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Diamondlike carbon (DLC) is an amorphous carbonaceous allotrope, which is composed of sp® carbon,
sp” carbon, and hydrogen. This paper reviews the authors’ analysis of the surface chemical structure of
DLC films by x-ray photoelectron spectroscopy (XPS). The C s spectra of the DLC films were analyzed
by the Doniach-Sunji¢ function convoluted with a Gaussian function and were decomposed into four
components, which take account of the differences between sp” and sp® carbons and between carbon-carbon
and carbon-hydrogen bonds. This analysis agrees with actual hydrogen distribution analyzed by
high-resolution elastic recoil detection (ERD). On the other hand, a modified gas-phase chemical
derivatization (GCD) method with the help of a simple mathematical treatment is also reviewed in order to
analyze oxygen-related surface functional groups on DLC surfaces. The method takes account of the side
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reactions which complicate the analysis and has well explained the oxidation process of the DLC surface.
These discussions conclude that XPS would be a comprehensive analytical tool for the DLC surface.
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HAYELRTA2H—R (DLC) 1, sp R -sp® 1R
FIKRFBO =BG SIAT BN T 7 AR AR H#
KTHH[1,2]. DLC 1EX A YT R A 0D i b 4%
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Fig. 1. Raman spectra of (a) a DLC film prepared by the ion-
ized deposition method, (b) a HOPG, and (c) a diamond. The
incident laser lines using an Ar" laser are the 514.5-nm line for
solid lines and the 457.9-nm line for the broken line in (a). The
spectrometer is calibrated by the 520.3-cm™ plasma line of the
514.5-nm line.

BAERD RIS TS DLC DAL, T
~ N THDH[8-15]. Figs. 1(a)-c) iz i,
DLC, HOPG (highly oriented pyrolytic graphite, =z
WMEBET T 7 748), BEOXATELROT~ A
~IMVERT . HOPG BLURF A TESRDART L
T —T R — 2% IR — 5T, DLC DA
TNV, sp® RFEXTOMFEREEZ RS 1560 cm™ f+f
WD G (graphite) /S RE, TR sp” 556 O breathing
mode Z7~9 1380 ecm™ £t D (disordered) /X2 R&
IESPITEA LIZIRZ R L, ORI MUALEIC
L i RARTFHEN D . Barn Dl 4y bt - BUIE 5 1R o
T ARI N DFER L DN T LT D0, D N
U RIG /R RERE LL(I(DY/I(G)) [12]5° G 73 RALE D fih
TR FE[15]73, Ferrari HIZE> TIREINL TS,
IDYIGYDEACIL sp* IRFER A 2 DI T A —Af ARG
{BEIZXF I DZ 73, three-stage model (24~ CRiAHS
ALTWD[12]. G ANURALE Db I BAK 7T DLC
FHEOLDT, ZORhERE L D% SEFRILDLC OFF
HIZXL - TRARBZEND, DLC OFEBIIELL TIRES
LTNB.

DLC OREIIRER RS T D sp? R - sp® T /K
FDZ A ICREURIFTHZE0D, [splsp®
JRHOE IEFFICE B SN TWABIE - ThD. iliRFE
JRFIRREDIEWNT, BEER 1 LOFE G IRDLODENTH
D LILRRDT~ 2 ik, s 1 O xtFtz
S 3 2 AR o G2 85 PH oD TR EEE D 7012, T
BILEWILRNALDEDERDDBZEIFITER.
IDYIG) R G /N RALIE DFhLHE BARIFE DS sp’lsp’
RFIFF I BB DR 1L TRFISM TV DH 0
?, DLC ORELAEDENT LS TE O G BEFRIL R
725 CNA[12]. Bl X ITIRE LR S DENT LS T,
sp’ IRFBISERE sp” IRFEIE WS NDD, HLTL sp” 7
FITAL—FA XA RN RERET DO EREK
DEFEWWELS. ~7a72 (D)I(G)HESe G /R RALE D
IR I B AR A CIERICIC R A T, I7e s Tk
DI REAERDOBENPEL DD, (D)IG)E
& splisp® IRFEFRF T2 =— 272 BUR ST 5 700
(Ferrari HlE, ZHAETEATIL A LB RTND) . #4350
LTRLIREZLLLT, G-D WiNURIT sp? IRFBHHRIT
RTHOD, sp’ IRFEHREEHENEL TODDIT Tk
72V [12,16].
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X BIEAIEE (XPS) 1L, b AFIZ WS T
WA BER L EHETHH[17-21]. HDHTRILF—hy

B X BERBETIANTS2 LT = 0 ) AN
SETONBIE FlIEC s oETAmES 5 ool AZMNA |7
n, B BSEBT IR —E Ao EFLT B F
FAA~NEHEND. ZOBRE() XU RT. N ' .
% 040

Ey=hv—Eg -®-C () é 0_205_;
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FOERMEULFEY 7 N BT THZLI2L- T,
BHTTR T O /AL FAEE T T 5 Z LN TE 5.
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‘ 2 096
T E SRS I D Aoy AR T AU, Bl D R 5 094
R NV, BT D By R EEORRSY ART R LR > 092
FLisd. LEsoT XPS #HN5 2 EickoT, B 0.90
sp¥/sp® W RFEIR T OEREZERENICHETE Db -g 0.88
DEMFHEND., FZTHRAODIN—TFTIIINE 086
T, DLC O C 1s XPS A7 b L% fifhT L,spz/sg?3 0.020 (C') IEIB Ip(I)slitilo;']I 3
WIRFBR D ZHATHZ LIk > T, ZOREILT ]
2 dem L C & /2[22-31]. AfiEfCIE, ZhET 2 0.015 g
BT T AT E & 5, & 5
170,010 =
2.2, BFEMEO XPS R RO R 4 005 =
T, BB XPS X507 R LAIER T ]
WA RT[32]. ZHUL, X MENERIC X - CFgE T 0.000 A2l L
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DWREF DI S TAE 7o R IEFLOIFAEIL K
DREFNT =L ROTREREMT D70, 7=
VR L (Be) ABI O T AMmE ik LT
Ep TR O E - EAL 2 BT 2 2 &1 Fig. 2. (a) Simulation of the Doniach-Sunji¢ function and the
L oT, WkiEAZERkT D720 TH H[33,34]. = variations in the spectrum of (b) peak intensity and (c) Ep posi-
D &5 R, WESNDASY FUXEE M (g ones e functionofa

E M) I B emasI< 2L &Y, FERANICA

AT MV & 72D T ORTEIEIZ I

(2)2X TR &% Doniach-Sunji¢  (DS) BE%ZAS VS

TN DH[35].

cos % + (l - oz)tan_1
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I'(x)i% Gamma Bg%X, 'L 1% Lorentz BA%4[36,37]7 B #X
g (= J+fiild@, full-width at half maximum, FWHM) T
HD. T OWEIL, XFREIEIZE > TECTZNRIE LN
BOHDONLETOHFMERT[36,37]. o (TR
F8%4 (singularity index) EFEIXAL, ZOMEARKEIVELE
AT VDI FRED 8L 72D, Eylda=0DEE (2D

&£& DS BA%kE Lorentz BI3k 2B o & D) O — (L&,

LT BlEETHS. Fig. 212, DS D o EKFM:
i lal—ar Lk RE R T a [ERKRELRDIC
ONT, B —ZENE TR, DO —IALED A
T8 Eg I~ 7 LUK Z e b,

RB/MEHZB ZETDE, 777 7A MRS R
WCIERTFRR TR AR, LIZid->C, D C 1s A~h
JVIRHTICEH DS PEERIC KD MM AN s h C& iz

(DS *G ) Ey)
- waS(E')G(EB _E'NE'

w2 [m2
G 7[

cos % + (1 - Ot)tan’l

_L
+00 2
X
. T
2

{(E0 -EY +(F2Lﬂ

I'g 1 Gauss B D - EIE THB.

3. AR XPS ¥#:(22,23]

FoxiXE9, AESA XPS  (angle-resolved XPS,
AR-XPS) {EZMAWT, A A b7 (ionized dep-
osition, ID) {£IZ k- CTHIE L 7= DLC (ID-DLC) i#
D F L FAR E RN 2 3 7=, ID-DLC 5%
NRUBVFERIHAEZRT 4 T A N CA T AL SHE
T,DC A 7 A —2.0kV 72 5 ONIIRE 180 °C IT7%
& L7z Si et 12 150 nm AR L 7-[48-51].

AR-XPS V£1%, HE O GUBHERE G D) ft
4 (emission angle, §) #ZE x5 Z LIZ& - T, jll/:'ﬂ:ﬂ
T ORELRE DD OBUHIRS d 2 EBMFENICE
HEETHD. Fig. 3 1T X91g, y‘nﬂﬁ%@##
PR EEﬁ%‘a (inelastic mean free path, IMFP) % 1
ETDHE, 0BT HRBEFOFEMHTES dyw(0)
1L, Jﬁ(4)0>4: ICREIND.

(@)= Acosd 4

ave

[38-40]. — /5 C, #uxiEoX A YELURLE D LS
WD C ls AXRTIUVIERIEL7RD, Lorentz B4 L
Gauss BA$L D & Al TdH2 Voigt BAEL TRENTS LTS
[19,41-43]. ZDOEANZ, BB RFEMEHH, {bFHEIE R
TIXC 1s AT ML OIERFRMEIC B 22 BEL,
IRSEA D XPS FRNT MU B E D35 &~ TR
HTHDLEERND—DL>TWD. sp® IRENE %
%9 DLC @ C 1s A7 MUFFEFRIGIR 2 =32 &0
5, TOMNTIZIX DS B WS TEIZ[44-47]. 2
NOEEEZ T, Fox DDLC D C ls AT MUVEEHTICE
DS BIBE WA LIZLZ. 1271, EBICHHENS
AN NZIE D HedmERE R E N E B SND 7201, (3)
LRIl EBEOBIEKIT DS Bz nhiEERE
%%ﬁbf: Gauss BN EEINT-HLDERD.

Ey—(Eg—E)]
exp{—4ln2{—°_ B } }d BN E))
FG

Fig. 3. Schematic of the AR-XPS method.
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ALK #R (hv=1486.6eV) % HAWV-FED C 1s Yo
DA (Ex = 1200 eV) 1%, HAABIZE T, fmk
DEWVZE > TEZDOENIH D HLOD, £2.0nm
EHE SN TVWAH[52]. LEEEREL, B
BT or U CHREBEI BRI L TV &, Bofrvic 34
ETCOWSDEFVPHREESND.

Fig. 4(a)lZ ID-DLC # D C 1s AR-XPS A7 k)L
%, [RIONCHE A =R LF—(fE (Ep position) W
B ARENE 28T, ZRBARO XPS EBRICE
WX, 7 BETCim T D GOt HiER 2 F 7o IR AR
TR 2 B, FEHGAIE ALK B E V2. Ny
7777y REREICIEA T Shirley #E%2 HW =
[53,54]. Eg BHEZEIZOWTIE, Au T/ ki %
F~FEZHANED, IS OWTIRREIC TEEMIC
AT 5 [23,24]

Fig. 4b)IZR9 & 912, C 1s AR-XPS A7 F L,
0% RELTAHIZONTE EMl~>7 FLThwoTl.
ZOfEFIX, ID-DLC DR EMR T &V g
By &N D T lEEE A R LTV DL RSB
S E T D RE VO TARY MLINE Egfll~ 7
M L7 Z &0, & Ep NSRRI BT 2 03
& Eg NZ V7 J@R AT ICB T DI FE L, Brdo
HTREANT MVERER L TNDZ L 2R LT
W5,

Z O JEHERE L FEEEO DLC OfbiEEE & oxbis
BIRICOWTHEBLR L THD. £TEZLNDHDIT,
FABRY DS sp? T (b L IE sp’ IKFE) YT
SV BRGNS spP RS (b L T sp® IRFK) i &
WO FERETH D, b L Z OREEREE A DLC D1l
PHEEEE LS ETHLOTH LD 5H1E, Fig. 1(a)
\Z7R L72 DLC DT~ A2 kg, [F(b) HOPG
BIONc) A4 YEY FOWART MLEERAED
b OIIFFE L kDb PHRINS. L
L, BREDOEZAY FUIDLC OH O & id4<
B2, DXICZOREITRESND. TN TIEE
Mg L V7 BENZIUCENT sp? « sp’ IRFERSY
NHAET D, bbb s’ - sp® REWDIL, sp® KHE
FRADKRER AL L sp® IRESSDRE 72 B A
AV ERFE—BNICEGFT HIRETITR W EREL
THD. 1 ETRRZLIIE, T~ REITZEMY
IR ZBROHSE R TWA=HIL, TELT 7 A
M CRIFBEREFF D72\ DLC O <~ > A7 kLT,
Tu— MR E 2o Tsp* IREK D & sp’ IRFEK Y & %
ARIC B CE 2 (22 G- DNy Ridsp’
IREBIFWRAEHZEND L TWHARWR) DOICH LT, 5
AT 4 7.5 XPS HIE T, sp? IRFBR Y & sp® IR FE

_l LI I LU I LU
- (a) C 1s spectra, 7/ v

, s vy
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Fig. 4. (a) C 1s AR-XPS spectra of an ID-DLC film. The emis-
sion angles are 10° (solid line), 45° (dotted line), and 75° (bro-
ken line) with respect to the surface normal. (b) Eg position of
the C 1s spectrum as a function of the emission angle.

o amBEL CRDTDZENTEDHO LM
S5, ZONEFITE TR ORBHER & O
LR IREBORBE RE LS ZITTWVAHIZDIZ, Z
NESHTHZLI2E->T, TNENDILERE AR
ML CEH D, £9EZ2DE, Cls AT hv
ZRERL L TV DR EIE, 2 (sp?, sp’) x 2 (3%,
ST = 4Ry, bbb TR spt RE, K
spPIRFE, VT spt IRFE, BROVUNLY sp iR
CIRFETE D, ZOMEI Fig. 4 OFEREFIE L7
V. ZZTDLC ® C ls A7 MILVORERL S % 4
DEEDT, ZORDTEITHI> L & LT

(4 TR L7z Gauss B3k % HE L 7= DS %% H
WTEOTRIT 24T 2 536, —IRIBAUTIZR T 537
A=K =%, [T, Tg, a Eo 1] OFF5OL7
5. O BEEET VOB LB ST 4
DETEDIZDT, MNTA—F—HI 200 E725.
L2 L ZDRT A= —HTOMITIL, BFITE
HRRELRVKNETHS.

ZITNRT A=A —BOHBEEZEZ THD. TE
VT 7 AMVE DA, Wik EALOERICE D 2 %
BT ENTWBE EBESIND I D, T
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TER LB EIRETE S, MATTELT 7 AY)
BOBA, HRSITBOTHAER &R AR
RO Z IZZb L, ZHIDG CTRZE Y 7 Mo
BAELDZEREBEZOLND., ZOHMANT X LT
LOLEZDE, FRSICBIT D oMITHED
Gauss S CTREND LD LEETE 2720, TGIT
VTEEE D RREDMIS, TN T 7 AVEREET 5
Tl D. BEIZalloWnWTEZ D, Cls A7
kL% sp? IRFERRSY & sp IR D T2 8] 1245E
L7 [44-47C K D &, sp* IRFITEEMD 7T
77 A b LIRS T, spt RFITHRMED XA 'L
R &R THD NG, sp® IKRFEST D I D FERFRE
WCHETDHEMREL TS, LLeRns, FEFE
Gy DR AT NIV DIERFNE~DH G OEIAIT,
BLEEBECTITA B T2 <, 728803 D DLC [ 3AkxiE D
B A YTy RHEy EEE DT T 7 74 MRS
W TARGEEL TV D DT TIER WD T, a 255
WA L RET H Z L 1E, BB CITmEL A £ U
EEZOLND. LEDEBZEND, Ty, Tg, a® 3%
TA = —EH WKy IEOEE LT, #X7
A—B A& [3+2x4=1118] 2% THIE L.

BT, KR D EIZOWTHRFTT 5. sp IKF%E
%43 ZB3 LTI, Prince[38], Balasubramanian[39],
Smith[40] 5 D 7' /L—7" 5|2 X 5 HOPG DR i 5 %
WA L. sp’ IRFEKICE L CTIE, Morar[41],
Bobrov[42,43]15 D 7 NV —TF Ik B XA YEL RO
fEMTHRE A L. sp? IRERK S DA, HOPG D
C ls A7 hVIE, O hy {KEFEMEE LY AR-XPS
fERNT LD, TR EI SIS Z E A & Tn
%, spt IR DA, 283.8eV L 1N2853 eV (T
2 O — 7 BNFET D2 ERHE SN TN D.
PLEo#HEZRIZLT, FlROD E&, [V 7 )E
sp R (283.8 V), 2NV JE spP RFE (2843 eV),
K sp” kFHE (284.8 eV), BLOEHE sp’ kFE

(2853 eV) | EAE LT, fERMIC sp* RFER B
2 spP IRBKSTENENBIT D3V 7 (318 RSy D
FEA TR —OR/NBEIRD, w2 LT RFE
A TREEL T LE 72, ZHIZOWTIHED 5
BEIZBWT, ARG & EEO(L M & D% ISR
Zamid 3 H BRI S Tilan 9 5.

P EOREICIESNT, % 0 CRISENT 24T - 7=
fES % Fig. 51T . BT D EgflIF T 72 230 HH]
TEAIZ L2V E DD, Fig. 2 TR L7z DS B% D4
PEED, afiORESICL > TE—7 BNFE T8 Eg v
7 b5 ZEICEE L TR RT R B2, Fig.
612, 1FDALTZAES ORI (relative intensity)

Normalized Intensity
IIIIIIIIIIIIIIIIIIIII
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Binding Energy / eV

Fig. 5. C 1s AR-XPS spectra of the ID-DLC film analyzed by
the Doniach-Sunji¢ function convoluted with a Gaussian func-
tion. The emission angles are (a) 10°, (b) 45°, and (c) 75° with
respect to the surface normal. The assignments are bulk sp’
carbon (283.8 eV), bulk sp® carbon (284.3 eV), surface sp
carbon (284.8 ¢V), surface sp* carbon (285.3 eV), and C-O (or
C-0-C) bond (285.9 eV).

[T T I T T I T T I T T I T T I T T ]
05F a(sp’) : a(sp’) = 5:5 ,

C e Surf.sp” 7

> - o - - e e el - - a
Zo4t @ 9---9---0 .
2 C .- ]
03 .- -l 3
s L (2“"::::0 Surf. sp ]
o2 W o) “Tro- 3
4 . Bulkk sp ~O :
0.1F —
F o Bulk sp’ ]
0.0_| ' |H| |-$-|~|~ “.“rm. L]
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Fig. 6. Relative intensities of chemical components (0 bulk sp’
carbon, o bulk sp? carbon, e surface sp® carbon, and m surface
sp® carbon) as a function of the emission angle analyzed on the
assumption of a(sp?):a(sp’) = 5:5.
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L0 LDOBRERT. B RITE O S OmifE
TRENDN, Ty, T a D 38T A—F—%[F—
AT SAHFOFRPEIR B OME & LI REIC X
v, mifgkte (k) I — 2 MEICE X2 D
ZENTED. RMEBRTB LNV BRSO
V—UEEZNEN L, g & T5E, TNHIEHK
DB TEREIND.

Ig = I3| 1—exp| - d
Ags cosd
d

Iy =1} exp| -

BB p( Ass COSHJ

lss BE O s ld TN, RiEEHICRIT 5 EiHE
RO KOV @R D IMFP Th 4. Ass B LY
Jps DIEMEIMES, FRFEORWT BT 7 AWED
BAICHAM L 5 OIXEMEEECH 720 (FienH
RTINS B2 bnDb) , BURTIX
W%z, ¥4 YT RETT 774 FOEOEEHE
TdHhD 2.0 nm & L7Z[52]. ILBEO LT HpIEE
Thsn. SXNAEHN-BEmM# A, Fig. 6 F O R
TRLTWS, EREOZXEITIEm Chl L2
M CE, A DS B A AW 4 iy sEEEES
ZMTHLHEEZEZLND.

o (2B DARE DFRMTHE R~ DB A RRET 572
WIZ, sp? KB D a & sp’ IRFKISTD o & DL
la(sp®):a(sp’)) 2222 T, Fl—ALT MVEEIES

)

0-5III.I|'IIIIIIIOIIIIIIIIIII
Emission Angle: 45 Surf
T A AT
0.4 ® 4
=
2
©0.3
S Mmoo -- QB_ulk_ sp__.
q>_) e S - el I
£02 Surf. sp
3]
o
0.1
T ePuksp__
0.0IIII$IIIIIIIIIIIIIIIIII
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Fig. 7. Relative intensities of chemical components (o bulk sp®
carbon, o bulk sp* carbon, e surface sp* carbon, and m surface
sp” carbon) as a function of the ratio of a for sp* carbon to a for
sp’ carbon. “Ratio of a(sp?) = 1.0” and “0.5” mean
“a(sp?):a(sp®) = 10:0” and “5:5”, respectively. The emission
angle is 45°.

it L 7B D& iy i 28 b & Fig. 71279, 22T
KRG &IV T RTINS S a EDZEFRDE 2
SIS N[55], FRHTAEMEC 2R D DT, spilsp® R
JRFICBIT 2 ERICER LK -7, Fig. 7 £V,
a(sp?):a(sp®) = 5:5 225 10:0 DR TIE, KR TREIL
EE—EEAER Uiz, Zhud, FEFEDRLN % sp®
RFORTRKOTY, sp’ RFBICKIRDTH, Kk
ELTHRDIEEICIRIZEAEEE LW 2R L
T35, DXICBURICBWTIE, fifhT Z2 Htic 95
7212, LIBED ALY RVERNTIZB VT, Ta(spd):
a(sp’) = 5:5) DIEER AN, BRI ~D o EOZ
HiZoWTiE, 7FEICBWTHD Ciind 5.
PLE, AR-XPS fEHTIZ & > T, DLC @ C 1s A7
MviE, oL 8 sp’ ks (283.8eV) , /LT JE
spP IR (2843 eV) , K sp’ kFE (284.8 V)
BILOKME sp’ 3% (285.3eV) | DFF 4 Iy
B CEHT Enbirot.

4. AT RNV F—BIEHE[23,24]

ATEE T LERIT L722S, RE T Eg OB E{EIC
DOWTFEZR RS, (DALY, ExZHETDHZ &
WX T EgMROOND. 72720 by IZEEMTH
L0, @ & CIEEORERKEIZEB T HEEIE LR
TR o7, 22T, DAY MVE—I AL
B AAEHE S T 5 Eg B EIEN— AN HW B
TEY, REMIZE, (HClsE—27 %2846V &
9% F1E[56-58], B XL Oi) Au 4f, B—72 (=
83.98+0.02 eV for Al K, line, 84.0 eV for Mg K, line)
Z WD FIES9) O “HENF T 5N 5.

INHOWIEHES DLC I[CHEAT 258425 2T
H%. £, DLCITREMEO—FTHDL Z L
OOBEHNEZ BN, L LA ENLRFB KDY Z D
LOETT 2D THDLING, fifrsnd b oiik
WL LTIHACFHEER>TLE Y. TDOEH(H)
ZRELARTHIER SRV, EEE~D Au DE
AZHDONWTIE, —RICAER ERFT~D Au #HEO
BENHANLN TS, LN LN LRIEENARE
BIKGETL2Z2eRMESINTHWDZ &0, &
IR 2 D72 T uE e 720 [60-64].

—75, & kT A2 RO A T kL — B IE
1523 Unger HIZ L - TIREIN TV 5[65-69]. Fix
DIFFE 7 NV —7TlE, AuF / KiFDH R & DI
WZOWTHHFEL TS Z & 5[70], Au T/ ki1
W Bl EEEZ WD Z i L. 2,
Au TR FOFEKRERE~ A 70 ) Uk
W TR T d 5 DLC i RPETICE ul FRIZTE T
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Fig. 8. C s spectra of UBMS-DLC films with different elec-
trical resistivities of (a) 2.4x107, (b) 2.7x10%, (c) 2.0x10°, and
(d) 2.4x 10" © cm. Solid lines indicate the spectra of the native
DLC surfaces, and dotted lines indicate those of the surfaces
with Au nanocolloids.

Lz, B—Z Y =R 7R EDREZERR 7%
FAWTAS T 2N TC, Au 7/ ki+% DLC #£f
~TLA] ELTHESED LV )M THMART
ETHD. ZOME AuT RO Audf;, B — 7L
BEHWSZLICk-> T, (HXROMEFEEE & 28 IE
THZENTES. DLC HHERTIL Au 7/ ki1

Table 1 List of correlations between the CH,/Ar gas ratio
during the preparation process by the UBMS method and elec-
trical resistivity of the UBMS-DLC films.

Sample CH,/Ar gasratio  Electrical resistivity (€2 cm)
(a) 0/ 100 (2.440.1)x10™!
(b) 6/ 100 (2.7£2.0)x10?
(©) 12/100 (2.0£1.4)x10°
(d) 36/100 (2.442.8)x10'"

DIRNEPT 2 FA T L.

WICTF ¥ —7T v 78 C, TbbichFK
BIE L7z Au o / Ki 17 DLC ZKifi & RLEE DLC
%ﬁﬁ@%%~y7y7#%%ié F¥—I7 v

AES j‘naﬁﬂzﬁﬁtﬂj LEFREEL, Zhadin
FTHEDIZTT T F‘ I LIEEEN DTS

DF %Ek®A7/X#%hét IZAELSD. 2o
G ,@mﬁﬁwwgﬁﬁ##k%<fmﬁﬁ
BEIN T O T WA Z S, ZoHRRITH
WCRRT 5720, Fx lTBERIEHIE A2 272 DLC
D XPS ALV ML EEE LT,

YT MTNE, EREGIERO R S 4 O DLC
M A N 2. DLC WIEOBLXIEPIRIT, R ~0
mﬁﬁﬂi’&fﬁé_&ﬂﬁ%mfméwmﬂ.
ZhE, KFEEAICEL-TELE CH KA 2 DLC
%ﬁwm%%m%éiﬁé:&miof,%ﬁ%ﬁ
9éﬁTE%NX%m$#étw@%ék%z%ﬂ
TUWB[73-76]. KFFEANIZ XD 20U H 5
Zbhd. A, 77774’ FaeX—2y hEL
T2~ R hr Ay Z Y 2 (unbalanced
magnetron sputtering, UBMS) {£[77-82]% F\C, #i
ERED Ar 7T A~Hi~D A X2 HAENEL
(CHy/Ar) 225 Z 128~ T, BER~DKFHELE
ANEEZHM#H L CEIEIEO RS DLC
(UBMS-DLC) A {ERIL7=. =D —%% Table |
W

Fig. 8 1T, EAIEHTIHD e %5 UBMS-DLC KD
C 1s A7 hUZRT . E#IE UBMS-DLC Fif,
JRRIE Au T K525 UBMS-DLC # i > A~
ML THD. B K AT UL, 74 Au T/ kL
F-D Au 4fy, B— 7 (LB X o THEHRERIE L T
5. ZoLx, HAFKRDOOGAD L I IZEBIN
5.

=hv- EK P~ (EBC ls, native EBCls,nano-Au) (6)
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Escisnative B K Y Epcisnanonan 1L ZALE I, RAFE
UBMS-DLC % M B X O Au F / ki + fF &
UBMS-DLC #f D C ls A7 ML E— V(i TH
%. Figs. 8(a), (O)IZR"T &L 912, DLC OESIEHLFE
2510° Qem RIHICB W T CEIZEB L7 < THR
72OV, ()LD 10°Qem A —F— & 725,02V

FEEE LTt 57220, Fig. 821 X 912,

BEREPTEN 10 Qem EIEFITRKEL D E,Cls
AT MAALEITM & R E S BAp o7z, Bz DLC
DELBIRNRKE W TlE, BICEREENKE
KBBEFTH-T, ZOXHRFELOLTHITE X
<. ZOHA, LT Cilim L TV A —HE
DEENEZHND.

DLC (385 D DAL S 42 RERBERR 7 0 72
WT BT 7 AWETHDH Z Eovh, XPS HIE i
(KEBRORE, B 0.8mm) NOMEE OMyIMERE
1, RY—HE (RKE—F v — 7 v 7, differential
charging) WAL, fiF e LTART FURELR
A3 8 5 [83-88]. XPS I & FH N DT E O i Nk
BT H5F =7 v T EE dCx,) (G0)&T 5.

X PO SN HEF O G = RNV —% El(x),

DL EOEBTRVFX—% E (x)&TH. NE
DEF TRV F—L dCO) D SE LD Z &
5, MAUTRTEERGOND.

Ey (x,)=Ex —dC(x,)

Elé(xn):hv_El’((xn)_gp (7)
=FEp +dC(x,)

LR oTdCx,) > 0 L0, E(x)EFFr—y7 v
TORBILE-TEHY 7 b5, AREBEHECTORLEZ
Ep EOMSMEZ TR LT, dCo)nE2LFI< Z &
LT, KRODEZRODHZENTES.

L7 L Au 7 / ki 1-f135 DLC RimIZHB W T, Au
F 7 KiF1E DLC £HE FICEIESICHbIE->Tn 5
T, BIpDUNEE xp, x,OF X —TT
TEIZHEWICHNY. L TWD ERARTZENTES.
ZDEZXDEEART MVIEK AER)IE, (8)FD X 9
Ezsnb.

S(Eg)=) " f(n, Ep(x)) =) f(xy, B +dC(x,))  (8)

LB TARE—F % —27 v 7 (dC(xy) # dC(x,))
MAECTZEHAITIE, lHx D& Au T /R FD Au
Afyy AT ML OTIE L CTHEBICHES NS Au
Afyp A7 MV, @& Egfll~3 7 b5 7E1F T
MRIAK BATLEW, Byl ENREC D0 L
Ezbh5b. £ZT Fig. 9 12, Au &/ ki3
UBMS-DLC #ifi 7 & ONIAEHESELE LTO Autid
Audfsp AT MVER L, ZID OYAillE & ik L
7~ R % Table 2 127”7,

Table 2 £ ¥, DLC OBXIEHHE 10° Q cm LLF
IZBWTIX, Au /K174 DLC i & Au i &
D Avdfy, A7 MVHEIRIZ—8 L2, 37205 10°
Q cm LFIZBWTIEHAE —F v —27 v 7Ok
TR TE, A7 FUEEA TN L3 D)s
4. —745, 10" Qem (2B 5 EIE L Au b b D
ERELS o D, ZofmEkizBWTER
B)J—F % =T v THRAETTANY FILITEATL
FV, Egllg EIIARAREL 72D 2 L ¥bnd. 3 &
@ ID-DLC #0046, 0 EIZiE TS ' Au
S RLAD Audfyp A7 BV OHEIEIL Autiid b D
E—H L7=DT, AFEE W Egfll EN T& T
WA Z ENDIND.

FELEBRELTEIREZLELT, —RIZER
Bl ki b LT &, RRESEKLT, L
I L0 bREL DDA & 78D, EORED
FRlbRBE e LB OFEEE - WS TR REIC & - T,
KRE(LFET 7 DBBUIIIE D H[89-93]. FEEE, i
FRLOEELB T OICTF A — L TRIER#E LT~
SEVJRIFE Snm LA FD&T R IZBW T, B S
TRV —ANCBLI S D RKifid-F A — LRSSk
SOEIENBEICRY, FERICART ROl
MEN AN %5 [94,95]. S HIZiX Z oFmEREEIC
X o TOEF L7 S 7z JEIESL (photohole) [ D 7 —
oSBT BT, NIV FES TRV R (L
BHALZ MLTLES. MURTF RO TR
LSBT NWT TAE—H A XTI, b
7 MEDERES & 575 KE RN R CRND
[96]. L LEWRZ LI, AEFk4 MR L4
F K F OEERIARIT 11 nm & Bl R E <, Bk
DEINZART FIVEEE S SV Au RO B D &
—H L=z D, SRIOABIEE~DF /A X
RO BIIRANTE D, TRbLAKIERIIH L
TIE, XPS JIEMEE LY b+ hE< (ga#E+5
RK&<T2), »poF /A XgRE &SR
WEREIZKRE WA XD ki (BT Lh I
J 1 B MEMERY) ZHWAVLENRDD.
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LA E, DLC EHEICATE SHET- Au T /Ri+D Au
Afsp AT MV ERIFET D Z L1128 > T, DLC #%
D Eg M IENTE 52 E0Nbod. BLKIPIROK
) DLC ML, R —F ¥ —V 7T v T E5 &2
LTCTARY M EEFETLEY, Egf#IE IRl
REERDLGENH DN, TORIET Au T/ ki D
Audfyn A7 FVOHFAEIEHE XV HETE 5.
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Fig. 9. Au 4f;), spectra of Au nanocolloids at the UBMS-DLC
surfaces. Electrical resistivities of the films are (a) 2.4x10™", (b)
2.7x10%, (c) 2.0x10°, and (d) 2.4x10"° © cm. (e) The spectrum
of a Au plate as a reference. Dotted lines indicate background
lines.

Table 2 List of FWHM’s of the Au 4f7/2 spectra of Au
nanocolloids on the UBMS-DLC films with different electrical
resistivities. The spectrum of a Au plate is listed as a reference.

Sample Electrical resistivity (Q cm) FWHM (eV)
(a) (2.440.1)x10™! 1.14+0.02
(b) (2.7£2.0)x 10> 1.14+0.02
(©) (2.0£1.4)x10° 1.14+0.01
(d) (2.44£2.8)x10'" 1.37+0.18
(e) Au plate (reference) 1.12+0.02

5. _BBEETNVEREBEOLFEEE L OBK
[25,26]

3 FIZE W T, ID-DLC #ED C 1s AR-XPS A7
VRTINS TRIR/SV I T8 O @iEe T v A
BRL, AT MUT4 RSB TEL 2 L4E
W2, LU G, ZOFT I EERO/LFREE
EDOBEEVEIIRIN TIXWARW., £ T4ETHW
UBMS-DLC 0 &S IPTR PP KR E A E I
KETHZEICER LT, D Cls AT F DK
FEABKMEMELZRE L, ZBEEET V& FEED
(LA E & OBIR AR

Fig. 10 (2, BJEEF CHy/Ar W AL DR %
UBMS-DLC #5D C 1s A2 hLaRd . SR
CHy/Ar H A b & R KR & ORfRIZHOWNT
1%, BEIZ Table 11Z-RLTW5. Fig. 10 £V, C Is
AL NIVOFEAR < (L& 1L, UBMS-DLC J# i (233
AENFEAZBRIEKEL TSI ENDbNS. Zh
HDARY MV 3 FETIRATZFIEIIHE - T 4 55y
Oy EI LT AR %, Fig. 11127797 %i < Fig. 12(a)lc i,
Fig. 11 OfFTHER L 0 B 5N 70 o B L OESEPIR
DORFERF CHyAr 7 A AR FEME A, [F(b)IZIEA RSy
B D BURBEE CHL/Ar A7 A LR AFE % 7k, Fig. 12(a)
LV, i CHJYAr T AR RT 51250 T
L, WZESKIEPIRITER L TV o7z. 2 b it
\Z, Ep FHIO®E IRIEEEDS CHyAr 7T ALOHEIR
WZEo TR LI Z L &R LT 5. Fig. 12(b) &
v, REEHS BV HOSLA) 1L CHJ/Ar H AL
DEERT B LR L, W vsErsdy (AR
) XA Lz, 2k v RiEERY L, DLC #
O KFR T L S OBR AR > TV D Z &
.

% Z T, 3 %D ID-DLC #/7D AR-XPS fEMTIZF
T 5, Cls AT RO AS [RIE DM DU\ T
B> THD. sp* RFKY BV TIX, HOPG D
/7 3V 7 JE 2 oy oy EIRE R & 2 T3 7o CCiRIzIE
NS (e ey I AN S U NN oY (G AYAS
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Fig. 10. C s spectra of the UBMS-DLC films with different
CHJ/Ar gas ratios during the preparation process: (a) 0, (b) 0.06,
and (c) 0.12. (d) The spectrum of a HOPG.
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Fig. 11. C 1s spectra of the UBMS-DLC films analyzed by the
Doniach-Sunji¢ function convoluted with a Gaussian function.

The CH4/Ar gas ratios during the preparation process are (a) 0,
(b) 0.06, and (c) 0.12. The assignments are bulk sp3 carbon
(283.8 eV), bulk sp’ carbon (284.3 eV), surface sp’ carbon
(284.8 V), surface sp’ carbon (285.3 eV), and C-O (or C-0-C)
bond (285.9 V).
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Fig. 12. (a) Singularity index () of C Ls spectra and electrical
resistivity (<) of the UBMS-DLC films as a function of the
CH4/Ar gas ratio during the preparation process. (b) Relative
intensities of chemical components (0 bulk sp® carbon, o bulk
sp* carbon, e surface sp® carbon, and m surface sp® carbon) in C
1s spectra of the UBMS-DLC films as a function of the CH,/Ar
gas ratio during the preparation process. As a result, these as-
signments are improved as follows: 0 bulk sp® carbon — sp’
carbon with carbon-carbon bond (C-C sp* carbon), o bulk sp?
carbon — sp? carbon with carbon-carbon bond (C-C sp® car-
bon), ® surface sp* carbon — sp? carbon with carbon-hydrogen
bond (C-H sp” carbon), and m surface sp® carbon — sp* carbon
with carbon-hydrogen bond (C-H sp® carbon).

V) [39,40]. sp (RERSIICEB WL TIE, 283.8 eV Dl
TERT XA A Y& RERERZEH C-C ¥ A ~—IZxf
S L, 500 2853 eV DGR IESF A TEL RE
H~DKFET T AR L > TH U T KHE-RHE
FEAITRHN LTV A[42,43]. BB D sp® RIS R
FricERT 5 &, [FRKEpsy = RFE-KFE (CH) #E
BaEPEo o FEMST), T3V T RSy = [RFB-IRFE

(C-C) FEGEMESToRFBRGY ] M EZEZ TH
AUE, UBMS-DLC HEEfENT O —# D> LD ENE 9
ZEBNbD. TR DLC D C 1s AT kLD
RROTRNTIX, TC-Csp’ ik (283.8eV), C-Csp’ [k

(284.3eV), C-Hsp’ [k (2848 eV), BL N C-Hsp’
3 (2853eV)] LBDHHND.

B2, 3ETHRE LTV, sp* RER 5N sp?
RFERLITNCENENBT 5V 7 R EERR T DR
BEERAS, APIC B WK AM TREE L T LE -T2 H

~
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BITHONWTELT 5. 283.8 eV D C-C sp’ REALSIL,
HAYE FEHEAREICHKLTEY, EFHR
K7ZRRE (X TV TR R) EEZBND. HE
B Z OB E, A YL RDA A L flif
Lo THHEBLL, TRIfa) EHETHZ L HAMRET
BHBHI97]. R BT DIFEIC LY, sp’ REFTHE &
ZDOWNEEAFBNEL 7 —a o IRFHE-T, KR
BN BA TR AT—ITEY 7 FTH D EEZ BN
L. INDRFWRKEEBRORKTHD B2 b
5.

6. DLC [RFE- KB EITICIIT 2 e Bk H
(ERD) ¥ & XPS & DFERIEHR
IHETOEMRT, DLC @ C ls A7 hUig,
spPlsp® RFE D KR & RFE-IR /R - K FEE A DX
EDXT BAA G DR 4 I BI SIS Z &
Zoas Uiz, L L7223 5 XPS I EFEAIIC K E & B
TAHZENTEXRWVWEDIZ, U EoE#RICB W TIX
KFBOBEHERT &V ARRELTWD., ZDORY
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Fig. 13. (a) ERD spectra and (b) the hydrogen depth profiles of
the UBMS-DLC films prepared with different CH,/Ar gas ra-
tios during the preparation process: O 0, B 0.06, and X
0.12.
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72[100].
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Fig. 14. (a) ERD spectrum and (b) the hydrogen depth profile
of the ID-DLC film.

_36_



Journal of Surface Analysis Vol.20, No. 1 (2013) pp. 25-54
BT, BRIETT X BRAEFHAZICIBIT AV ESNRTAOH—R 7B EDFKE L FIEERFHT

FTMZEDOHEREHFELTND) EAELLS. XPSTE
FIRELIE, TR ST L CHRE BRI L T <.
XPS {E 598 % ERD 15 SR Iy CIEZMHZ 5 &,
Iy 13 XPS et 0 D% E LT TERIND.

Iy (9>=j: Pu(2) exp(— o gjdz )

@, (2) 1ZFEE D DR S 21281} % ERD/KFEAE 558
E, 21X C s RETOVFHABITR G ®E TRk
91220 nmm &9%) THDH. UBMS-DLC B LD
ID-DLC #EZNEIIZEBIT D Iy &, Fig. 5 BELO
11 OFER IV RDTRB-KEREETRELL Ry & D
Bf% % Fig. 1512779, 4% O DLC HEIZH 1T 54
BIXEMAITH D0, WEEHHLE TS % &,
RFBEND LT E IR F-KFBRES oINS 7
HTENOND. ZHIIKFENSZWIEE, RE—
&7 OfEA/KFEREMN-CR,H, -CRH,, -CH; &
HIMLTW=bEEZLND.
ZITIH72E ID k1L, RETEHC C-H il &4
HXE7- DLC EEOERAZATREIZ LD TH A D

2 ID L, RIS 2, TIRIBKETAZ 7 4
FRAUPMAEFICEoTA A LS, Zhved

IDCJ /A T AZEHIN LT3t 2 — 47 DI -
WS E2Z LIk >, DLC 4 5 FiE)
i 5H[48-51]. RHDA A A NTEEBN D HRAV K FEHERE
PRI ZE LC, BREICHERE L Q2 R m ok F
JHF & & RIE. 2L ERD IEOFEHE LRI L T
W5, NATRAELEE TP CHREEZIED D &, 4R
WCKBRTFOT T 7 H1EFE D720, R
ID-DLC IR EIZI13% 80D C-H ks Z LI
72%. —J UBMC-DLC D5, 77774 b
Z—0y FED AR Z Y T ENTHET v
DR HEAEM ECHEAERT 5. 205G, #
FEOxyF o Z7EMZIDIELY 55 2572012,

KEBEORERGEEITECL 2N EDEEZ NS,

F3, VWO UBMS-DLC #[E D C 1s AR-XPS A
ART MVIZENT S, OERFERITBH S o7z,
P E, ID-DLC X O UBMS-DLC #f5d ERD A
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Fig. 15. Correlation between amount of hydrogen estimated by
the XPS and ERD analyses of m the UBMS-DLC films with a
homogeneous hydrogen distribution and o the ID-DLC film
with an inhomogeneous hydrogen distribution.

7. Bt %E Az DLC BIEOESERA T v
HITE I & DML FfE IR B DR BE KR [29]

INFETOETI > T& 7= XPS HIED X HRIFIC
1%, TR —HIROIKWIER AL Al K, 84 T
TE[1721]. 20k, BoEND AT Rt
SRR IR 72 b D E 720, AL MV AT DK
WO FBER R 2 S BV, Z 2 TAETIE, HiE
DR S FERE D i W EIR 2 WD Z L2 ko ¢,
DLC C ls A7 FVEMRT DO X
Vo7 4 TOBNERRT-. SRIOFERIT, L
KRB IER B TE o — D e — T A
(HiSOR) BL-1 (hv=408¢V, 4E=022¢V) IZT
17> 72[101,102].

[REE T 5 DLC #IERE D XPS #2179 5
B, BHROaALZIF—a OFBREGR L TE
ZHZEIETERY. LMALARRba ¥ I R—
VarbIRFEWEOFETHY, R LV LH]
DEFEN ) EWVWIHFIZLHD LI, ZhbIEL
<FHEEL TR TR e 570, KETIE, BE&
B2t T 7 = — LVALEE L 7= ID-DLC # %D C 1s
Ay MVRE - RATZATVY, AT hb~D 3
HIR— g VDB, EHITAT b
FALDT = — VIRERGEEZR <D Z LIk - T,
DLC DEMb i EZ b2 BE L. FATLC, A
VO FEEEA 2 kv (TDS) HIEZEZITV,
B E OIRE BT - 72[103].
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=— LALERT% @ ID-DLC 5D C 1s A7 bV &R
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7 LTV DBRIFEAICHE L, KR 450 °C 72>
5 600 °C HIZBWTHIIZS 7 FLTWD Z &R
g . ZOFEMTEESNT, DLC DR ER(L 4,
(I) =iE~450 °C, (I) 450~600 °C, (III) 600 °C~
900 °C @ 3 SOFEIIZ /T TEL L TWL.

Fig. 18 |2, Fig. 16 LV RO=Kot, BLW
H, 72 5 CNT A F v (CH;) WiBERL Sy D TDS A~_7 |k
VR SEIRDICB VT, EIRAND 300 °C IZH T
T C-C sp> IRFBEA WA L, VI C-Hsp® 1R
FRAEEIM LTV Z &R bng. 55 C-H sp ik
FRRNTIFIELED LT, C-Csp’ IRFERTICTE - Tl
FE AR SRR, L7z2 > T ID-DLC
HICiE, a2 Ix—armfine LTo C-C sp?
RISy, Tl B &R E Ak SR 2 TR LS
NS T T A R RALY (HELEZD) N
WELTCWDIHLDEEZLND. AV HIF—T g
VST FOFRERE I, KEEHES L sp®esp’
IREMLDDIFLTND EEZBND. ZIUTAET
FIZB T, ID-DLC #EED XPS & ERD A7 kL
EOMBRREER LI-NAE L —T 5.

foe < EIR(DIZ BT, KED C-Hsp® + sp’ Wi
RAIHIFIEEAT D, (IR T Hy D TDS A7 b
T, ARIEDREZ A% v o L 452 BhrgHlE
EOT=OIL, ZOEWIREY— 7 RBEIX, —ERET
1T 9 BB (7 =— VALE) DA LD 100 °C
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Fig. 16. C 1s photoelectron spectra of (a) an as-prepared
ID-DLC film and the films annealed at (b) 300, (c) 450, (d) 600,
(e) 750, and (f) 900 °C. Each spectrum includes four chemical
components represented by the DS function convoluted with a

Gaussian function. The assignments are as follows: sp® carbon
with C-C bonds (C-C sp’ carbon, 283.8 V), sp’ carbon with
C-C bonds (C-C sp’ carbon, 284.3 eV), sp’ carbon with C-H
bonds (C-H sp’ carbon, 284.8 ¢V), and sp’ carbon with C-H
bonds (C-H sp® carbon, 285.2 eV).
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Fig. 17. C 1s peak position (peak Ep) of the ID-DLC film as a
function of annealing temperature. The annealing process is
divided into three regions: (I) rt — 300 °C, (II) 450 — 600 °C,
and (IIT) above 600 °C.
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ID-DLC film as a function of annealing temperature: ¢ C-C
sp3 carbon, A C-C sp2 carbon, e C-H sp2 carbon, and m C-H
sp” carbon. TDS curves of (b) hydrogen (m/z = 2) and (c) me-
thyl fragment ions (m/z = 15).
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A LT 2 EbnD . fEIRANIC BT 5k FHE
BLBfElC &> T, C-Hsp’ IRFERI DA ET (X7
U 7Ry R) BT 5 C-Csp® IRFIIITEALL,
BRI BT 5 R FBIR TR LA fEfRE S, T
bt sp i &R (C-C sp* REDY) 52 LT
ZEAL TN D EEZEZ LS.

Fig. 16\ 27" L7z Z OIREFD C 1s A7 M v
FEANCBIZ L TR D L, AT ML OYEE ) Bk
FoTWHZEBRRTINSG. EE, ZNLLTOR
FEFEIRIC IV TIE, T fE2Y 0.50-0.54 eV O#FIPAT
HoT-DITx LT, 750 °C Tl 047 eV, 900°C Tl
041 eV EWRFBIT/ISLeoTWAH. 3 BET/RLE
DS Bi% & Gauss PAZLD G FEIC X 2 fRATBEZR DL
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Fig. 19. Micro-Raman spectra of (a) the as-prepared ID-DLC
film and the films annealed at (b) 300, (c) 450, (d) 600, (e) 750,
and (f) 900 °C. Vertical solid line in each spectrum indicates
the G-band peak.
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Fig. 20. G-band peak position of the ID-DLC film as a function
of annealing temperature.
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NI TT7774 MELIH TWAH T L ZREL TV
5. Thbb, KT~ AT VTR R & o
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Fig. 21. (a) Singularity index and (b) electrical resistivity of the
ID-DLC film as a function of annealing temperature (c) Corre-
lation between the singularity index and the electrical resistiv-

ity.
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IR -IRFAGEE ) ST & DBIFRICOW TS THEEL L
THL. WoT, 3FETBWTHESMR XPS T L

DA LIRSV T RO DFERIT, 6 FEIZEBWT
C 1s A~XZ hL & ERD A7 kL& OBME % iR
L 7=k 5%, JIE L 7= ID-DLC R (2 fR 3-/K ik
BRAPEF L TNV THD) . 2D C-C sp’
IRFEATIEARED o HIZFFH LTV D ATEEE B FET
#, b L osp? REKRST DI o H~DEG-ERKD
L, TENLT 7 AETH D DLC DEXIEILE (B
REE) O—RMERTHAREE L 25 THA . C-C
sp? IRFEHSY & C-H sp® IRFBAMOER L EZ B
L. Thbb, Hrx OGO alE~DHFEOI 572
DiEIZ OV T, DLC OESEME L2 £ 2 C
FEOTUVNRIT IR L2V T, BIRTIEZ o
FEICED TR0,

Vb, KEICBOWTIRE L T\ 5 spisp’ IRFEDE
U B TNT IR FE-IR B IR F- KBGO ERICE D C
Is A7 RV 4 5535351, DLC IO B L A i
BAbE ISHHATE D 2 LRS-,

8. KABLFEFHEMRIL (GCD) {EIZ & 5 DLC #iE
KA EREE D EEIHT[30,31]

ARFETIE, 2 E Tigim LT 7= DLC #iEH & O
FEAL AR E R & 1A E 2 C, DLC £ LICE
SN ERER (REEREE) OEESHTICONT
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B NN— R T ¢ 27 Kwi7e LW T 55 53],
ZOMMPIIREEREDOFREBICKRE IKFT S
CLEIEEIETHLRY. INETOFHEREEERD
&, REBEREEZDSHICH XPS HIE 7 HNZED A
X7 MV EEE I OIUE R WD SRS IR
TE5. L LR ooBER T &, fro
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el R T IE, Rk D 1L R B RHE S o R HT
IZBWT, £D Cls A7 RV OIEFRME 33 g
{LALERRT# CEE LW E DIRED T, Hiftk ALY
MDESZEEY, TNERIESEETS2Z &1L -
TIERBEE RO 21T 5 72[104]. —J7 T, &M\
B EZ, 7 v BLEHRL ED XPS MHUEE R & <
MO 7 MR REWILREFATALEY &Y
BALRE S/, b mBEETREZRET S
& D R E BRI HTIE DM T T & 72[105-108].
Rikz, b8 (Chemical Derivatization)
B EE . RETEERE EOEREDRE 55T
kil L, @E D XPS AT FL7R B NS E D4y Bl
W& ENDEE O S EHR 3~5nm) 1XERS
INDT0, WA - KA 7 & O R 2 50
NPT L7=TETH D, S5, ZHHEE
[bRIEL T EED 2 LIT LT, RERBEDEE
[109,1101% HEbR L 72 £ 0 B 72 FIESTRB S 7.
Z OFEE, KA 5Kt (Gas-Phase Chemical
Derivatization, GCD) %] &5 9[107,111-114]. Ak
ZHWT, 2V E TIRBEHMESS DLC #ilFL& E /e & D
Rx e RFEMEIERBEERESHTNITONTE
[115-119].

L2 LR DAEREER RS 2 BRI, — i ks
BOG—%t— TR BT T5 2 L I3HmTH 5.
—BEFT DL, REOLRFERRETHD MY
VA ufEE (TFAA) 1%, /KE2 (OH) XL T
WGP E R 9 — T, AR F T (COOH)
$£[106,108]°7 2 / (NH,) #[114,120-123]ich 5
BERGLTLEY. ZO%SE2TEIRT 572912,
BRI E BEE 2800 L 7= FIERRA B
723[115,122,123], 2T TREOEMSZ 1725 L,
RN T OB T Z LICER H 5. £
Z THxlE, GCDIEDRIKILZ ML, &6
(2 2 WIRR R 3R R 2B N9 5 Z L IC L 5 C,
BN D8 % 7ok L7z DLC KB e/ 23K
Tz

ID-DLC #f53 L OV Z 1% 30% H,0,/conc. H,SO,
(13 R R AR b LBt L 7= b @ (Ox-ID-DLC)
ottt E Lic, RilclE, Kz (OH) X,
HIVR =)L (C=0) %&, BIL OB ILARF 0 (COOH)
FO 3 FHOMBEREEREENFAEL TND ERE
L. ZNENOERREZ B —|2F T HiEnERE &
LT, OH R EZ2HTH5RY E=L7/=a—/ (PVA),
C=0 % HTHRY =L AF L4’ k> (PVMK),
BLOCOOH ®xHTHAKRY 77 Uk (PAA) #
&%z, SikfR bicAvya— MELZH 0% HE

Table 3. List of reagents and experimental conditions of the
main derivatization reactions for the surface functional groups.

Functional =~ Reagent Experimental condition
group
OH TFAA 1 ml(0.1 M) at 80°C for 1h
Cc=0 HYD 1 ml(0.3 M) at 150°C for 2h
COOH TFE/DIC  1/1 ml(0.2/0.1 M) at 180°C for 2h

L7z, SFEAEasE e LC, OH £l LTIE Y
A alifig (TFAA) , BV =L Eizx LT
v K522 (HYD) , HARFIAEITH LTI R

Vonrgdgnaxy ) — /oA 7a VIR dA
I F (TFEDIC) BAHAKEEZHEL, Zhbix4x
B2 TG L S8 TR L BUG &8 2. RSk
% Table3 IZFE LD 5.

Figs. 22-24 |23 3K & )RS S €72 PVA, PVMK,
BELUPAA D, survey 72 HTNZ C 1s A7 fML%&
R REO XPS BIEICHIT S X BIRICIE, FEH
Al Al K 5% V. TTREBW < H 5 555 11k
Bk, B 7 v RA—F =% LT-BRIEOWEEA
b Al KR CTHIE L7256, REMRAR NI VARG
HZEIXTERWD. AIKBRIE, 74T A2 MnbFE
ELTEBETN Al ¥—7 y PRIZEZET D Z &I
Ko THEREND A, AR Al B BIE, (ET 5
B X B L > CIRETBRAET 5. IEHAHR
ROLA, =0 IRE TP HGREE RO EEW %
R @) X 21T 5 7= O IR E B eV NI
INEH-T, 2 EBHFETOR LN Z AW HEME
MAREE 725, Lo LHEALBIROSA X, —IKE
FRERIN SN DT DITHEENE L KRELIDOFR
HELIRY, RY—F =TT v 7 ORENRE S
T, BERENRAREE 720 25 (FFRgkz v
AUTHIETE 50, BNSEOR#E(L E 7203 T
H5) [19,20]. —FH T, mkasnfinez ik RBRIZ L
T (KoY I A D= ¥ —FPHIZBIT D HET
Hov bR RE) 3%BD5) , EHIimAT hL
D SIN & [A1E S5 72012 X RS 2 <
% (BHEEHEHESCT) &, By HEEwoBEAIc
BWTIE X BIBHE A A—UNEZICR->TLED
[124,125]. Wz IZHIEE, FREK#EILZTT>T, 30
SUNTEREIEDOLET.
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Table 4. List of XPS analysis results of the derivatized PVA films.

atomic ratio

C ls curve-fitting

PVA (OH
O [OV)/[C] [NY/[C] [F1/[C] CH, OH COC Ny n-1* COO Fu Fg
Eg(eV) 284.6 286.1 286.4 287.5 289.1 289.2 2923 292.9
as-prepared | 0.52+0.01 - 0.47+0.01 0.51+0.01 0.03+0.00 -
TFAA 0.52+0.00 0.87+0.02] 0.28+0.01 0.25+0.00 0.23+0.00 0.24+0.00
HYD 0.44+0.01 0.06+0.00 0.50+0.00 0.48+0.01 0.02+0.00 -
TFE/DIC 0.41+0.03 0.07+0.01 0.04+0.01] 0.48+0.01 0.41+0.01 0.06+0.01 0.04+0.00 0.01+0.00
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| | | | | | I |
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Fig. 22. (a-d) Survey and (a’-d’) C 1s spectra of an as-prepared and derivatized PVA films.
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Table 5. List of XPS analysis results of the derivatized PVMK films.

atomic ratio C 1s curve-fitting
PVMK (C=0)
[OV[C] [N}/[C] [F1/[C] CH, OH Np C=0 COO Fc
Eg(eV) 284.6 285.9 286.4 287.2 289.6 292.8
as-prepared | 0.23+0.02 - - 0.81£0.01 - - 0.19+0.01 - -
TFAA 0.23+0.01 - 0.22+0.03 [ 0.71+£0.03 0.12+0.01 - 0.09+0.02 0.03+0.00 0.05+0.01
HYD 0.21+0.00 0.21+0.01 - 0.85+0.01 - 0.10+0.00 0.05+0.01 - -
TFE/DIC 0.24+0.00 - - 0.80+0.01 - - 0.20+0.01 - -
Ng
F :Is O I1s N |13 C.1S FIC COIO . .QH ?HX
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Fig. 23. (a-d) Survey and (a’-d”) C 1s spectra of an as-prepared and derivatized PVMK films.

_44_



Journal of Surface Analysis Vol.20, No. 1 (2013) pp. 25-54
BT, BRIETT X BRAEFHAZICIBIT AV ESNRTAOH—R 7B EDFKE L FIEERFHT

Table 6. List of XPS analysis results of the derivatized PAA films

atomic ratio C 1s curve-fitting
PAA (COOH)
[OV[C] [NVIC]  [FVIC] CH, N, Nao Nas COO Fp
Eg(eV) 284.6 286.4 287.6 287.6 288.6 292.4
as-prepared | 0.57+0.02 - - 0.71+0.01 - - - 0.29+0.01 -
TFAA 0.48+0.01 - 0.02+0.01 1 0.71+0.01 - - - 0.29+0.01 -
HYD 0.39+0.01 0.22+0.02 - 0.74+0.01 - 0.17+0.00 - 0.09+0.01 -
TFE/DIC 0.31£0.02 0.09+0.03 0.31+0.02] 0.62+0.01 0.13+0.01 - 0.09£0.00 0.09+0.00 0.08+0.01
F1s O1s N1s C1s F,  COON, N, CH,
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Fig. 24. (a-d) Survey and (a’-d’) C 1s spectra of an as-prepared and derivatized PAA films.
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X, PERORBRIE RIZIESNT, RILKFE AL
l:°~7 (CH,) % 284.6eV & L72[56-58]. Tables 4-6
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EArREETHE (2.5 & 2.1) [126], RFEIFREFDIHMN
HFMNTRKEF V. C-O-H & C-0-C DIk Bzt
35 &, %REBE DA IREIR X O FBETE LD
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Is A7 RV ED 3 SO REIXIZIESE L2
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AU, OH #&1% TFAA & Fig. 25(a)® & 95 12 & LT,
FERINC NY ZVA ol AT NV EAERT 5 &5
2 HILH[106].
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£ 912, Cls 2~ hL EIZ OH M, COO %, B X
U7 v FEBEH#H L EZ HD Fe B DS HiclZER L,
— T C=0 HEMETHDI>LTNDZ bbb,
TFAA R THH Z &2 E 2 5 L, Fig. 25(0b)R
T LI, C=0 KIFWfi T/ - ) — VS
PE[127NCFES N T =/ —)L (R=C-OH) FEIZE R L,
T TFAA LT 5 Z LIk - T, OH KDY
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Fig. 25. Derivatization reaction schemes with TFAA for the (a)
OH, (b) C=0, and (c) COOH groups.
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Fig. 26. Derivatization reaction schemes with HYD for the (a)
OH, (b) C=0, and (c) COOH groups.
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DEHIEND. L LENLEE)D C 1s A7 k
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L TWARWNWZ ENREBIND. ZORINE Fig
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Fig. 27. Derivatization reaction schemes with TFE/DIC for the (a) OH, (b) C=0, and (c) COOH groups.
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Table 7. List of standard reactivities of the surface functional
groups ( R(;’/g ’s) for the derivatization reactions with TFAA,
HYD, and TFE/DIC.

Ry, ’s(%)  PVA(OH) PVMK(C=0) PAA(COOH)
TFAA 131+9 3545 340
HYD 620 4142 3943

TFE/DIC 4+1 0 85+12

[C], L OYc], 1T e, G (main product)
B L OEIEY) (by-product) F1 0D R BT Ha K7,
VL EDFH(10)-(13) & VTR 72 Ry Ml % Table 7 (2
T RS o B 100%E AT LUE 7228, ZhId
FEAERUEE oD OH JE3 o3I LcTe iz, Tl
DIRFBIRA T v B TITBDOITED XPS 55
RN LTcTeH B OND. KL EME

R esicoon O BPRRELS 2o, RIRISETH D
Riranc-o B & (ﬁRI?{YD/COOH DIFIZIRELS 220722 &

NG, BREEAESTIZIZBISIS DR ENKE N L
DTPHEIND.

U ECREEREAEERBOGITZ/% 2T, L)
< DLC WERIEEREEDOERESHTIZAD. DLC
MR EICIX, HECIRARCE L 3 MOBERE
BRREMEEORIE TIREL TWAD Z L3 MgIc i
<RV FRERAL UG d 12 & - T DLC #EfEFmmIE

Table 8. List of concentrations of the derivatized groups
(Q, ’s) on the ID-DLC and Ox-ID-DLC films derivatized with
TFAA, HYD, and TFE/DIC

Q4 (%) ID-DLC  Ox-ID-DLC
TFAA 1.140.1 1.4+0.3
HYD 2.0+0.2 2.9+0.6
TFE/DIC 0.6+0.0 1.4+0.4

ASNIZFHERLE DR EE O
DR TEENSD.

Ou=D R3:G,  (4)
g

LD L, ThIEK

d

Z I TG, [IDLCHiR LD H 2 RIFEAEM, g DET
H5b.

IDDLC B L O vzl L
(Ox-ID-DLC) oD, FHEMRILEZ D survey A7
NV % Fig. 28 lZR 7. ZUH DfEREHWTENRE
noQ, %, Q°LFERIIRDIAERE Table 8 (275
T WTROBEITBN T g iF/h&a<lhoTc 2 &
225, ID-DLC R EITTTREZETH D 2 & AR
BIib.
WEWEXAHEENT, ThEhO G fE, 72
DHEREEREEZRD TV, Kz, Kas)
DEIATHIRRLT D ENTES.

Q=RG (15)
ZZT,
Orian R°tranon R°tranc-o0  R°traacoon Gy
Q=|0Owp I R°=|R%ypon  R%ypc=o  R°sypicoon |, G =[G,
Ore R treon Rtrrc-o R trE/coon Geoon

Thd. Q OITIEBUMRLEISOREE A 7T, RO
FHIERBEAAL R R OFREE, F1IT B REL O & 7.
G OITILE R ORRE 2 7T

RATHET L 512, FFHIRT V5 &, G&
Kb ENTE, RIKGORELZE LI-REE
REHLDERSIT AT Z LW TE 5.

G=R°'Q (6
AFHE 5% ID-DLC 3 L 1Y Ox-ID-DLC 75 (2 5

L7=fEi% %, Table9 IZ/RT. EH DAL OH &
NEREDEZR L. 2, OH EDOFEEIGE L

T EMMESTVWDAZEETRB LTINS, Z2T,
OH 2 DIHAEE W 22 178 TRV T A5 F %, Table
10 12777, OH EED(FEEZEE L7256 & iSRRI
BIEICEIZ VWS DD, 6 50EBICE TS
C=0 ENXEHTHD Z Enbnb.

AR LALERIZ X 2 BHRERL OB EIX, COOH %
2 0.9%72 > 7=DIZxt LT, C=0 &L 23%& 2.5 1%
HRkEL Ipolz, ZHULFig. 29 D X HIZHATE 5.
Fe AL BRIC K - T, BEEEREILIL OH, C=0, COOH
DIFIC b ST <. BB 2 X, &bk
BORKEV COOH EN LB E 72513 TH D,
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Fig. 28. Survey spectra of an ID-DLC film and an Ox-ID-DLC film: (a) as-prepared, (b) TFAA-derivatized, (¢) HYD-derivatized,

and (d) TFE/DIC-derivatized films.

Table 9. List of concentrations of the surface functional groups
(Gg ’s) on the DLC and Ox-ID-DLC films

G, (%) ID-DLC Ox-ID-DLC
OH -0.3 -0.5
C=0 4.2 5.6

COOH 0.7 1.6

Table 10. List of concentrations of the surface functional
groups (Gg ’s) on the DLC and Ox-ID-DLC films without
considering the presence of the OH group

G, (%) ID-DLC Ox-ID-DLC
OH - -
C=0 42 5.5
COOH 0.7 1.6
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cleavage of C-C bond

Fig. 29. Oxidation steps of the oxygen-related surface func-
tional groups on the ID-DLC film. The C=0 group requires the
cleavage of carbon-carbon bonds to change into the COOH

group.
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[Fi/ V7 T8 —EiEEET VIciES3< 4 20k
SYINBRERREND Z ENTRENT. VT, KFEE
ANED 725 UBMS-DLC #IED C 1s A7 kLR
WARRRICITY) Z &Ik -T, £ 4/551%, c-C
sp k3 (283.8eV) , C-Csp’ ik (2843 eV) , C-H
sp? R (284.8 eV) BL U C-Hsp’ R (2853 eV) |
ERDTENRENT. OISR, i DLC
M ERD JIEIC X D AKFEREGE S OIS D
ZEIZ R o TR IS ARENTIEIC L 5T, XPS
% PV C DLC MDD sp® [R5 « sp’ 17 « KB LR
HNTEHZLIREND.

fin i, S[FbLFFHEARL (GCD) EExHWAH Z &
\Z & - T, DLC #iEREOMETRLOERESITZ
Tolc. TEROFIETITFHEMRIEICEBE L 2
oo, SEIEIOGE FRICRET L, &5
B BEAE 2 WD Z LI - T, BIIGDE
AL LT X0 ERMEDEWEE T RERESHTEN
RENAD.

B2, W XPS AT b VRT3 R ATt 1 g
ThHY, MNEWEORBEEIIIKFELRND &0
5, A EO DLC 2T 5 —# O s RIL, 77—
Vv, FOFa—7, FIT7xy, REMHERED
MORFEME~DBEATE DD EBELLND.

Fe 2 D RFEMBHINTIZ E 720 E W TIEN 0 T
FEHITELERL UL TWAER, Bx ORRENE %
DIRFMEHENT OBV L THLHREGTDHZENT
ELLELTHD.

U

10. HEE
RO LT, HEFEMFEE THDIREK
¥ RFBERER IR BT WER K
A HEH P2, W L2 B, RIS SER AR gE
vH— BHBHWHE, oM h—a—xAT v
7 RS R T L, AR LICHE A
£ 5. —HOERIC TR N2 W I RAEAEK,
TEHIRE G, RIS, SFILERICHE 2 £ T 5.
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