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Table 1-1. Vickers hardness of various materials for cutting tools.
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Fig.1-1. Ion-solid interaction and ion beam process.
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Fig.1-2. Schematic diagram of thin film formation by
Ion-Beam-Assisted-Deposition.
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Fig.2-1. Schematic diagram of Ion-Beam-Assisted-Deposition system 2.
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Fig.2-2. Schematic diagram of TEM sample preparation.
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Fig.3-1. Equilibrium phase diagram of Ti-N binary system '*.
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(33at.BNLAF), IEH & e-TiaN(~33at.%N), & 5IT37 & 6-TiN«(33at. %N)~
ERLT DI EAH SN TS, TINIZ, {LEEHRARG0at.%) & D Mz D&
WHLERD 5 BARIZR > T 3,

RIZ, Ti-AIN 3 LR FEREER D % Fig.3-21R T, ZORERD 5490
BE DI, B -BHNTNOFERETE TINNOAIN OEBEEIZIFEA LR
W, FRkIC, AINNODOTIN OEEE, £2&BRILAM TIAINO N OBEBE D
B, 3TLROBMME L TIE, WEE TITTIAIN, TiAIN, TisALN, 234 X
NTWB, F/ZEE, HLWEEM TiALLN(0.0<x<0.3) b 16719 AN/,
Table3-1 1713 TiN B L X AIN D4 £RT

N (9)
Isothermal section 1300°C
80 1 Ti;AIN
R 2 Ti,AIN
" 3 TizAl,N,
,y 60
AIN
s TiN1-x

40,
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a-Ti
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Al (n) TiAl; TizAly; TiAl  TizAl B -Ti(s.s.) Ti (s)

Fig.3-2. Equilibrium phase diagram of Ti-Al-N ternary system at 1300°C *.
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Table 3-1. Physical properties of TiN and AIN.

TiN AIN

Structural data

crystal structure B1(NaCl) B4(wiirtzite)

lattice parameter(A) 424173 3.1114(a-axis), 4.9792(c-axis)

atomic distance(A) 2118 1.883

density (g/cm?) 5.40 3.26
Mechanical properties

Vickers hardness (kgf/mmg) 2100 1230

Young's modulus {N/mm?) 590 350

Poisson’s ratio 0.208 0.230
Electric properties

dielectric constant (at 1MHz) - 9.1

resistivity (Q-+cm) 25x%10°5 109~10M1

band gap (eV) - 6.2
Thermal properties

oxidation temperature (°C) 550 ~1000

thermal expansion coefficient (1/K) 9.1x10°6 5.7X106

melting point (°C) 2950 2250

debye temperature (°C) 536 -

thermal conductivity (W/cm-K) 0.29 0.0176

3.3 HIEBL VA E
3.3.1 BEIEJ

SIEAFEIE U TIITIGME 99.9%) & AIRIEE 99.999%) &5 4 12, £7=—ERD
KB THET-AIER(TRARB0:20)2EA L. NS OMEEETE-LTHRAES
. 0.2~20keVOEFEAF > 2 BHEH LRSS R L 72, K1 4 > ERICIIHIEE
99.99% DEHFE M A &M L 7z, ikl (Ti«+AL) /NiZ0.5~2.0 £ TR X Bz,
EMRITIESI(100), STz N—2FHL, RETOFRRZMNMZ H720DITENR
RN —IKBEINTVWS, ZOKBIZE> T T RBEFPOEREEILX250C
BECHZASNS, REMORBEEDEZEEIZ3X108Torr LA, REFOE
13 3X108 Torr BEL T TH o7z, TEM BEHOFHEHNT 2.6 HITBRRHE
THERR L7z,

3.3.2 MTHIE

BEMATIII TEM B LU XREHFTXRD) 2 # A L7z, TEMBZRIIOFETH
JEM-2010FX 3 & C8B Y78 H800 % e &/E 200kV TR L7z, BLAREETEM
BIZ21213 A 578 H9000 % M BIE 300KV THA L 72,
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HIEXBOMTORERNS TEAET0: 30 BETH D 0o 7z,

BEFIE, 1A E—LDI vy ¥ —ZACTVWEDT, BERANDER 14>
E— A DR WD BRI TEROMEBIIL TRV A F VEROER
T XTHIMEE L TV BIREBIZRZN TN S O T, M) TIEHD 5 NERITRIE
BN TN TV S (EHFHE Pn=3.4X10"Torr),

Fig.3-31245 5 N 7= HIRAEE E TR EHTH (SAD) &E 0 REEHRE &R ZRT.
1 F 2 E-LZRE LBRWEEIT. SIERICES Ry "NNF—2AR NS0T
THO, BEOEHFIITEINT v ARDEIHF/NS — 2B E5 1720 AT, TiN,
AIN, (Ti,xAlN 72 EQZLMIIHR T ERN o 2. Tixb B RN fREEARE &
THEEREESELL TOWRW I ENER I N,

FRRICERA A2 E—- L2 BT TIC, TI & ALZR X ITFE S B TTEMREE
EIERR LTz, Fig.3-3 T/RL A EERRRIC, EREFIEBAIIHHELTNS. 15
572 SAD % Fig.3-41Z., @ik R % Table3-21R T, MHTOHR. ORI
U > 713 Ti-AI-N D 37T % D FEEHRIER IR EN/EEHD1 D TH 5 Ti:AIN
EREI N, ZOEEMIT, ROT A1 MEBEDTI-AI-N3TTRDOZLM T,
AN ETiOEMESREICEREINS R EOHRE® NH 0, ELREMTIIEL
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Fig.3-3. A high resolution electron micrograph and SAD pattern

of the (Tio.70,Alo30)N film deposited without ion bombardment.

TEHTH 5.

53, Fig.3-4 AR ETHREFLE LEALAROBIEIC &S ) > ZE
e LTEBNTNBIEA, POATAE < TH, 200sDEHFA Ry b EFLE L
71 2 BIENTE L TEBHTY S, AU —ESHic & o T L 2 BT HAH
BT &> TEHART LT sic k> THES BT ) >/ TH. 2%
7= £ TEMORE )L — R THRER TGRS IR T D &tk D
HOTH D,
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Table 3-2. Lattice spacing of (Tio70,Alp30)N film
which is deposited without ion bombardment

compared with reported value.

Observed value JCPDS 37-1140(Ti ;AIN)
d(A) Int. d(A) Int. hkl
- : 4.097 50 100
2.37 Vs 2.373 100 111
2.05 Vs 2.054 70 200
: 1.838 10 210
1.44 s 1.453 50 220

1.23 S 1.240 50 311

1.18 w 1.187 30 222

: - 1.028 10 400
Fig3-4. SAD pattern from (Tip70,Alo30)N 0.936 . 0.944 30 441
film which is deOSith Without ion 0.913 m 0.919 30 420
bombardment. 0.831 w 0.839 30 422

0.783 w 0.791 50 333
vs:very strong s:strong m:medium w:weak

Fig.3-3, Fig.3-4IiTR L2k DT, R4 2 ORE & WS BERNZETE
ZOERE Lo B8 BREZ(IEY (T ALINDO B RITARRETH o 72,

3.4.2 AF2E—ALRHNEFOEEDOREE

KIZ, EEEMEY (T AN ZERL, TORREERRSZDIZ, ER
AFE—LEZBHLENSGEET D, BEO1F 2 E—LXXBEREIEITL
T(Th-AlINBEEZER Lz, —H1E LT, 17> T3)VF—20keV, Enxtt
(TiosotAl 20) /N=2.0 T, ZHiE & L TTi-Al A& (Ti:AI=80:20) & L T
L 72(Tio.70,Aly s0) N IR D i ) ARREBA#REF 2 %2 SAD & £ H1TFig.3-51T7 7. Z
DSADM B EBHRAFUNBHINSE Z LI THEEITFEREL TWBE I &N
BATED, ZOLSITUTHREN-HERIT. BHOMERREGN S 500 A
LTOMERTHD, TNTNOHROHMIIRIZ>THWD, DT TD
EI3K2.1ATH O, TINOQOOHEDOEHEBITHL L TVEHDEEZ 515,
LENS>T AF 2 E—LZBE L5 ORIEL 72 (T ALONWEEL, 7'V
77 ADWDOHITE100 ADFKRNEBRICEEL THEBD LiEmI NS,
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Fig.3-5. A high resolution electron micrograph and SAD pattern of the (Tio.70,Alo30)N
film prepared with 20keV N ion beam at a transport ratio of (Tigso+Alo20)/N=2.0.

KRIZAINEEEXIZE 2 TEDXD ITHEENET 2N ERANRDZZDIT, X{E
LI B T(Th AN BEZIER L, TEMBIZRICK > THEZRELZ. 1
F T RIVF—2.0keV, 8k (Ti AL /N=2.0 TxHEZ LS ETIERL 2
BD SAD % Fig.3-6(@~(IZRT, ZZIRT xfE@t.%)id. TEMIZHED
EDX n56ROZHDTH . TORNS x=0.36, 0.67 T B1(NaClB)BEZE
RLTWBZENDD D, ZHUITIN EFRBROETH 6. x=0.711272%5 &, Bl
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Fig.3-6. SAD patterns of (Ti;Al)N films at various x value prepared with
2.0keV N ion beam at a transport ratio (Ti;«+Alx)/N=2.0.
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Fig.3-7. Interplanar distances d3z for B1-(Ti;..,,Alx)N films prepared
at a transport ratio (Tii«+Al)/N kept constant at 1.0 as a function of

x value (= AIN content).
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FREE R R IR ALDYTE EBRAIRO I BB T 3 - &1 & 5 T TIN-AIN Bk
E1D. 3TEROWEEERIM(T AN & LTHEL TV B Z &R B,

TNEORREE S EICEET-AIN 3 TROMER % Fig 3-8 18T, RFICRT
BT, BT ORBESRITHT 31 7 OEIBTH 0. B O R
ERBHDITTII RN, x=0~0.67 TITZAIN N TIN IZE¥E U7z B1-(Ti, AloN OB
fH, x=0.71 TIIB1+B4 D 2H, TSI HEBEDx=0.84LL L TIIB4 B E /2>
TNBTENGM B, £io, ERINCHRTE 7= AN O TIN ~\OEERIZ, Bk
Tx=0.67TEBEETTHo%,

@®: NaCl
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O: Wirtzite

Transport ratio
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Fig.3-8. Crystal structure of the phase observed in the (Ti1xAl)N films
prepared by Ion-Beam-Assisted-Deposition.
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3.5.2 RFOIFT U
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Transport ratio N/ (Tlgo+Alo.20) = 0.50~ 0.53 N ion energy : 2.0 keV
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Fig.3-9. (a)Interplanar distances dap for single-phase B1-structure (Tioz,Aloso)N films
prepared at a transport ratio N/(Tioso+Alo20) kept constant at 0.5 as a function of N
ion energy. (b)Interplanar distances dag for single-phase B1-structure (Tio.70,Alo30)N
films prepared with 2keV N ion beam as a function of transport ratio N/(Tiotgoi'Alo.z()).
The broken line shows the corresponding value for bulk TIN>.
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Fig.3-10. Structure map for AB compounds with B1

and B4 structures by two band parameters ?%.
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Fig.3-11. A schematic load-unload curve for a material when indented with
a Berkovich indenter. This figure illustrate the elastic, plastic and residual

components of the total penetration of an indenter into the surface.
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Fig.3-12. Change in UMIS hardness of (Ti;,Alx)N films
with the various x value (= AIN content).
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Fig.3-13. Oxidation curve of (Ti70,Alo30)N film compared with

that of TiN film as a function of temperature.
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Fig.3-14. SAD patterns of (Tio70,Alo30)N film annealed at 900°C for 1hr

(a) before annealing; (b) after annealing.
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Fig.3-15. Change in SAD of (Tioa3,Alos7)N film by natural aging,
(a) before aging; (b) after aging.
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Fig.3-16. Considerable decomposition path of (Tig33,Als67)N film through the aging.
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Fig.3-17. SAD pattern of aged (Ti,Al)N film.
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Fig.3-18. XRD pattern of aged (Ti,A)N film.
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r-BN c-BN

h-BN w-BN

()
Fig.4-1. Structures of boron nitride. (a) r-BN and c-BN with a three-

layered stacking sequence (ABC ABC:*); (b) h-BN and w-BN having
a two-layered staking sequence (AB AB-**).

N5 DMz, sp? A O h-BN OJEH (basal plane) T®H % /NAME DOELD
CRAIME 2R WELBBEZLR Y RE-BN)AH 5P, J4Ud, h-BNETE
V77 ABN OHRUEAT, 7EIT 7 ABNMS h-BNANDFBKEEHZH DT
H5, Fig.4-2@)~(d)iZ Thomas 512 1L 5 t-BN DXRD Z/Rr9 ., Fig.4-2(a)
73t-BN, Fig.4-2(D)A5e41z 3 X TTICHAME L7~ h-BN TH 0. Fig.4-2(0),(d)
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Fig.4-2. Diffraction patterns of boron nitride illustrating the
transformation of turbostratic BN to the ordered-layer-lattice BN.
(a) turbostratic; (b),(c) partial three-dimensional ordering;

(d)“complete” three-dimensional ordering!?.

BN 3RITTHNCHAME L 7=BN Th 5, THIZHE BENEOER ST
DEFEIGIZ L ZEFE N -BN bHETINTNE D,
h-BN & ¢c-BN, BIUHBOZDIZY 1 VE> RO#ERMEZ Table4-1 12w
T, 2O THc-BNDOEROREHII, Tabled-1IZRTLIIZ, FA{VEZ RITK
SHEEZRTIETHDHD, BERE 600W/m-K(1.4cal/cm-sec-K) & 22,
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Table 4-1. Physical properties of h-BN, c-BN and diamond.

hexagonal-BN cubic-BN Diamond

Structural data

crystal structure graphite like zinc blend diamond

lattice parameter (A) 6.69(a-axis), 2.51(c-axis) 3.6158 3.567

atomic distance (A) 1.45 (nearest B-N) 1.57 (nearest B-N) 1.54 (C-C)

density (g/cm3) 1.9 3.45 3.52
Mechanical properties

Vickers hardness {(kgf/mm?) 200~400 4500~8600 10000

Young's modulus (kgf/mm?) 3.5x1010 7.12x 10" 1.08x1012
Electric properties

dielectric constant (at 1MHz) 3.5 6.5 57

resistivity (Q-cm) 1014 1010101 1916 -

band gap (eV) 3.4~38 6.0~8.0 (indirect transition) 5.45 (indirect transition)
Thermal properties

oxidation temperature ("C) 900~950 900~950 500

thermal expansion coefficient (1/K) 4.05X 105 (c-axis) 3.7X 106 2.3X1 06 )

melting point (°C) 3000 2700 up (vacuum) 4000 (triple point)

debye temperature (°C) - 1427 1607

thermal conductivity (W/cm*K) 0.18 13 20
Optical properties

refractive index - 2.12 2.42
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ABN(s) + 30,(g) = 2B,0s(s) + 2N.(g) + Q 4.1)
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Fig.4-3. Pressure-temperature diagram 2 showing some of the phase
equilibrium lines for BN and the P,T regions in which the wiirtzite and
zincblende forms spontaneously develop from the hexagonal form.
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Fig.4-4. Decreasing of implanted ions’ energy, nuclear
stopping and electronic stopping into h-BN with the depth.
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Fig.4-5. FT-IR absorption spectra from Virgin sample prepared
with 2.0keV N ion beam at a transport ratio B/N=5.0.

Table 4-2. Lattice spacing of SAD
shown in Fig.4-6 compared with

reported value'?.

Observed value t-BN
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Fig.4-6. SAD pattern from Virgin

sample.
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H 0., IRITTH AR E LTV Bh-BNOE R T 2 AREENZ2HDTH S,

ZOEIRFABHIR LT, BRA T2 OH%E 1X10%~1X10%ons/cm2iEA L
T, TOMEHOMET 2 TEMBEZ LI L THEN-,

4.3.3 ZBRAFTDOIFEAR

ATIH4.3.212" L 7= BN#EBEHEHIH LT, 1 F > TR F—20keV OEFE A
FUE—LDRHE, AFANAE O ERITH LU TEEAHN) THRHLZED
SAD %%, Fig.4-7~Fig.4-10 127”7, BEEN 1X10' ions/cm? ORED SAD
% Fig 4-712, T OfENTHE R % Table4-3 1277, ELEBEZE/ILFRTEREBN)O
BHTE—MNBENBEZENDND, CORKNETIE, EHIIZEAEHERL
ThigWwEEbLNS,

Table 4-3. Lattice spacing of SAD
shown in Fig.4-7 compared with

reported value'?.

Observed value t-BN
d(A) Int. dA) hkl
3.6-3.7 s 3.56 002
217 W 2.13 10

s:strong w:weak

Fig.4-7. SAD pattern of BN film which
is 1x10'ions/cm? N ions implanted at

20keV into Virgin sample.
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KRIZHRE E% 1X10Yons/cm? 12 L 72K D SAD % Fig.4-8 12, & DENTHER
%z Table4-41ZRT ., TZTIXh-BNORIHFTE—TNALN, EFR1 T > REHC
KO sp? i & L7z t-BN Off LS, ¢ BHRO 3 RITHfERIEAEA
ZeOEEbhb,

Table 4-4. Lattice spacing of SAD shown in
Fig.4-8 compared with reported value *.

Observed value  JCPDS 34-421 (h-BN)

dAd) Int. dA) Int. hki
3.33 VS 3.328 100 002
217 w 2.169 15 100

2.062 6 101
1.818 9 102
1.664 6 004

1.551 <1 103
1.320 2 104
1.25 w 1.252 5 110

Fig.4-8. SAD pattern of BN film which ~ Vs:very strong  w:weak
is 1x10"ions/cm? N ions implanted at

20keV into Virgin sample.

EHICHHEEZ 5X10Yons/cm? I L7258 D SAD BRUBTH R %,
Fig.4-9 & Tabled-51ZRT . ZDHFAIIC-BNIZEL —FT BEHT U > T 0HER
T, ®E-SROFEHETHS c-BN D
RN EATE ERDNS,

Table 4-5. Lattice spacing of SAD shown in

Fig.4-9 compared with reported value*?.
Observed value JCPDS 35-1365 (c-BN)

unknown
dA) Int. d(d) Int. hil
2.09 Vs 2.087 100 111
1.82 s 1.808 5 200
1.49 m unknown
1.29 s 1.279 24 220
Fig.4-9. SAD pattern of BN film which ;5 - unknown
is 5x10"ions/cm? N ions implanted at ~ 1.10 w 1090 8 3t

20keV into Virgin sample vs:very strong s:strong m:medium w:weak
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HREZ I SICEMEIET1X108, 5X10, 1X10%ons/cm? 2L L /-5
G ® SAD % Fig.4-10@~@IZ. T O@EHTHERZ Tabled-6 IZ/RT . BHEEN.
1X10%ions/cm? A E DB EITIEASKIT c-BNDOEH Y > FNR 62 Z &I
ADDIFBZWA, c-BNOEH Y > 7 OMENEL /20, [ FoEO0LTVWBE LD
WKEOLND., BEFEHOMEDH LD THIETERVY, ZOXDiIT, BREZE
BRLEZERZED T, c-BNOEERNE L B> THEHDLEDND,

(b)

Table 4-6. Lattice spacing of SAD shown in
Fig.4-10(a)~(c) compared with reported

value®?,

Observed value  JCPDS 35-1365 (c-BN) ;.

d(A) Int. d(A) Int. hkl
2.39 m unknown

2.06 vs 2.087 100 111

1.80 s 1.808 5 200
1.47 m unknown

1.26 m 1.279 24 220
117 m unknown

(c) 1.09 m 1090 8 311
Fig.4-10. SAD patterns of BN films which 1.04 w unknown

. ; .. 0804 2 400
are (a)1x10"®ions/cm?; (b)5x10*ions/cm?;
083 w 0830 3 331

(c)1x10%ions/cm® N ions implanted at  Vsvery strong s:strong m:medium w:weak

20keV into Virgin sample.
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INHLOFREID, c-BNED
HDODERENL, R _ETOh-BN Table 4-7. Lattice parameters and compressibility

- 52)
mootEmEEL TanT BN
- - - = = P(GPa) a/a C/Co
0.45 0.9989 0.9821
— —h- —C— 7R

Tt-BN—h-BN—c-BN &A% 1.23 0.9979 0.9641
PEREISTWABDEEZS 2.5 0.9968 0.9461
4.4 0.9956 0.9282
ns, 6.8 0.9944 0.9102
) _ _ (10) 0.9931 0.8922
Fig.4-10@)~(@)iZid c-BN iZ 254090 b.o5.6612

LBEHY TN, KREE

OEFY T Dty FIEEINTVWS, ZOEFTU > 7Oty M, HREE
FTOh-BN OMERRIFERET —F B L T alfif % 8%, c k% 28.5% &
WL BAOEF /NS — > OFBERREE L —B L7z, ULH L, 30%iE < EHM
LZBA, BESD EOBBEHRT 2 EI3BIR W, £z, KEFY 70
RENFERETH D, HEPTHREICAE END 5 h-BN(Tabled-42 ) & 1348
BNKETES,

X512, Tabled-7ICRT LI, h-BNOBEEEBROHKE? TIL, ¥10GPa
DEHFTatilidf 1%, cEiIN IIXBELIERLRZNI ENHN>TH
%, C-BNHAEREIND Z &I K> TRETHIEBRHONTERIGTTOKRES
13, RESHAES>TH 10GPaBEELEZILNEHDT, ZOY I INRF—F
h-BNOZELEZdDTH B EFEZIZL W, ZOEFNT - IOV TE LI
FEHICERT B,

BEAZBROEMIOZDIZ, BEZLTHWARWSIEREHIZ, 20keV OE
#1422 % 1X10" ions/cm? R4t L 72F D TEM 88D, EDX T & B b0 #r
HER%Z Fig.4-11105R9, TEMREHZIZ, ER D Si DT, #69at.% D Fe &,
% 21at.% D Cr, ¥4at.% O Ni, HEOTiAMHEI Nk, JFUIFEIZ, SiER
DTRHBAT > LV AMSUS-30DN5DdDEBLN. Fig4-121T7FT K57
REETERA A 2ERBE@LREBHLEZEIIKD, ANV F Y TT
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2500
Element| at.% | Fe
Fe 68.9
w 2000 cr [ 21.1
% Ni 4.2
° Ti 0.9
= 1500 Si 4.9
3“. _Total [100.0 )
»
S 1000| Fe
el
£
500 I
Si
N \T‘N.‘/\‘T" 1 Y M N
0 1 2 3 4 5 6 7 8

Energy, E/ keV

Fig.4-11. EDX composition analysis of the sample which is
1x10”ions/cm? N ions implanted at 20keV into Si substrate.

TEM#EHZ Fe, Criz EDIRA
DRI ->7=bDEEZXBND,
[k D TEM #H# D SAD %
Fig.4-13 1. FOMITHER%
Table4-8 IZ/r9, Fig.4-13 D
SAD /X% —iINaCIBDCIN - |

Nt 20keV bomberdment

Yy =

HODHRICEBLDEEZ S /s e
N5, 25> L ZBEADEEA water cooled substrate holder
FIRADERTIE, CrINH 5 /

Si substrate

WiZ CroN QIR #RE ST
V) B 54~56)
Fig.4-12. A schematic diagram of implantation
U LAt s EDX TS eyperiments.
N7=#69at.% D Fe iZBIfRT 5

MDD WML mME. T
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Table 4-8. Lattice spacing of Si film
bombarded with 20keV ions compared
with reported value .

Observed value JCPDS 11-65 (CrN)

d(A) Int. d(A) Int. hkl
2.39 m 2394 80 111
2.07 vs 2.068 100 200
1.47 s 1.463 80 220

1.249 60 311
1.18 s 1197 30 222
1.03 w 1.034 30 400

Fig.4-13. SAD pattern of Si bombarded  vs:very strong s:strong m:medium w:weak
with 20keV ions.

HB, a-Fe, r-Fe, e-Fe(&EAM). Fe:N, FesN, FesaNDOWITNHELEITISAD
MOHERTERD STz, ZHUIK LT, ANDERA > OFEAEERS T,
Fe;:N. FesN, FesN OB E TN TS,

EHIZFe DEEICDVWTERZED D &, EZTEHD FeN H 5 Wid Cr 2E
m L7z(Fe,CrN DR RR END, ®ill, N HRZERTERERY FeN I
Haglund 512k > THE® N Tnd, FERER ETRINTNS Fe DL
£, FeoN, FesN, FesN @D 3fEE/ZAY, D FeNIICrN EFE&k D B1(NaCl
MEEZED, TOBTFERDL13ATCINDAI4A LD TEVWEINTW
%, E/zNakagawa 5%id, ZDFeNidBl Tid72< B3ZnS)EBETHHEL
W3,

Fig.4-13THR S N /T — NIE N fcc LT TE D DT, T TIEIBL
(NaCDHEiEH 5 WIEB3ZnS)EE EE X, FeNOEHREEFRE Lz, T T TH
TFE$a=4.13 A, Fe BLUN ORFHELRFIZ Cullity DfE? ZER L7z, &
SNEHFEREFREICDONWT {111} 0@EZ100& U TEEEIZ Lz b D %2Fig.4-14
IZRT .

Bl &EB3IOEBHAEEWVWT Q00N LA EHFREICHN S, —RHICEED
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Interplanar distance, d/ A

«+ 3.0 25 20 15 1.0
140 ¥ ll LELIL] | LB | 1 1 1 T | L] 1 1 i 1 T
200
120 } U .
B B1(NaCl) type structure
E 100 } B B3(ZnS) type structure g
7]
§ 220
€ 8 - ] i
(]
2 60
ot - . -
< 311 |
o 420
40
222
20
0 ™1 T T T A L
6 12 16

Ring radius, R(=LA/d)/mm
(LA: camera constant = 19.4)

Fig.4-14. Relative diffraction intensities of FeN normalized to the {111} line.

XRDTid#E BECA78 S K > TEEHTHIRE O R/NMIFEHA R 5 N5 DIFHEET
13H B DI, Fig4-13ICR5NB /Y — % Figd-14 LT SH L, B3KD D
BlLIZ&EDIEWEEZEND, DD, FlREEDH 5 FeNid, BIBEZRT
FeN & L TOHFEDREENEWEBRENDS,
INSOERNS, FeldROLIBREBTHEAL THD ZENHEREIND,
(1) SAD T TERK DLW CrN ERXFITERNWZDIZ, Bl-FeN O
THRELTWS,
(2) (Th-AN DX 512 FeN-CrN OE#HE e, CroN & UTHFEL T 5,
(3) SAD TIIHERTERWT BN T 7y ADHETHAET 5.
ZDEDITA33HEITRLEZBEAOERT, 81T HEACHE, ERFIN
5 —n 5D Cr e Fe DIBANEE TERVAD, BEAIRKL> Th-BN» 5 c-BN
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NOHEBNEI > TNB I EREETHDEEALGNS, EL, ZOHE
BRI, CroeFe M & UTBWAEOTIRRZLNEND RRNES., —RIT,
c-BN OREGRDOFED 5 W TENERICIE, MEELTI~TEOSED
2{tM(MgsN,, LisN, CasNy). HF7ZE{#(MgsB:Ns, LisBNz, CasB:Ny7ix E
HHINTIIN S92, CrFe 2t s UTHEAUZBE RN, LALR
NH, TENRYIVES ROBGESRKRTIZCo. Fe, Mn, Ni, CrizEDEH
SREITRIMEE U THERSNTNSD, Lizdio T, CreFel%d Lbc-BN
BROMEE L THWTIINnENnE, HEXTERWN,

WFNIZL TS, ZORKRID 2.6 HiTRLZEBIFEMB O TEM 8 DR
FHER, BIED(ThH AN HEDOBIED X 512, BRI 5) TOREICIIE
LTV 4.3.3HD K D aRFHMICBISNEADERIITES 2N &40 0D,
BEADERTIL RIS —0 5 ORMY DIRAICH U TOERBSLETH
LT ENEMEND,

4.4 IBADETOERAT A HBENCXK 2 BN EED AR
4.4.1 FEANE

BENMNS/22 BN Z, IBADETEHRT 5I2iE, BOEKEELFRIC, BF1
FoEBE LS sizn, LML, EBORBEIZIE, 13> nx)VF—&
BEL E VWD RRIE/N D A —F —INED LD ICEIRERICEE T 50 % LD
Xz on, TR, ZO2D0DON8F A—F—%LHEHICB(LEE, FT-IR
I2&o T, fEREN BN OB LML RIIT B ERN:,

4.4.2 (LERESHEOERELB LA F > )L+ — &k EFHE
Fig.4-15@)~Di2 1 4 > TR F—NENTH 0.2~20keV THIE L 7= BN #
BT, i B/N 28 L X B/ZBOFT-IR D AXY MVERT,
A F > TRILVFE—NHBHHEN, 0.2~1.0keV (Fig.4-15@~(@) DWW TN D1 F
IRV FE—TH, ikt 3~5 Tk, 1380 cn M I B-NH#E— NICHB T %
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BN
5
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2000 1800 16.00 1400 1200 1000 8(.)0 G(.)O 400
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LI DL | L

L e LRSS M ey |
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Wave number, k/cm-1

Fig.4-15. FT-IR absorption spectra at various transport ratio B/N with N ion
energy of; (2)0.2keV, (b)0.5keV, (c)1.0keV, (d)5.0keV, (e)10keV, (£)20keV.
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-2 &, 780cm IZ B-N-BZEAET— RIZHIET 2 E—INA 5N, h-BNH
HZWE-BNTH D EBZ5ND, BEHLN10 T, ¥1300cm M IZBRZS 5,
B BAITIIZ00Ocm R E T O— R E— I RR LN/, AT FIVERM
5, i3, h—BNODB—Nﬁ‘%Eb— RIZHINT B EZEZEND, S HIHXLE
EF T EE—S li“/j MU, E2EB/N=20T1100~1200cm™ Z HL.0IZ,
Mz To—RiaE—rNE 5N, LML, 0.2keV & 0.5keV T, Xl
B/N=20 @ BN # i3, REHRAKICED HURLATRBELEDZ. 2003,
AF IRV F=DNENDIT EREBEREDIF I D THRMNNE NS
ThHHEEZ NS,

A4 F > TRIVF =D E N, 5~20keV Fig.4-15()~0) THRIE L 7255,
TR ILF—(0.2~1.0keV) THUB L 7= BN #lE & F#IC, #%t B/N=5.0 T,
h-BNIZA¥49 % 1380cm™ & 780cm ic E— 7 R 51, #ikks EiFTn<
IZDNT1000~1200cm ZHLE LMD 70— RE—2IZy T MLz,
A F > TR FE—2 K keV L EOHEITIT, FBEZIRSNT, 1A E—LD
FOUTHRIZEOEENTEMLTNEBDEEZA NS,

Fig.4-15(@)~OIWRT AR RVHFT, BICH%L B/N VNS WHEIKIE,
SP2FEE D BN R INTNE EEZHNDS, TNHZRTHS &, E—-J#
RAZMEL TV B OPBERTE %, BRIBOEIIZ, B-NH O mil 7 1 MR
DEE DFEET D DIEN D TWDB Z EIIHIRT B, £/ E— U A& OEREEAIN
D7 M. B-N O SHEBORM, bbb RARENO B-N#EET
DR IBL TS,

Z D& D IR TR 5 RIS EREDELH 5 . FT-IRDAXRT
L ETiEsp A TH, h-BN®H B WIIt-BNO L DI, #HEEDEGVWAEZ -
TVWEHDEEZEZLND LML BETZAFNEEA T2 DADHE TR,
Fig.4-15@)~MIZR L& D1z, L@ sp A D c-BN &R 1065cm™ DR
Re—7idR e a7z,
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4.4.3 BEOBMRELLBIOAL I IV F—IKENE

X—TEEORFEIZLD, 17> TRIVF—210.2~1.0keV ® BN DR E
%3HE L7z, Fig.4-16 2 DRERRERT. 272U, HIEEL 72 I /2R
ENHIETERNED, Fig.d-16 DREN SIRIMOBWE, HHsH905L>
2. 20X — TEERE TIBI%ILIC R U TEENEL, FT-IROARY Ml
PEE & & BIBET BRR(FIgA-15) EHH L TW S, 1 F > TRILE—M
1keV T, #gEtk 20, 30 OEE T, 3500kgf/mm? LA LOBEZFEDOBE D
5NTW3B,

KT, Wk EB/N=20ICEE L, 14> TR E— 22X BB OMED
BRI L 7. Fig.4- 1710 ORERREERT. A F > TRV F—0lme &
BIEEIIE <720, 1 4 > TR R —h5ke VEE THRRIL TN 2 EW0D 5.

4000
o
£
£
'S 3000
-z
>
£
3 2000 ........
]
C :
©
“6 +
< O 0.2 keV
a 1000} ¢ ® 05 keV |
S * 1.0keV
c
Y
0 10 20 30 40

Transport ratio, B/N

Fig.4-16. Variation of Knoop hardness at 10gf load
as a function of the transport ratio B/N.
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Fig.4-17. Change in Knoop hardness of BN films with
ion energy at a transport ratio B/N kept constant at 20.

Fig.4-16, Fig.4-17ITRT KD IT, EF 14 2 RN TO mEEDBN#ERN
5NBZENGS, Figd-15 DFT-IROFT—# THASN/ 1100cm™ 35D T
O— RABE—27E, spPPHADc-BNTHLHA[EHEDEZEZI LGNS, LT, ZTOXK
SRERZE, FUFEBRERD 5 VIR RBRE LRI EITT 5. FURIBE
BOBE-FECOVWTIE, SHRBLETHIHRT 5.

45 IBAD{ETOER-7IVAAREA AL 5 cBN#IRD SR

AF D E—LEBEERICLDRET. 11 > E—-LAORRAERILICEE SR
RFTZEREILHASNTVNEZ ET, 3A2IHIIRLAEL D IZ(Th AN DE
BRTOLHSNTH B, &I AT, Aisenberg 58 [IRFEEDOERT. A
THAFT D E—LWRBEIF U ETOHELOD  TNI A F L 2EGSE
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FHNEESCEHENRIFRBENMESNZEMEL TS, I TEHAETS,
BRAF TN AT ZEAI R TCTHEEZER L. ABE 5L 258 %
A A

4.5.1 RIETOEFBREDHE

BBREELTKMERFNSY —Z2EAL T, BRTOREBEZHATZ, 205
&, BAEHADN/Ar DR E—F(60%N; + 40%ANIZ L TA F Ld &, o
FOIRINF—bEELEEE, @kl B/ NTANZ LS THRIEL 2.

FRIE L 7238 D FT-IR DR DO —H % Fig.4-18 12" T, ZORICIT LD 7=
DI, BRAFTDOACEDREOHREBHETRLTWS BRAETAZERAL
B, Ekh B/ (NFAN=1.0 DHAITh-BN O E—27 OIEMZ, 1100cm™
FHEWZ c-BN DfL#ER ZRTE—I BB 5N, ZOc-BNOE—IE, £HF1
FURETOHARITIIE LN > DTH S,

h-BN c¢-BN h-BN

A B

N+Ar

N only

Absorbance (arb. units)

2000 1800 1600 1400 1200 1000 800 600 400

Wave number, k/cm-!
Fig.4-18. Effect of ion species on FI-IR absorption

spectra of a stoichiometric BN films.

72



UL, ZHERBOIERNT A—5 —THRIEL TH. SIEROR O M52
I B30 U & BRI 5 — DD T IR RN 5, c-BNA
DY -2 BFHRERLBBZENBHD . 2D T E A5 REEE DL
DEETHS EFHINE, ©IT KGRI S —2ER L TORBTS.
BN A BT & 3 4 ORBERES, F—FE— LR L TRAREER,
200C LA EIZT2 > TWB Z ER M- Iz,

E70 BOH A B U TR S NI, FRISEEN 5 HBAH 5 N2 T &
DB, TN IAT I BEREHDRENEZ BNB. TOkD, HIEK
ML, HOREME c-BN ORI FRBON Y 7 7 — LA o) & LTI
4.4 THRAT R FBEE 2 KA TORB B RA, |

Fig.4-19 228 F 1A > DA TERLEFURBEIRBDO FT-IR AR ML, B
KUEAHAA F L D20 LB L7 c-BN B0 FT-IR 227 ML O
T, TAUD IR 400C & LI RIETH B, o FmE B
B/N=30. 1 F > T )NF—10keVOBHDTH 5, c-BNERDZRZ kL2,
Z ORI RBEBOARY MUAEENTOBBOEEL SNBH, £ KB

i ¥ I ' I ' 1 LI

h-BN c¢-BN h-BN
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= { { {
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'E B-rich
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©
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Fig.4-19. FT-IR absorption spectra of c-BN film and B-rich film.
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BEBATEIEICL>T, BREAWMBR I 572 o, ZOXI R HEB
FEFBACLLSHEEEOMN LIZDOWTIR, B5EBTHMRRS, DT
FT-IRAXZ MUE, TRTCZDOFTRBEEZHFEALEZT—ITH 5,

ST, Fig.4-20. Fig.4-21iZid, RIRBENENTN 300C, 400C. 4
SIFIF—1.0keV T, Bk B/ (NFAD Z2 KB HICBL I B -BE0, #
O FT-IR ARY RV ERT,

s REEDBNM-BNH 2 WiEt-BN)OE—27 &, c-BNDOE—7 DK E X ITK/N
EHBHDD, #iELB/(NTAN=2.0 % H.0 & Lz 2 HFE 0% T, KE
C-BNOE—73H 5N T3, Bkt B/(N+AN=4.0 ® & 3 72 LB & W%
HTE®, HEFDOc-BNAHELSNTNB DR, c-BNERICHETIRNRS DB,
ERMBIC L > THBEORNMCHB SN LD THE EEL NS,

T 1 Y ] 1 LA |

h-BN c-BNI lh-IBl:l

P

B/(N+Ar)
15

2.0

3.0

Absorbance (arb. units)

2000 1800 1600 1400 1200 1000 800 600 400
Wave number, k/ cm-1

Fig.4-20. FT-IR absorption spectra at various transport ratio
B/(N+Ar) of films deposited at 300°C with 60%N,+40%Ar ions.
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Fig.4-21. FT-IR absorption spectra at various transport ratio
B/(N+Ar) of films deposited at 400°C with 60%N2+40%Ar ions.

KiZ#E L B/(NTAD=2.0 TRIEREEZZB(LS§ROT—F &, Fig.4-22
2R, 400CT—HFBRERCBNOE—INEENTNWEZERILI NS,

ZDEHIT, cBNOGHR TR B HBEDEENBETH S LN, TTIZES
DPIFEHEIZL > THRE SN TV AN B0 5 £ OB ATHARICIZR > TWRN,
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Fig.4-22. The effect of substrate temperature on FT-IR absorption
spectra of films prepared keeping the transport ratio B/(N+Ar)
nearly constant 2.0.

452 BEAFT > HOT NI EFERDOHR

YWD EEROZEERRD DI, BEHT D1 F 2 280%N+20%Ar& L
THIE LTz, EHRIBEIIFig.4-22 D 60%N+40%Ar DHEIT, bR E/Rc-BN
DE—IRHHENIA00CEL, £, 142 IRV F—-BRATC< 1.0keV EL
7z. Fig.4-2312 Z Q&M Tl th 2 2L S B8 OFT-IRARY MV &R,
60%N,+40%Ar DHFEIZHNRT, c-BNOE—J 3K ELRL, £/ BN
SENHEELLOHH BHE X TNB I ENDN DM, TIUTAr DR 20%
THEHATH T, 0% RBERIDPBRSLEBMBETHHENDITEZRLTND,



h-BN c¢c-BN h-BN
i } | B/(N+Ar)1
o~ ,
.fé’ M 15
c
-
o 2.0
| .
L)
'
[ <})
Q
c
m |
o]
|
o .
g xg 3.0
< 3
5.0

2000 1800 1600 1400 1200 1000 800 600 400
Wave number, k/ cm-1

Fig.4-23. FT-IR absorption spectra at various transport ratio
B/(N+Ar) of films deposited at 400°C with 80%N.+20%Arr ions.
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Table 4-9. Lattice spacing of SAD shown in
Fig.4-24 compared with reported values “9.

Observed value  JCPDS 35-1365 (c-BN) JCPDS 34-421 (h-BN)

d(A) Int. d(A) Int. hi d(A) Int. hi
3.33 vs 3328 100 002
2.09 vs 2087 100 111
1.67 m 1.664 6 004
1.26 s 1279 24 220
1.08 s 1.090 8 311

0.84 w 0.830 3 331
vs:very strong s:strong m:medium w:weak

Fig.4-24. SAD pattern of ¢c-BN film.
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Fig.5-2. Schematic diagram of inserting buffer layer.
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Fig.5-3. XRD pattern of B-rich layer compared with that of Si substrate.
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Table 5-1. Lattice spacing of B-rich film

compared with reported value 2.

Observed value  JCPDS 12-377 (metal-B)
d(A) Int. d(A) Int. hk
4.25 45 111

407 100 100

2545 70 211

2326 m { 2479 10 101
2.113 55 111

1.438 16 310

13-1.4 m { 1359 10 320
1.346 12 422

Fig.5-4. SAD pattern of B-rich film.  s:strong m:midium

3.7-4.5 s
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Fig.5-5. Change in UMIS hardness of B-rich layer with indented load.

5.3 HRUHRBRIEDOFAIZK S c-BN HEIR D LM S DFERD

MEE B ONEIR N ZRIET 2 HEIXNA NS H 50, AENERIEOHAE,
BRORONERDZ DR TH B,

BEEDOEMROERICHEE] DEEZREL . EORI FANIEH 0 BED
ETBE TOERIIMBEEROHHZ DL D, 2D ELEd/D<0.01T/hH
TVNELTERTIZEMNF NS 25E RIFEEROFHEIZXD.(G.DH
£oT

= —0 (5.1)

E7RBW, ZZTEREROYVE, v, BERORTY VHTH S,

90



FIERFIZIZA00 CIREDOESMEZ L THWA DT, SIERKB ENMEBARIZL > T
L TUE S BANS 5. €070 RIEHTICEZ P THARRE ED600T
T IO E L, KD 2RIE LR SR D 5 %8 A THERA L,
. SUESITRIEEOR D % & D AE< TB2»ic, EE 2004m Qb THE
WSz N—2ER L, TUTHRERICRD OfhE%, MstNOREH I3
UNEIIFT  — 7 01— & SE-40C) THISE Lo 2O —Hil& LT, FRIHT &5
BHTORKOK 0 2 M L7 0% Fig.5-6 R s . BN TIRERITIEE A
BV TH % DIk LT REHIEA = < LI TSR 72> T3 2 &2
KSADBH, TNH 5B S RERENIRAEL TS bDEZZ 5N,
ZOMBOHENSG.DRICK > TBHEFEL =,

3 1 T ) I ]7 17|: I' I',
after ! fil

E ol T T ,1 %
3 . E
\ ) 1]
L. 5 !
P N N T4 N
g | i '
)
© :
2 OfF - A/
[T : ;
= i before
Yo : .
= | SN & 1ﬂ ............. ST W J
lg
5

7, SRy i R S Y SO SIS ST S W -
S

3 N R R N T T N

5 4 3 2 1 0 1 2 3 4 5

Horizontal distance, d/ mm

Fig.5-6. An example of Si substrate bending before and after deposition.
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Fig.5-7. Compressive stress of the double-layered BN films as

a function of the transport ratio B/N of inserted buffer layer.
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Fig.5-8. Decreasing of compressive stress of the double-layered
BN films with the thickness of inserted buffer layer.

93



5.4 WG A c-BN EE DR

Fig.5-9 104 — ¥ t BFHMEAES) TRD=, FURBRFHBRFEALE
c-BN WD, FE 51 OMBEAVHERERT. SIEKR LICK 1500 ARRED K
DFBETHB, X 51220 LIc3500 ABREDC-BNENH 5 ON MR TES,
T FBRPREIE. AR B/N TR 10BETHS. c-BNIIB &ENMEE
11 T{ERBRFRICE > T 5.

B & SIERORTITIE, F500 ABEORERAEIHRTE S, ZhH
L3 TRN2A F > E— AKBRBZEORBD 1 DOTH 5. RERABOES
#1500 AIBER, BEINEA AL ORBITHL L TWS, FYRBETHED
BAEIZIT, 10keVDEBRA T E—LEZFRAL TWADT, T REFNRIFT
STEN, BWEEENESN TS bOEHERIEN S,

¢-BN B-rich

3500A 1500A Si Substrate
- - e

100

[+]
(=]

D
(=)

20

Relative concentration (at.% )

0 100 200
Sputtering time, t / min.

Fig.5-9. Depth profile by AES analysis of double-layered
film deposited on Si substrate.
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Fig.5-10. Change in UMIS hardness of double-layered film

and Si substrate with indented load.
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(a) c-BN film without buffer layer (b) c-BN film with buffer layer

Fig.5-11. Surface morphology of c-BN films observed by optical microscope,
(a) without buffer layer; (b) with buffer layer B/N=30.
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(a) only buffer layer
imm

(b) c-BN film with buffer layer P
imm
Fig.5-12. Effect of buffer layer on adhesion strength of c-BN films deposited

on WC-Co substrate, (a) only buffer layer; (b) double-layered film.

A7 5w FHEME 10mm, %0 #EE 10mm/min. TH 5, Fig.5-12 TBEES
(WC-CO)EAR LICRIE L 72D FIBEIE B KR FEEE+c-BNEED 2 &
v FREBEONAFEMFEFREE T BEIRBEL 2 EBDNDE R TOREZ,
FEEME U THEL 2, T OfR%ETable5-21C X — THHE DR L TRT .
FURBEEBOEED, NURRBRE+c-BNHEED H £ OEENITENZ
WZENS, FURBEEEZHEALZC-BNEEIL, BEZc-BNET., BE
ERUZBEFHBTHEHSoTVWEHDEEZA NS,

Table 5-2. Knoop hardness at 10g load and adhesion strength for WC-Co substrate,
only buffer layer and double-layered film.

Sample Knoop hardness (kgf/mm?) Adhesion strength (kgf)
WC-Co substrate 1590 -
B-rich only 1680 ' 1.65
| B-rich + ¢-BN 3530 1.90
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Fig.5-13. Effect of buffer layer on Knoop hardness and
adhesion strength of deposited BN films.
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