S SR O B b 2 kb e T i, R E O %5 ¥ % KB4
5 D, e —#iZo-Plasmon F 721X FRIEME N DB X sp2/sp3 b &
BRERERICHDLIZEDMONT NG 9. Z0Z LIk, REDEEL
BERBEICBIT L7 I7 X E—7 ORIEKMFEMEOF M AT Z LT L.
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Fig. 2-3

26



F2E MR LB O CNy O EEFERE 3% 11 O STEM EELS # 1& fR AT

Sliding

Wear track direction
—

35 um

Fig. 2-3 Scanning electron micrographs of CNx coating after sliding in
different atmospheres. (a) Low magnification in dry Na. (b) High
magnification of area within dotted frame (I) in (a). (¢) High
magnification in ambient air. Wear tracks are shown in all images. The
wear track regions shown in (b) and (¢) were used to prepare
cross-sectional samples for EELS analysis. The dotted frame (II) shows
the non-contact area of the CNx specimen used to prepare the

non-contact cross-sectional reference samples for the EELS analysis.
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i iii Incident beam
CN, i 111 direction %
vVVY

St 100 nm

Fig. 2-4 Measurement area of cross-sectional TEM sample. (X, Y)
indicates the measurement starting point. The Y axis is in the depth
direction. EELS spectra were measured from the surface of the wear
track to the Si substrate along the dotted lines shown in the figure and
at 3-nm intervals, using STEM EELS. The same measurement was
repeated four times along the dotted lines, which have 10-nm

separation.
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| Scanning fine electron beam
,Scanning line

Detector

’ /
<~ /Data cube
[

M ________ y EELS -
) Spectrum

Detector

ys 7

Fig. 2-5 Schematic of spectroscopic and imaging systems using STEM
equipped with EELS. The experimental setup and the obtained data

types are shown in this figure.
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2. 3 ZEBHERRUBLZ

2. 3.1 BEEAKOFAIIKFE

CN B R EREHR TR CRBIKERZ R H2mR T 572D, I
W VL RERIC L T, CNBEIZ DWW TEERH O RIAKIC L 2 R171E % el
U7, BEEEIC L 2 BB Epo ZiL, HREFRFEHAT ERKAF L
th#g L < Fig. 2-6 ([2/R"7.

MR EFRFWHR T OB, VI EE 50 [ CEEMAKIT 0.16 BE L& <,
T DB BEEAEIIIE T L, 500 [FIffir CEEMAEW 1 0.03, 8300 [FT
0.008 £ T F L 7=.

— 7, RRHPOHA, 550 Bl CEEBERIIA LA L%, BTN,
1500 [Al CEEELR S 1 0.40 Z/ - L=, Z0O#% 5772 8300 AT TeiS

BEEAR BTt 2 l2@ < 720, 8300 [B] CEEEMR%Eu 1L 0.53 /L 7=,
J.C. Sanchez-Lopez, C. Donnet » <> Kato, Umehara & 235 L T\ % &
912 1010 CN I, R E R FHRA TOLRMEICE W CBIRERZ R LT,

INHOT 4 A7 MOBEREEOEIE Fig. 23 (b) BLWY (¢) WRLTE
Lo, MBERFHXTREOLER 22.4 pm, RXFTOLEK 35 pm
Thole. RIRPTOEMERIVBERFHKITICHLT16/HETH-
7.
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0.8
I *Indry N,
g 06 24 « In air
O
§ 0.4 Disk: CN, on Si
= X Ball: Si:N
o 3'V4
g 02 ] Load: 0.1 N
II M
0.0
0 2000 4000 6000 8000

Number of cycles N (cycles)

Fig.2-6 Variation of friction coefficient u of CNx-coated Si substrate for
repeated sliding against a SisNs ball in dry N2 and ambient air

atmospheres.
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2. 3. 2 STEM EELS 4 #7
2. 3. 2.1 EBREREODSIXETVEV—7DORIKEFEE

CNy il > RAIF BN & RIS D& NI & 5 BEEEIE O S TS5 &

Fig. 2-4 TR L7= X 5 2 HlEEE (X, Xo, Xs, Xo) TIrv, Fig. 2-7 O X
IR T T AELE =IO EREOHMELZILZFH D7D, RS ITMIC
ODONWTHFERERDcT T X E—7 (E) 7wy ML, vk, AU
VTV T AT AT EATN. oS T AEVE = ERB L. BREED
EHNPOLOHEEE2Y@mE L. ZO/RRICHONWT, EREZFHEKT,
KRG OB TR S L7 BREE K R B EE OIEICR T 5 K,
DR SKAEME % Fig. 2-8 (Z/x L 7=. Table 2-3 (2, Fig. 2-8 TRENTHES
DELcT T AELE—7 D& RLIEZ.
WRERFHELKT CEEINLZESA, o/ 7 XAE L E— 7 IBNE (Si &
B 725 FEICTe 7o TETRALE—fll~L 7 kL7, WEEEEAA
TCOEREBCIIERERAPOEIBLZINS 12nm O F THEZEL
WKk SEBRIND., ZOLETHENBOVYT T X E—7 K 24.6 eV
(FEHFZE ox=0.1eV) I L, 7T XELVE—Z FEHICT D> TK
TARNLFXF—MA~K0.8eVEAD L. 2720, BNHOYEY T XE B —
7 LREERAIZR S 12205 63 nm £ TO 4 [F O HIE KR OB E & FF 7
RAETHY, REMEDO ST AT L E— 2 L EERF2EIZREIC 4 1O E
RN EHEEEgRFEEZ2HEH L. 2077 X2 —27 0% 0.8
eV ix, BENHEEZROTEY I AT L E—7 OENLEE L.

—J, RRFPTEHERREI1To 72546, Fig. 2-8IC -3 X 91T, £En
LENE O T 7 X E— 27 3 FEH L TH 24.4 eV ( fEHERZE o+ = 0.2
eV) ThO, RERhREEIRhoTm. EEREBHEO I X2 B—70
t, Fig. 2-81Z/”"T L 9I2, FHK 245 eV ( HEUEFF ox =0.1eV) T
HY, WL TREREHNI o, ZHWHDOTTXELE—T L
EYEREG LB SHE S 63nm £ TO 40 0HE K EOFLHE &Y (FE
Thod. ULORENL RKAP CEERRELIToLEREED Y7 XE LV
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-

-
-
-

Normalized Intensity

0O 10 20 30 40 50 60 70
Energy loss (eV)

Fig.2-7 Low energy-loss region of EELS spectrum showing CN plasmon

peaks, measured via STEM EELS.

34



52 B R U O CNy IO EEFER iR i 0 STEM EELS &gt

25.0
24.8
24.6
24.4
24.2
24.0
23.8
23.6
23.4
23.2
230 —"»——t— 1ttt 1

0O 10 20 30 40 50 60 70
Depth position (nm)

P>
>
X

femaattees

® \Wear track in dry N,
X Wear track in air

A Non-contact area

o-plasmon peak (eV)

'I'I'I""I'I"‘I%‘I"I'
—@—

Fig.2-8 o-plasmon energy depth dependence of cross-sectional TEM
samples, for wear tracks formed on CNy after sliding in dry N2 and
ambient air. The results are the averages at the same depth for four
measurement positions, X;, X2, X3 Xs The error bars indicate the
standard deviations. The non-contact area measurements were

obtained from the region indicated by II in Fig. 2-3(a).
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Table 2-3 o-plasmon energy of cross-sectional TEM samples, for wear
tracks formed on CNy after sliding in dry N2 and ambient air. The
o-plasmon energy at each depth position indicated the average and

standard deviation (SD) shown in Fig. 2-8.

Sample
Wear track Wear track Non-contact area
indry N; inair
Depth position (nm) Ey SD Ey SD Ep SD
0 23.8 0.1 24.5 0.1 24.5 0.1
3 23.9 0.2 24.3 0.1 24 .4 0.1
6 24.1 0.2 24.3 0.1 24.5 0.1
9 24.4 0.1 24.3 0.1 24.6 0.1
12 24.6 0.1 24 .4 0.1 24.5 0.1
15 24.6 0.1 24.3 0.2 24.6 0.1
18 24.6 0.2 24 .4 0.2 24.5 0.1
21 24.6 0.2 24 .4 0.2 24.5 0.1
24 24.6 0.1 24.3 0.2 24.5 0.1
27 24.6 0.2 24.3 0.2 24.5 0.1
30 24.5 0.1 24.3 0.2 24.5 0.1
33 24.5 0.1 24.3 0.2 24.5 0.1
36 24.5 0.1 24 .4 0.2 24.5 0.1
39 24.5 0.1 24.3 0.1 24 .4 0.1
42 24.5 0.1 24 .4 0.1 24 .4 0.1
45 24.5 0.1 24 .4 0.1 24.5 0.1
48 24.5 0.2 24.3 0.1 24 .4 0.1
51 24.5 0.1 24.4 0.1 24.4 0.1
54 24 .4 0.1 24.4 0.1 24.4 0.1
57 24.5 0.1 24.3 0.1 24.4 0.1
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Table 2-3
Sample
Wear track Wear track Non-contact area
in dry N, gas inair
Depth position (nm) E, SD E, SD K, SD
60 24.5 0.1 24.4 0.1 24.4 0.1
63 24.5 0.1 24.4 0.1 24.4 0.1
66 24.5 0.1 24.4 0.1 24.4 0.1
69 24.4 0.1 24.3 0.1 24.4 0.1
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2. 3. 2. 2 REBEEREODEEKUVsp3HEGOHE
AETIET 7 XEE—7 OENI D CNy O F 15 LA 5 Gk e
DR 72 &% %54 5. R. F. Egerton bt k5 & 568, A4 ¥E R
FORXT T 7574 D7 T7AELVE—=7IXETNETN 34,27eV TH Y, &%
ZNMEFELCHTETFORZ4L LIt X0BEE (LN 3.52, 2.27
glem3) O /O —FJAICBLZEZ—HLTWb., —HFAKLRTELT 7
AN =R DT T XELE—271%24.0 eV, BEN 2.0 g/lcm3 & RiE SN
TEY, AULKEBEICHT L2 00— FAIC—HT 5.
TOZELEWEMICERAD L, EARARIISEMARNITEBWTIZIE—F
(R#EM o B EIT sp2fifa T 0.142 nm, sp3 A TiX 0.154nm) Th 5
DIZHRF L, MU KRB AR HERE O spd fE A & BT W AE A L 7 AL JE A
O ME IRV (FE T 0.335 nm) sp2ifaa CTIHIRFHEENRRESSRRY,
LR T o7 7RXEVE—RRTEELZBLT, AR 2ERmT2
—ODHEELRD.

BHEEGNVE CNED 5 XL =712 DWT, BHEEEIL 12%RE
TR —HIZHOMLTWDZ L, Fig. 2-7T DO X 9 ITRFERME & A
o7 T RELV T T REVREFET DL LD, sp2 G AL ELK

RMEE LTEEST L 12, £, KCNWEO XL > RTFIXEE—7
IZ2\\W T, Laffont Hidkkx RMEEOTELT 7 AR —RUMEOTZ
AEUVE =T 0 LTS 12, 2-14%DEHFZEH Lz PAN ZD I —
RUBRMBHZENT, EREFEREEICEEL, KEORDYICESHD
HTZET, spfia LIEBRIREE LR LTS E@REINL TS 12, =
Db, 12%FBRECDERZFTLRIFERMENT sp2iia a2 < LKA
AMELE L TR END.

232D RIVAKCNIKEDT T XE 2 E— 7 [ THENE THK 24.5eV T
HV, A CNEDEEILK 2.0-2.15 glem3 & &N 5. Fig. 2-8 b,
WL R T CEE SN BEREITENE 2 5 RE ISt > TH %
ERMMET L, H2W0WE sp2ffaoBGnEmLi-EArkIns. —JF,
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Fig. 2-8 D X S I KK CTEE S N - BRI RBEIHIEICE <, BEIC
KXo TRBEMMIEDODEENRELS B Lol HhRIND.

ORI REBEREOEEOENE ST AT E— I NLHET S
UTOXEEMICEHNSENEZTY I X =7 Lt BEEOBBRE HW
1314, 9 HHEBEBFTAETAMICBWT I XE Ly T2 LF— 1T TFOD

K(@-1)TERDbEIND 19,

h ne2 1/2
3 _wh[_j
7L, hid7 7 v 7@, wpld7 7 XA~EK¥%, AL h/2n, nXMHE
FBPEE . IIWMEOHEER, mIIBTHEHE, el IBEFENTHS.
FLMEFEE L LR TEEpOBBKRITILTOR(R2-2)TEDLIND 19,

IF

Zp
UA (2-2)

n=

L, ZIFME R, uidR FEEHRA, AR TEETHD.
AE-DIcXK@-2DEFRAL, BEL IR E—7 OBKRIILLT 0K
(2-3) TRbIN5.

E, 28822 ev. (2-3)
A

Fig. 28 D77 X v —7 E, bR E@DITRAL, BEEZHEH L.
Fig.2-:912, TN EN ORI ONWTH LN EEORIKFAEEL R LT,
RO R ORI T CE S VT BERR TN E 0 b R Te 2y > THEN
KT L. —J, Fig. 29 O X S5 IZ KK TEE S Lo BRI KRB §
B <, BRI > TREMEDOBEENRE S LR o7,
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2.25
. 2.20 F
£ 215 % % é% ﬁ%%
3 i
> 2.10 I
% o8 +% ® Wear track in dry N,
2 S X Wear track in air
2.00 I A Non-contact area
195 ¢
190 Lb—ur v

0O 10 20 30 40 50 60 70
Depth position (nm)

Fig.2-9 Depth dependence of density of wear tracks formed on CNy after
sliding in dry N2, in air, and for the non-contact area. The atomic
densities were calculated based on the oc-plasmon energies shown in Fig.
2-8, using the empirical formula (Eq. (2-3)). The results are the
averages of measurements obtained at four measurement positions, Xj,

X2, X3, X4. The error bars indicate the standard deviations.
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sp3fE A DE G EcT T AE L E— O HEET H72%, A. C. Ferrari,
R. Haerle 512 X 5 &R 15 Z v, BEFIE & RIBENHIE D sp3 ihH D E|
BIZOWTEREZITH. ZoOKBRAIT EELS S TG Lo 7 XE
E'— 27 /5 a-C X DLC (Diamond like carbon, DLC) % ® sp3fE & O E&
ZWETLHHEETHD. AFZoEKEZFHL, G LEZcT 7 XE
E—7 b spPfi G OHEEZLUTOL S ITEUMICHEHT 5.

&Iz, A. C. Ferrari, R. Haerle b3 iE L /I XE L Z XL F —D
BEL sp? AEOFEOMBIEIUToOR@-)TRDbEND. bk, A C.
Ferrari, R. Haerle 5 23 #5 L7277 X = x /L ¥ — X EELS ©H|E »
b7 T AELE—TTHD.

_ plg/em?*]-1.92

(2-4)
0.0137

N sp3 [%]

7212 L, NoplIsp3ftiaDOHEIG, o IMEORTEETH L.

X(2-2)2XQ-DITRAL, paZEH E, oL L TR(2-3)ITEH L /-,
oL THELREXR2-3)ZXE2-DIZKAL, Fig. 2.8 D77 XE L E—7
E, D sp3fianBE A 2HE Lz, -2 THEMMIC A1 12.01, ZiT 4 &
L7. Fig. 2-10 2, ThZNOREHIZOWTH L LT sp3f G OEIG D
RSIKAFEMEE R,

41



“~

H2E ok UEEER O CNy IO EEFER R 0 STEM EELS &gt

24
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N\

NZu

/\

16 F ()& )ﬁ
14 L7111
12+ ® Wear track in dry N,

10 { X Wear track in air
A Non-contact area

sp3 fraction (%0)
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Fig.2-10 Depth dependence of sp3 fraction of wear track formed on CNx
after sliding in dry Ng, in air, and for the non-contact area. The sp3
bonding fraction was calculated based on the o-plasmon energy shown
in Fig. 2-8, using the empirical formula (Eq. (2-4)). The results are the
averages of measurements obtained at four measurement positions, Xj,

X2, X3, X4. The error bars indicate the standard deviations.
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BENE D spd3 fE & DOFEHEE (Nop) 1L, BLF 17-20% Tho7o. 1272

L, MBERFHAXTEBINCERE CIIMELZLL TV RNVES 12
nm 7> H 63 nm £ TO sp3 i OEHE 2O FEHEZ FH, K& TR
NTBAEE R OREBSWIK CII2EROFYEE2HEH L.
L LEBREZRFHKT CEBESNLSEEA, RE~MN>TO sp3iEid o
AT TFHTHI0%E TRA L. 2720, RO sp3 & OHGIL Y
CTHRHLEZ., —F, KRB CEBRBREZIToZERED spPiid0E &
I REEPE S RE R ERBNZ LB RENT. 22T, BB 220 K5
Pricks W\ T, BIREREZ I L BEREOREITHASIC sp? e 0El &
WAL, spfi G ORENEMNT o HEINTVWD. ZOXKEMD sp?
fEe & osp2fE B OEAIT RFEMAE R & EMEMIC—F L.
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2. 3. 2. 3 EREREOEEEORZIIKRVCEEEMOEMOHE

BEMELS, sp3 B OL R WEREICBWT sp2fidOiExc” 7 X
TUE—I7 0 OH#EET S0, Laffont 52 X 2B 12 2 v, BEREE
EREEWEIED sp2iE S DEEICHOWTEL LT 5. Laffont 51T X #i#k
SLE, EELS I &, BRFMEHEE 21TV, FRx REEOTENLT 7 AR D
—RUMEBETITND 12, FITXELE—T E, L TR EER O
B BE door D FRBIRE R, UK Y A X Lo & EREIT ROMEMAR, 77 X
FEUE—7 E, LEXIENOHBEBEGEERLL. TNAOHLOERTHEON
oAU LT o R(2-5)-K(@2-7)TRIND. ZnboFE=x EELS T
Bonl-7 7R —7 E, b h—RUoRZMEORFiEEE AEDL D
ENTE D,

R=-36.737E, +916.13,  (2-5)

R =-63.126L,, %%, (2-6)

doo, = —0.0497E +4.6993.  (2-7)

X(2-5) L X(@2-6) b HEIEm A X&2HH L, K(2-7)2 b KK # o FE R
doo2 ZH H L 7=. Fig. 2-11, Fig. 2-12 X &K i Y A X Lo, & i [ o B g
dooy DR S KAFME Z 7R 7.

Fig. 2-11 XV, sp3 G OHIA L AR, WBRERFHK T TEEINL
A, B A~MNo TRERIEEHY A XIXHAD Lz, CN O LK m Y A4 X
3K 4nm & HEE S, AR A R L2 BEREIE O R ILH 0 K LUEEFIZ
W lnm OFEJEm S A XAETCEL L EHEEINTZ. —J, KRR TEER
BRAAT o T2 IR IRV A R ITREEGEME L RERENBNZ L RRI N,
Fig. 2-12 L v, Wil ERFHK[A T CEBI N LG, RE~M22>TO
FLJEC T O o0 FEEE T HE N L 72, CNx BEoo L R o BB X 0.348nm, S
10nm L E o> BEFEIR PN 6 oo JL i B oo BB 1L 0.348nm & HEE S, EEREE
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OFmOmEBEEEE 0.352nm F TR L EHEESINTZ. —F, RAHT
PEEREABR A T o - B m M O B X R Eh g & RE N2 L RoR
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10.0 :
90 L ® \Wear track in dry N,

30 | X Wear track in air
7'0 A Non-contact area
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3.0 FXx

)
2.0 e®
1.0 |
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AV ¢
e
>

Fig.2-11 Depth dependence of basal plane size Lio for wear tracks
formed on CNy after sliding in dry Ng, in air, and for the non-contact
area. The average basal plane size Lio was calculated based on the
o-plasmon energy shown in Fig. 2-8, using the empirical formulae (Egs.
(2-5) and (2-6)). The results are the averages of measurements obtained
at four measurement positions, X;, X2, X3, Xs. The error bars indicate

the standard deviations.
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0353 | ® Wear track in dry N,
* X Wear track in air
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Fig.2-12 Depth dependence of interlayer distance doo2 for wear tracks
formed on CNy after sliding in dry Ng, in air, and for the non-contact
area. The doo2 values were calculated on the basis of the oc-plasmon
energy shown in Fig. 2-8, using the empirical formula (Eq. (2-7)). The
results are the averages of measurements obtained at four
measurement positions, X;, X2, X3 Xz The error bars indicate the

standard deviations.
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H2E

ZOXIITHYIRLUEHEPIZ CNy IMAMIELLEZ R LI RERT A
ERIEE T A LE 2B, DLC X CNy[ER~A 270777 7454 E—
arv 3 AEOICEBEREE AEAMH S TS EMB LTS 10,1116)
Sanchez-Lopez, Erdemir, MBS IE, M0 K UBEPICHBEZRT A IR
WA AL LTIEA L, DLC X CNyIKOWENR 77 7 74 Med 2 L #
LTS 101116), BN 2R L BRE O E Lo SKFEL D,

LR ER T AT AERET AL LTIER L R ENnT.
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2. 4 H#¥S

CN:ED iz 2 R IFPA K T K VR TH#e R LT BERERIC B W
T, STEM-EELS Z W T, EBEEXOCREHHEEDcT 7 XE L E—2
WZOWTREPOHES FMITxt LT/ A— MV aBETHIT 2Ty, @K
R 2 FE Bl L 7= BEREIE O M 18 254k & BRI L 7z
TIT R = ORSAKGFMEDO NS, BIREHE Z R L 72 BRI O
EEPKRKAF CERLIEEBREELEERLZZEEZHL NI LI 1D KoM
EATICI W T, BAREEZ R LIZEREOREN H K 10nm OFE S £ THE
EENRINTE., RETHEONTEHERLZLUTICRT.

1) MBRERFHAKXT CRBEREBERLZ R LEEEEDcY 7 XAE L E—7
DT H X —E, § 10nm FEDORI PO EREDOREIZT o> T,
24.6 eV /5 23.8 eVIZHA L7z, 10nm ML EORE S I2E W TEMEE
DT TAELVE—TDZRXALF—I—ETho7z. —FH, RKXHPT
BEBREINTZERELOCREHEE DT I AL E—7 DT 3L F —
£ 24.6eVEZRL, BIWZLEIDLT —ETHoT-.

2) RKEBERAMB DT 7 XV~ LBEEOBFEAR CNy RICHEA L
%A, CNIEDOEE TR 2.15 g/lemd L HEE S, BIKEEREZ KL
LA OBRFEERTDOBEE I K LEBIZLY 2.05 g/iem3 F T/
L7c. — 0, RRP CEEI N EREE R ORI OHEIZB W T,
BT 215 glem3 EHEE S 4L, RS KX DT EEIIEM LR o T2,
IHIT, o TAELVE—27 L spP HAOEHEORBRAXLZEN LIS
A, CNx D sp3fE A OB A ITH 20% & #iE S h, BIKEEZ R
5 FEFEIE K 1 D sp3 it & O A 1Lk FEERIZ XD 10% £ T
MLz, —FH, RKRT CTEBINTERERPCRESTLOGPEERIZ B
T, sp3fiaOHGITIMN 200 HESN, BIIZLET sp3fia DHF
BB Lo Tz, KA TBE S 72 BEREIE (3R B 85 o g &
AU ECHD L BHEINTZ. spd A OEA N LT ERE
DEEIL sp2 fEAGOF GBI L WG E R I D.

49



“~

2T MR UEEES O CN RO BEFEE R EE O STEM EELS #&15&EfEHT

Rl

3) RERME DT T XE L E—7 LEREHY A X La OBEFKED, o
T RXE =7 LR O F B dooz DR A A CNy RT3 H
L7e%a, CNgBEO KK A XI1EK 4nm L HEE I, BIKEELY
R UTZERIREOREITMY R UEHEPIZK Inm OEEKEY A XET
oLzt HEsniz., £72, B 10nm 2L E O EREIRE N O 5K i
O 1 EEBE2Y 0.8348nm & HEE S AL, EEREIE O K m O m T
0.352nm £ CEfL L LB SN, —JF, RRHP CTEBINTERE
K& QRSB B 35 ) TR E Y 4 X 1% 4nm, i H HEEIE 0.348nm
CHEE S, BEICEL TR LA ol EES L. L ED KD
(2, HEBRERFME T O IR UBEESTIC, ERIE O S s & 138
S, mMEEREEENL, BRERBRZRLELETIBINT.
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3. 1 1
B2V, WMEBERFHS T CTHt L BB % O BRI REENT O
CN: LV sp2DEIENZWHEEZHLNZIL., Y9 XEF V=27 DT 7 b

ZAL O RTHEkOEEZILEHLNIC L. b, MBEERFICET
D0 LBEBRICK 2 BEREBROEBOFIK L LT, BEKORITH#EEKD
BMEZHONITLD2ZELEEFEETHDL. WERD T~ O XPS 7 Tld#
BWREDOT T 774 MELIZMELZFEMICHAS NI L TWRN D, 20X
I RBEREMMEEONMPOHALNCT LI ERNRETHD. iz,
Bowden & Hughes &%, 2 -5 [E K% O 8 8 R M IXBEFEE & m &k OB
EMOWEECBICEZICHEFRTIEREL TVWD V.20, BHEESR
e BERDOMAMEEZ IO D2 &I B IRER O B KGO EEE
TNLERRETH ETEHETHS.

FIT, KETEHEREELBEBRICO W THEICEMRBMEEL55 -
DI @5y fEHe STEM EELS # W C, BEOXRm M OIS FMicx L TF
A=V T, RFELEZFOKBZREFMEAT LR T T XE
Y= o L. BEFRFHK T CEE L CNUEDOERE X OB
EROWELZ, REDEELOCRKQP CEBELZEREL KT L2221
FoT, BMIKEEZRLZEBEREROBEROBEEIEREL S, RE
EEFOKBEFEARANT MUVITRFE L EFROREK, KIEEHKEDE
RICERICERT S, £, 677 ATV — 7 3B E & IE K i & &
O M B ICBER T 2720, KEETFRHEAXZ bbby THITT 5
ETHEMAEESEREGOND. ZNOLOEWRMND, BRORES
IR EOZALICHE ) BRR EBEROMELR e EE L, BIRERZ
RUTEBREORBNOBERE COMEL(LBOKEEH LT L.
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3. 2 ZEBRFE

3. 2. 1 STEM EELS

W EFRRHR T M ORI OBEERR AT > 2%, E&ME 7B
(Scanning electron microscope, SEM) %\ T, T 4 A 7 fi]® CNy 5
DEFEIR Z MR L, CFHEME L H W T SisN R EOBERO MR 21T -
. Wwio, £RA A4 — 2% E (Focused Ion Beam, FIB : H 37 %
FB-21000ME & JE 40k V))IZ K o TEEFEIR Wr i M OV 5 5 i o> 3 N
ATV, WEREZER L. oo i2, LROEBREZFEHEL T T
FEERRBR 21T o 72 CNLEL O R O WO W m et 2 ER L. Zh
B OFEE O MR JE Z FERMERGEL T B AT O L5 D — O F) 40 nm (T L 72 2,
TDOZ LIk o THEBILMEIC LD EELS 247 LR O IERRTE 22 i
EEEDREZBITLIFENTED. WBERFHI TAOIRIPT CTEREIN
ERE, MRERFHKA T CEBINTBER, REBW O KD EELS
AT & AR 7 JEM-ARM200F (IN# &+ 200 kV)STEM & OY Gatan &
#l Gatan Energy Filter Quantum ER %2 L, FHE»OHES HmI
STEM-EELS Jll & # 17 » 7=. Fig. 3-1a, b IZ, TN T NEFEEK OB E KO
Wrm OB ESGEZ R L. EEMN O Inm OEFE—2%, 1.5nm HET
BEHEORmMMNOLHERI G (Y M) CEAEL, FAEICKIEL7Z EELS
A7 b EIAF L, Fig. 3-1 13T X522 X FMIC 1.5 nm MR TH&E
EEZTC 10 MEREEZTo7-. BEFE—ARICKH LEEMENER D 2D
HE T, XAMEY HFMOREMBEZ N2 52 T, MBIZHTL2HET
— X OBBMEEZER L. FFICHK T XL ¥ —280~440eV OHFFHANIZ A S
Nsa7n A —271CEHL CK-edge & N K-edge THIH SN Hofid &
A DAY MAVERE L. £, R XL F—0~50eV OHiHNIC

ROoENATITAEF L E—JIZOWTHLHEEZIT- -,
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Fig. 3-1

(@)
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Xy - Xio film (Pt)

Starting point | : Wear track
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X
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Vv point

Si
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100 nm
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(b) X-direction: 1.5-nm intervals
Y-direction: 1.5-nm step

Starting point

Transfer layer
CN,
easurement point

Fig. 3-1 (a) Measurement region of the cross-sectional TEM sample. (X,
Y) are the coordinates for the measurement point. Direction Y is
perpendicular to the surface of the sample and indicates depth. EELS
spectra were obtained from the surface of the wear track to the Si
substrate along the dotted lines shown at intervals of 1.5 nm; the
measurements were repeated ten times. (b) Transfer layer on the SizNy

ball after sliding in dry No.
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3. 3 ZEBRFERRUEER
3. 1 STEM EELS & #7
3. 3. 1.1 ERRERUBEEROCZZRREORIKEFMH

W R R T KM ORK P O BEERBAE R % Fig. 3-2 IC” L, EREE
B O SisNy IR E OB AR O R B E K K 4 Fig. 3-3 1IZ /" L7z, 5 2 BT
M L7 STEM XV @&y fitse7s ARM200F % H T, 0.1nm (/& - 72 LR
E— ATBAER, BEREEKD, REBMEE ORI #EE O K 3kE i 2
X7 MV ESGH L. CNeED C T N K-edges ® A7 kL% Fig. 3-4
R LT, nx— KON ox—E— 27 DA MZIE C KT NK-edges DZiE
NTHERLEL. 20X Rafls KD ofitHkOE =221 D, CNJE
(X sp?2 IRKHLIELZ L D2WETH DL Z L &21G7.

WIZ. WREREFHK T TR SNIZBEREL CEBERIEICO W TRHE
ZFROMEERAND7TO, RS FMIZTOWTHBEDOE G %S EERDOAE
ElbicTuy L. HBOREDIZ, KA TEELZEREER ORI
WO RFE EEBFOMMALAEKICT e v b L. tHEMAL I Fig. 3-4
DX RERTHIZARZ b2 bl S 7z, Digital MicrographTM
(Gatan Inc.)?®D A7 hVENTEEEE 2 W C, JoEMEH T LT o X(3-1)
L0, BEO#H 50eV THH ST 9.

N, _1.(8,A,)0,(8,A,)
N, 1,(8,4.)0.(8,A,)

Ni TR FEOEE, a b ITRRDTHE, B LA TRV ALMH LR
X —FE oM, LTI ME, ol IHoBEmEE THh 5.

Fig. 3-5a—d &, &Y > 7LD Cand N OREEIZOWVWT, h 7V EH
O NE OB SHKTEMEZ R L.

WIRERFHRT CEBINLEREOLG, EFOREIL 10nm XV E
VML E T 15at. %z r L, RmIZH 2> T 8at.% T L. —F T, K
ST CEEERE S LT BERER R ORI BN O 56, ERIRE 15at. %% R L,

(3-1)
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Fig. 3-2 Friction coefficient as a function of sliding cycles of CN-coated
Si substrates when sliding against a SigNsball under dry N2 gas or air.

The figure showed the friction property shown in Fig.2-6.
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Fig. 3-3
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Fig. 3-3 SEM micrographs of the wear track area of the CNx coating
after sliding under (a) dry N2 and (b) air. Optical microscopy images of
the wear scar on the SisNy ball after sliding under (¢) dry N3 and (d) air.
Cross-sectional samples for EELS analysis were prepared from thinned
samples from the wear track areas shown in (a) and (b), regions outside

the contact areas, and the transfer layer shown in (c).
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Fig. 3-4 C and N K-edge intensities of the CNy coating, measured using
STEM-EELS. The n* and o* peaks of the C and N K-edge profiles are

shown.
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Fig. 3-5
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Fig. 3-5 Depth dependence of the relative chemical compositions of
carbon and nitrogen. Wear track formed on CNy after sliding under (a)
dry N2 and (b) air. (c) Non-contact area. (d) Transfer layer on SizNy4 ball
after sliding under dry N2. The relative compositions, measured at
positions X = X;, Xo,..., Xi0, are shown by the average values and the

error bars. The error bars indicate the standard deviation.
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BERREZ TR ON oo, BRERFHKT CEHEINZERERE
3¢ 10 D % FE IR FE O D 1 1E Tokoroyama © 23 ¥ H7 L 72 3 11 43 B O i 5 &
—H LY. GBRERFHK T CEBINEBEBEICOWT, BREEORX
HOEXBREOLIIC, ERBEITHERBL 2T L. BERSIEKRIZ
leo THEFREIL 8at.%a R L. MBERFHKAT TRV IRLEHEIN
CERERE EBEROERRBE IV, BIKEBRE R L BEREERR
DEFRBREFIRBERREICNR LI EARIND.
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3. 3. 1. 2 ERERUVUBEED C=Cn*t’'—7 ORIKFME
LR E B R T CERINTEBER L CEREEICONT, C K-edge
DFREGYEANT PADO i G ICBRT 2 TS WA o L. FFiC

Zhang LN Z OEFEHOMHE ZEE L T 5 5. C K-edge O ff A E A

7 V% 3 5® Gaussian 7 4 v N TAXY MV fR%EIT > 7-.285eV @

C=C n*[4y, 292 eV ® C-C o* Hi 4 KT 300 eV & C=C o* h 4y T4y ff

L7, 286 M5 288 eV DMIZF% 7278 )% (residual intensity) 23 f& i & 1

%. 285 eV @ C=C n*pitsr XV @ = x/b ¥ — I8 &7 7% 2250 B I

sp? IRHLEDOFRE S CRIEm OB MM EL BT O2MEMSIChRT D L S

NTWD 56, [RFICERETLO2ERONREELRT D0, ZOMIT k%

CNyDOYV 7ML, Fig. 36 TREND LI ICEEZ R L —I#E

MOHEERZBEE L AT Mg aiTole. B0k LEBERKBRZIT -

BEFEIE R OB E IOV T S [AEEEIC, 3 DD Gaussian 7 4 v F TA Y
NV R EAT 7. FRSMED C=Cn* E— 7 OHBEME LEREL — 7

O FETRE 24 C K-edge O A fE5EE (50 eV) TIEHAL 21T\,

YTNVEREMAMEN DN > CTHEBEOEIKFEEE LT ey b

L. C=C n* V' — 7 OmMBE K OKEY — 7 OmfERE O RS KFME

IXTZ=n < Fig. 3-7a Kb, Fig. 3-8a kUMb iz/mxL7. £, FHESNL

D C=Cn* ¥'— 7 ONERIE, K2 — 7 OFH2ME I Fig. A1 & O Fig.
22zt L.

W ERFHAR[R T CEBINTCEARIZIOWVWT, ¥ ©—7 HMETERA
L b U CREMNIEL 15% N L7, PSSR oo T R SR, 3 o A 9
NZEHNZH0.030, 0.026 TH 7=,

HIREABFHR T CEESNLEBEROZKICHOWVWT, o B—7 M
BEFERMm E VML, —FH T, KEP CEEINERERKORE

R OWT, o* B—2 MEIFRmENONHE TORM CTHERMBEL

fBiZH N ole. ZRENOHEMEMEIL YT 0.026 Th-72. KIZ

™ B—r MEORIKFAMELEEY—IRELEBET LI LITLE.
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Fig. 3-6 Gaussian fit of three components contributing to the C K-edge
intensity of CNy; the C=C n* component (at ~285 eV), the C-C o*
component (at ~292 eV), and the C=C o* component (at ~300 eV). The
residual peak indicated between 286 and 288 eV shows a component

related to the curvature characteristic of sp2-type carbon.
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Fig. 3-7. Depth dependence of the n* peak area of C K-edge. (a) Wear
track formed on CNyx and transfer layer formed on SisNs ball after
sliding under dry N3. (b) Wear track under air and a non-contact area
outside the wear track after sliding in dry N2 gas. The results,
measured at positions X = X;, Xo..., X70, are shown by the average
values and the error bars. The error bars indicate the standard

deviation.
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Fig. 3-8. Depth dependence of the residual peak area of the C K-edge.

(a) Wear track formed on CNx and the transfer layer formed on the

SisN4 ball after sliding under dry N2. (b) Wear track under air and a

non-contact area outside the wear track after sliding in dry N2 gas. The

results measured at positions X = X;, Xo,..., X709, are shown by the

average values and the error bars. The error bars indicate the standard

deviation.
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Fig. 3-9 (a) Plasmon energy of CNx measured using STEM EELS; n- and
c-plasmon energies are shown. (b) Depth dependence of the c-plasmon
peak and that of the density for the wear track formed on CNy and the
transfer layer on the SisNy ball after sliding under dry Ns. (¢) Depth
dependence of the o-plasmon peak and the density for a wear track
formed on CNx after sliding under air, non-contact areas. Each data
point and its error bar are the average and standard deviation,
respectively, of the ten measurements conducted at the same depth

positions (X7—X70).
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THER L7z, Fig. 4-1 LIS O O S 1Tk Fig. A3 12" L7z,

82



FHAT FEIBIEIEIC L D CNAFIEDOZE RIS K 5 RNEMAL O AT

Fig. 4-1
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Fig. 4-1 Model structures of various hydrogen-terminated carbon layers
and hydrogen-terminated carbon tetrahedral structures used in the
theoretical calculations: (a) Cg4His, (b) C23N1Hiz, (¢) CsoHio, and (d)
C29N1H40. The models were initially charge neutral and the figures
show the final optimized structures. Green balls: carbon. Blue balls:

nitrogen. White balls: hydrogen.
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Fig. 4-2 Total energy as a function of the number of atoms in the
monolayer structure (sp2?) and diamond structure (sp3). The total
energies of the optimized structures shown in Fig. 4-1(a)-(d) and Fig.
A3(a)-(i) are plotted here. The H-terminated carbon monolayers
(C24H12, C54H1s, and CosHz4) are plotted as sp2 model data. N-containing
H-terminated carbon monolayers (C23sN1Hi2, C53sN1H1s, and CosN1Hz4)
are plotted as sp? models including nitrogen. H-terminated diamond
structures (Ci4Hazs4, CsoHio, and CssHeo) are plotted as sp3 models.
N-containing diamond structures (Ci13N1Hsz4, C29N1H4o, C54N1Hgo, and

C54N1Hseo) are plotted as sp3 models including nitrogen.
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Table 4-1 Total energy per atom of the monolayer (sp2) and diamond
(sp?) structures. Using the total energies of the optimized structures

shown in Fig. 4-1a—d and Fig. A3a-i, the total energy per atom was

calculated.

Model Total energy (eV/atom)  Atom type

CaaH12 -696.9 36 sp? model

CsaH1s -781.9 72 sp? model

CosHos -833.0 120 sp? model
C23N1H12 -709.4 36 sp? model including N atom
Cs3N1H1g -788.2 72 sp2 model including N atom
CosN1H24 -836.8 120 sp2 model including N atom

C1aHo4 -392.4 38 sp® model

C3oHa0 -453.8 70 sp® model

CssHeo -504.5 115 sp® model
C13NiHo4 -404.3 38 sp® model including N atom
C20N1H40 -460.3 70 sp® model including N atom
Cs4N1Hgo -508.5 115  sp® model including N atom
Cs4N1Hgo -508.5 115  sp® model including N atom
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Fig. 4-3 Analysis of the molecular orbital of the carbon monolayer
C23N1H12. Structural diagrams of the orbital of the © bond between the
nitrogen atom and the first neighbor carbon atoms: (a) front view and

(b) side view.
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Fig. 4-4 Difference in the spatial charge distributions between the

optimized Cg2s3Hi2 structure and the carbon portions of the carbon
monolayer CasHi2 without a nitrogen atom N; and with a single
(neutral) nitrogen atom at the same atomic position. 3D surface layer
representation at the threshold of 0.01 electron/a.u.3 for electron-excess
areas (red) and —0.01 electron/a.u.3 for electron-deficient areas (blue).
The electron-excess areas are shown around the first neighbor carbon
atoms (C2, C4, and C17) of the nitrogen atom (N1) and the carbon
atoms (C8, C10, C12, C14, C15, C18, and C20) of the outermost

circumference. (1 a.u. = 5.292 x 10711 m).
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friction
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2. Decrease of N concentration

3. Increase of flat basal plane
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During sliding in dry N, gas

. S1 substrate

1 1

Inert surface of CN,

Basal plane of wear track _
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’/

Basal plane of CN, A

Fig. 5-1 Sliding model of CNx for ultra-low friction in dry N2 gas.
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Fig. A1 Full-width at half-rmaximum (FWHM) of the n* peak as a
function of depth. Wear track formed on CNy after sliding under (a) dry
N2 and (b) air. (¢) Non-contact area after sliding under dry Ns. (d)

Transfer layer on SigNy4 ball after sliding under dry No.
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Fig. A2 Full-width at half-maximum (FWHM) of the residual peak as a
function of depth. Wear track formed on CNy after sliding under (a) dry
N2 and (b) air. (¢) Non-contact area after sliding under dry Ns. (d)

Transfer layer on SigNy4 ball after sliding under dry No.
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Fig. A3 Model structures of various hydrogen-terminated carbon layers
and hydrogen-terminated carbon tetrahedral structures used in the
theoretical calculations. (a) Cs4His, (b) CoeHz4, (¢) Cs3N1His, (d)
CosN1Has, () Ci4Has, (f) CssHeo, (g) Ci13NiHss, (h) Cs5sNiHgo, and (i)
C54N1Hgso. The models were initially charge neutral and the figures
show the final optimized structures. Green balls: carbon. Blue balls:

nitrogen. White balls: hydrogen.
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Fig. A4 Orbital of the n bonding of the carbon monolayer Cs3sNiHis
between the nitrogen atom and the first neighbor carbon atoms; (a)
front view and (b) side view. Orbital of the n bonding of the carbon
monolayer CosN1H24 between the nitrogen atom and the first neighbor

carbon atoms; (¢) front view and (d) side view.
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Fig. A5
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Fig. A5 (a) Difference in spatial charge distribution between the
modeled structure of (a) C53N1His and (b) C9sN1Hz4 (after optimization)
and the carbon portions of the carbon monolayer, except for a nitrogen
atom and a single (neutral) nitrogen atom at the same atomic positions.
3D surface layer representation at the threshold of 0.01 electron/a.u.3
for electron-excess portions (red) and -0.01 electron/a.u.? for
electron-deficient portions (blue). The electron-excess portions are
shown around the first neighbor carbon atoms (C2, C4, and C17) of the
nitrogen atom (N1) and the carbon atoms (C24 and C41 for (a) and C75
and C77 for (b)) of the outermost circumference. (1 a.u. = 5.292 x 1011

m).
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