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Study on Yttrium Borosilicide

Abstract

During the investigation for developing an YBes single crystal soft X-ray monochromator, two new binary
boron-rich borides of YB,s and YBsg were found. Other heavy rare earth element atoms can replace yttrium of
both YBys and YBso. A single crystal of YBsp could be successfully grown as YB4;Si;» by the floating zone
method with adding a small amount of Si. Based on this background we started a group for investigations on
rare earth By, icosahedral cluster borides naming as the boron-rich yttrium borosilicide (YB4,Si; 2) group.

Section 2 reports search on new rare earth boron-rich borides. In the past half-decade, we could find a variety
of novel rare earth boron-rich borides. REBjssCN, REB;C,N and REBygsC; are homologous group of
compounds with B4C. .In their crystal structures B octahedron networks are firstly found to coexist with By,
icosahedron networks. In the crystal structure of RE;B»Si33.5, both Bj, icosahedron bonding and Si-Si
bonding cooperatively form a boron framework structure. In the ternary (quaternary) Sc-B-C-(Si) system, many
new compounds were found in very narrow composition region. Some of them have a very complicated crystal
structure; success of single crystal growth helped phase identification and crystal structure analyses.

Section 3 reports growth of high quality single crystals of refractory compounds, where the traveling solvent
floating zone method was effectively used to reduce sub-grain boundaries in the crystals. A relation between
mass of a dominant flux element and crystal growth rate was investigated on the setf-flux floating zone growth of
transition metal diborides, which showed that diffusion velocity of the dominant flux element at the growth
mterface limits the maximum growth rate.

Section 4 reports bulk physical properties of borides. Boron-rich borides with Bj, clusters are basically a
semiconductor exhibiting variable range hopping conduction. It is firstly found that TbBsy exhibits anti-
ferromagnetic like transition. TbBps also showed similar magnetic transition. It is indicated that the B,
icosahedron mediates magnetic interaction between rare earth ions.

Section 5 reports surface properties of transition metal diborides. Surface phonon dispersion relations of
ZrB,(0001) and NbB,(0001) surfaces were measured by high resolution electron energy loss spectroscopy
(HREELS), which showed that a strong bonding between metal and boron contributes the formation of ZrB, in
addition to the boron-boron bonding.

Section 6 reports surface structure of diborides and stability of the structure of AB); cluster. Surface structure
of clean surface of HfB,(0001) formed above 2000°C was investigated using impact collision ion scattering
spectroscopy (ICISS), which showed that extra Hf atoms are just like adsorbed on the clean Hf terminated surface.

Section 7 reports preparation and characterization of nano-crystalline diamonds. Nano-crystalline diamonds
were synthesized by using 13.56 MHz low-pressure inductively coupled plasma (ICP). Surface morphology and
crystal quality of the nano-crystalline diamonds were characterized. Bonding state of carbon atoms was also
investigated by using Raman scattering and HREELS.

Section 8 reports magnetron sputtering synthesis of BN thin films doped with Eu, Tb and Tm and emission of
visible lights of red, green and blue from the films, respectively. Increases of photo-luminescence (PL)
intensities of Tb-doped BN thin films were observed with increasing substrate temperature and decreasing
working gas pressure. Appropriate plasma power condition could give the maximum PL intensity.
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Table 2.1. Crystal and Intensity Measurement Data

Crystal composition ScBio2Sigas”

Crystal system Tetragonal

Space group P432:2

a, ¢ (nm) 1.03081(2), 1.42589(3)
¥V (nm®) 1.51511(5)

Structural formula SC2A25'2B12'B20‘6'SiQ.41
(Chemical compositionb) (ScBjg7S1g.13)

Dx (g/cm? 2.610

Dm (g/fem”) 2.635

A 4

u for MoKa (em™) 10.43

Crystal dimensions (mm) 0.35 x 0.35x 0.25
Reflection measured 0<h<16, 0<k<16, 0</<23
26max 70°.

NR¢ 1965

Nvd 131

a Obtained by chemical analysis

b Obtained by structure analysis

¢ Number of independent reflections
d Number of variable parameters

ScBioSigy DfG mutElE % ik 3 2 ML R+ D
FAMI28HY, TDHH B 24, Sc M3, Si
N1 Thd, ScBeSig, Dft faiEIEIL, — kD%
20 @R ZAF —PEERE THRAEEICEHLT
TETr By RS TAZ—L T, RUREHKE
EEHOLY, FTORBIZ Se BETS, LT

i e

i s

Fig. 2.2(a) B}, icosahedron linkage in the ScByoSig, crystal
structure. 4 unit cells projected on a-b plane are shown.

Fig.2.2(b) By, polyhedron linkage in the ScBoSip, crystal
structure. 4 unit cells projected on a-b plane are shown. Bridge
site Si(black) is also shown as black circles. Only about 1/5 of
the Si sites shown are occupied.
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Table 2.2. Crystal and Intensity Measurement Data

Crystal

silvery metallic parallelpiped

Size 0.14x0.14 x0.18 mm
Crystal system Orthorhombic
Space group Imam
a, b, ¢ (nm) 0.56829(2), 0.80375(3), 1.00488(4)
¥V (nm®) 0.4590
4

VA

p for MoK (cm™) 14.54

Diffractmeter, scan mode Enraf Nonius CAD4, w
26max 69.88°

NGO wrique 574

N(param)efinea 40
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Fig.2.3 Perspective view of ScB;.,C, crystal

structure projected on y-z plane. Black circles

show bridge sites (B/C=0.45/0.55).
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Fig.2.4 Crystal structure of B,C (o~
boron tvpe).
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Fig.2.5 Schematic drawing of crystal structure of the homologous phases of 3T (REB;5 sCN), 12R (REB,,C,N), 15R (REB55Cy)
and B4C. The large and small polyhedra are boron icosahedra and octahedra, respectively; the large balls are rare earth atoms

and small ones are C or N.

Table 2.3 Structural parameters of the homologous phase 3T, 12R and 15R

Phase formula Z®  space group a,c(A) V(A®)  atoms’
3T ¥YB.5,CN 3 P-3ml (No.164)  5.502, 10.873 294.9 9
HoB,5sCN 5.588, 10.878 294.2
ErB,s sCN 5589, 10.880 2943
TmB;5sCN 5.580, 10.850 292.6
LuB;s5sCN 5.577,10.839 291.9
12R YB,,Cs° 6 R-3m (No.166) 5.623, 44.765 1226.9 12
HoB»,Cs 5.614, 44.625 1248 4
ErB,,Cs 5.624, 44.681 1224.9
TmB,,Cs 5.631,44.737 12287
LuB,,Cs 5595 44.464 12057
15R YB,gsCs 6  R-3m(No.l66)  5.649,56899 15727 16
HoBjg 5Cs 5.638, 56.881 1566.0
EtB,gsCs 5.640,56.868  1566.5
TmB,g sCy 5.622, 56.649 15509
B,.C B1,Cs 3 R3m(No.l66)  5.601,12.073  328.03 4

*7 is the number of formulas in one unit cell.

asymmetry unit cell.

®The number of independentatoms in the
°All nitrogen atoms in the REB,,C,N are replaced by carbon atoms.

RSN THLLERERSTHY ., 3,4, 5D
FEB AL U CHEMBENORBORIL 3, 12, 15 &
BB END, FTNENE 3T, 12R, 15R LY
5, TBIURIFENEN Trigonal, Rhombohedral
BRT, TNENOEE/ T A —F—% Table 2.3
IZ7~9, Fig2.6 & 3T fiE (ScBssCN) D&

BEEFEMESRERT, @QITBEFRAFTIM001],
OIX[010]1TH B, HHFICHALEY I 2L —v
a L OFIGIRY, OETIE, 3 BEIKEY
ay bR MR, ZORBIZH TERFRA A
TWAZ EZRLTVNE,

BLRZEV DL, & BIZ[B+C)/[RE]D &R &
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AT LI, FMEERTOA>THBBORIZE:
Bh s B12 20 kT T A Z—BOEN, 3%
FORADRVE, 12R OFERB X)), 4(15R), 5, 6,
9 Lby, B—kAWHEE LTiE, By HER0
ST bOD, BREEAME L TTIIZEARTREESH
5T LERLTVWS, B 132 DOFERB)E DA ERR
KIZBROTZHDTHBND, TORDWHI 55
BRMLARETHLDIISATHEELE XS,
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;,"b,,\ 232
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Fig2.6 HRTEM images of ScB,;ssCN.
Simulation images are shown as insets. (a)
EB incident direction is parallel to [001].
(b) EB incident direction is parallel to [010].
Dark contrast layers correspond to Bg
octa(;ledron layer in which rare earth ions
reside.

A A

Fig2.7 HRTEM image of homologous phase
compound with a higher [B+C]/RE composition ratio.
Stacking sequences of 3(no numeral indication, 12R),
4(15R), 5, 6 and 9 can be seen.

2.5 REl_ BnSi33,5[13'“]

LW A TOF/mITERTr A RH L,
’é\,i 'GL:EA'ZH Ltz REB4lsi12 BLIK SCB]gSioz\ é
HIZIZZ DB D Se-B-C =R EE 7{bMic
Si ZMZ TR E LTHEREIEZ L0k
WTI, Si IR UVREFICHARAENTWBICT
ERWVWR, ZOHFLWHFLEFS Y X A{LY RE,.
B12Siz3, TlE, FURBHMEEL ., Si-Si ANt
FLTR2EOBEREEEZHIE-S> TV D, KiakeE
I LW A FOZEmK (2% R-3m) Th 5,
BT TEH % Table 2.4 (2R 7,

Table 2.4 Cell parameters for RE; ,B;,Si3 3,4

RE a=50&) <& V&)

Y 10.0798 164298 144566
Gd 10,0692 164460  1444.05
Tb 10.0747 163915 144083
Dy 10.0576 164100  1437.57
Ho 10.0625 163658  1435.09
Er 10.0467 163935  1433.01
Tm 10.0684 163096 143184
Yb 10.0947 164698  1453.47
Lu 10.0627 162966  1429.08

Yb ZERWT, A THFILERD 3l A DEMN
INEL BTV, BABEOEEL /NS 25,
ZDM. a b DL ¢ DEEBHNADOELE L
TW5, Thbb, BEEO fETOR/RIEAA
¥ (Tb,Ho, Tm) TiX, a K&, cliT/h&EW,
fnr, FEMED fETDOFH A 4 (Gd, Dy, Er)
TIXEDORBERIZZR D, Zhdfmt A4 D 8
FOREEITHED L DNE 5 NTHARE TR,



HEROBRIX S 2L LEELrT7 7Ty
J AETHBHAESICERTE, KT 5mm B
EORESORBHBETERTHZENTEL, B
FERFEIRATIL Y REE &R AV TTo 2,

Fig. 2.8 IZ(L10)HIZEE LTz YBi76Siae(FE 721X
YosB12Sis. ) Dt i &E LR, KRN Y 44
. /PR Si BRT, By 20 HKY T A —H
B c-FMICEB L TWAZ ERbnD, EEO
BNFr AR— R Y A AV BAD, By 20 @ik
FAE—L Si, Si-Si DEA LR LD,

Flg28 Structure model of YB17.68i4_5 (OI' Y0‘58B128i3.1)
projected on (110) plane. Large and small circles
correspond to the Y ion and Si atom, respectively.

Fig. 2.9 (2. (OOD)EIZIRE LTz 0<z<3.5 DOFaH
OREERT, ZOFMEIZ—2D By, 20 miET T
A —ENEEND, TNEN B, 20 KT 5 X
Z— >0 By, 20 kY T A X —ICHENEEA
WA LTWS, B 20 HEZ ZAF—@Ei Si
EFREA LN, By 20 @7 T AF—BARATR
ERAERZOFLO—BTILHD Si-Si fEEEN
LT, —2OBW-E TTHED B, 20 K7 T AHF
—E &P -TND, BEVE D By 20 ks 5
AF—HRILNB-BREESTORNDZ L3k <,

Fig. 2.9 Slice (0<z<3.5) of B;, icosahedral layer
parallel to the (001) plane.

A

Fig.2.10 Every other B,, icosahedral layer is connected
through Si-Si bridge

FTRT Si-Si BARENLTORND, Z0O¥TFE
Fi. 210 IZ37F, BOPLORT —|Z/->T5
Si IZEEEZ 4D Si WE4@mAEBICEERLTY
B, ZhiX Si B Si LEUHEARET, £
B, Z O Si-Si T — DS HERE 2.347A 13, Si &
B Si-Si fEEIEHE 23524 LIgEAE—ELT
W5,

2.6 Se-B-C =R E A Uik

RV IRE, FAR, BR2EB’MDY
ZRRICRD E, L ACHBRITERC Y,
HBESEPBTRTERUTNEEY ZRET S DIERE

ScB2

. 8cBisCos
II. ScBysCyg

. SeB47Co 25

IV. 8¢B125Co8

B41C

Fig. 2.11 Boron-rich part of subsolidus phase relation
of ternary Sc-B-C system at 1700°C.



5T 2B, FFiZ Se-B-C ZnRITEH T, &
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ECHER U7 B R OMAR I ScoosBi29C11 TH Do
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MAERP LR THL 0B L)1, EhOBED C
DEANZXVERTDZTH Sc 2R 7B Th
b, FEFIZRNET, MO =75% Sc £F vk
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D, fBEEERETE R, BREETAFTR T,
¥ % a, b=14.5501(15) A, c =8.9543(16) A, Z&
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—HRIZ By 20 IR 7 T A X —HAEEDOEARIZT
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Fig.2.12 Calculated XRD pattern of ScB17Cq.s.

ERIEDRIPFT Y - BELND,
HiERBRIZ, Si, Sn #79 v 7 A& LEGER
WIHEZ I V1T 27, ScB1:Coas WT{E DAL &
DOFEBHES, FZ ke RAADTOILEMT 5 &
R DOER EBFIZ, BT U BEE
0.lmm ELF D ScBi7Coas SHRME M AMERIC K E &
W, HIETEP, BUEN» S O RERIIRD L
TV, #HRESORMIX[001]FRTH S, o
IR - T, EFCEVREEREEZFoTNn5,
EEZD,

HiERB L OB SRERITOR T A —& —
% Table 2.5 {2577,

Table 2.5 Crystallographic and data collection parameters of
SeB17Coas

Crystal system Hexagonal

Space group P6/mmm (No.191)

a=b (ET) 14.5501(15)

c(R) 8.9543(16)

cla 0.6154

Volume (A%) 1641(1)

Z 12

fw 2321

D, (g/em®) 2.817

Applied radiation Monochrom. MoKa
0.71073 A

Absorp. Coefficient p (mm™) 1.25

Crystal dimensions (mm) 0.25x0.075x0.075

Absorption correction Empirical (¢ scan)

Data correction Lorentz, polarization

Reflection range 0<h<17,0<k<10
0<i<12

26max (°) 59.77

Total number of reflections 878

Unique reflections 878

Structure solution, refine. program SIR92, SHELX97
Number of variables 64

R [F,> 40(F,)] (for 661 F) 0.055
R1 [all ;) (for 878 Fy) 0.081
wR2 (F?) 0.165

HATREN OMST 22 080T Se 8 1 . B 28
18 ETHD, DN 12 D B T 2 FEHED By,
icosahedron (20 &2 5 A # —)&21E5, %V 6 &
DOBIEFTY VYA M THB, C ORIFENTH
DA, FEFEITHN, BRERMEE DL BT ED,
C BEHOY A b hD, BEEREEZREZLT
WAHZEEHF L, L, EEIZE 2 @0 B
TV VYA RN B L& C DRERALSARETH-
7

Fig2.13 (a) ()T, ENFI, c-HHFE. a-m
EORBBETSTVERT, cHBEERTRON
BE0, HBECa=—s EEEZLTVD, &
B R e iz L7z % By, icosahedron 73
Y B, EHICZEOIMU%E Sc BEY A TH
%, HEOKBEED BeB; WBWTHEINT
WA KT B oORRBEESHRE Sh TV 500,
ScB17Co2s AR TIX Z D BeBs DA ThH 5,

— 10 —



Fig.2.13 Polyhedral network in ScB,,Coas (a) viewed along

the [001] direction and (b) viewed along the {100] direction.

In (a) the pillarlike structure units at lattice points are surrounded by By, icosahedron ring and Sc atoms are outlined.  In
(b) the layers of By, icosahedron, Sc atom and interstitial atoms are depicted.

SoBj7Cons D FEMREEITERMEE bERX D, &
NITEOERNIE—BRATH D,

Fig2.14 |2, &FHAEES oo THY
FAERESE R R B LR, HOES T 6 D
B RAAREFESTVAY, SAKO—FD
B-B JEREIE 0.985A & (% @ B-B fE5 HEHEE 1.6A —
19A TP EETED, £ B YA FOLFAE
1 50%T. ERCKE 3 o B TZABEAE
STW5S, EBBZ HILB, ScB11Cozs FESR, —
B BREEEZERAICLEL ST, iU
SHIREEE, & 2 B ERVEmM Z R 2 Lo, T ORI
o=y MIFS L TODITENRNY,

Fig.2.15 = ScBy7Co2s @ HRTEM R & 000113
FO[11-20) 5 OB FEHT R F — &7 (a)
RV B D (a, b & [0001 TR » THFP L@’
b5, EEEEETFVERSBILIZA A —

Fig. 2.14 The pillar-
. like structure unit of
N SCBl7C0_25 runmng
e along c-axis
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Fig. 2.15 (a) HRTEM images and electron diffraction
patterns taken along the [0001] direction. (b) HRTEM
images and electron diffraction patterns taken along the
[11-20] direction. Insets show simulation images.
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2.6.2 SCB15C0,3[18]

BMHERSER CEEME UTHFELRHERL.,
ScBsCos ERELZH DD, ¥R XRD /N7 —
T TEEMTT B TERVEE, Se-B-C =

TERMRICEHR L), si #inic k3 FzZ dEHE
B RRICRB LT, FID T HEE L 5 =71% Sc
ZHR UL U CHREMRITS 2 F RN C& /-, Fig
216 IZBER LI BERo—6 %2 Rd,
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Table 2.6. Crystallographic and data collection parameters

Crystal composition ScB12.7Co.62910,03 (Obtained by
chemical analysis)

Crystal system Face-centered cubic

Space group F-43m (No.216)

Lattice constant (nm) 2.03085(5)

Unit cell volume (nm®) 8.376

Structural formula 19.3Sc- 10B12‘4(B10.7C1_3)‘

6B10'4(B2_1C0_91)‘4C‘ 1.4Si1
SCB12.0C0‘65Sio_071(0btained by
structure analysis)

4

Chemical composition

Z

Dx(gknn? 2.824

Dm (g/cm”) 2.819

u for MoK a (em™) 15.43

Crystal dimensions (mm) 0.30x 0.30x 0.20

Reflection measured 0=h=32,0=k=32,
0=71=32

26max 70 deg.

Structure refinement program  SHELXIL.97

RI 0.048 (Fo>40(Fo), for 941 Fo)
0.050 (all Fo, for 980 Fo)

wR2 0.126 (F2)

Number of variables 84

RIZAR LT L D ITH-TEE 20.3085(5)A DL
S5 (ZERIEE F-43m (No.216)) % & 5, BEHELIG
HALBAE ScBisCog (T, HEEMBAT 21T o et db D
FELARIE SeBi27Co.62Si0 os(FEIE IR AT 5> B 3K 8 T HLAR
X ScBi2.0Co.65510.071) L. 7Y Sc %giﬁ%—b\o H
FEiiE, Si 2BLMTRTHY, UTITE si &
SEAERTRRT S, ZOHORELED, 5%
TOLEWRFLIIA TETR TR LIl %
ANTWER, ZORTIEHEL DY A FTHLS S
B, BESAERSLZ b, LVEEREOL
3 & LT Scos3xB10.0-yCoarySiooss=(x, z 1% Sc B
IO si ¥4 b, MY EHTIDIA FOXKA
D&,y IV O»D B ¥4 MZBITBE B & C

12—
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HAANOMSI R34 b oKX 26 Th 5,
FONFRIE, Sc A b3, BYA 320, CH
A MBI, SidA 2 THB, 48D B YA F
X C EOBRAEERICR-,TWS, FEfEED R
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—IX 3 @H D, BEHRENDIZ, ZOEmTHD
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HE L THRY BEREEEBRT S, Fig. 2.17
e on SHEKT T AT %R,

Fig. 2.17 Newly found B, polyhedron.
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I TAR AR —DOD=y bR HBEEHEE
ZREL, TNOE2ERBERIE LT, o
BEOFRIREIT - T,

9, By 20 W7 T AF—I(1) 4 ETESN
HH8 4 EERZ T AZ—T1). BT By, 20 @k
TAZ—I2) 4 ATELGNDHE 4 TEY T AZ—
T(Q)B L By, 20 fifks 5 A Z—I1(3) 6 fHTIED
BB 8 Hfks I AZ—0)&EFE LT, ThT
n%& Fig2.18(a),(b),(cNWIRT, E£7. By LAY
TAE—% 6 ETHIORE 8 MKy T A ¥ —0Q)%
1E5,

T, PO SIQMBH Y, Zhi 4 BEERE
T B,CROMPED HA, HIZFDMANT 1(1) 4
fE2s 4 EAELEICEID BiiiES & 5, TR,

Fig.2.18 Configurations of super clusters in Scgg3.4Bio0-
yCo.174y9lg 0832 (a) Super tetrahedron T(1), (b) super
tetrahedron T(2) and (c) super octahedron O(1).

HHIZ 1(2) 4 EAMHEEIC 4 BARE THEOHOWT
W5, O()DHEITEMET, PO SIHABHY |



IhE 4 EEEEI CQOBERD R, SHIZED
SMAl%E 13) 6 2 8 mAECE THLY Hie, I3)IX
FBCANT L - ThH, HAKTDOWNTND,
TT AT ORL E BB OFRLICAMET S,
T(2)i%(0.25, 025, 0.75)8 L OZF D%l &1z, O(1)
13(0.25, 025, 0.25)B I I FOEMAITALET B,
T(1), T2), O()% 4 mEK, 8 MR TRL., sk
&% Fig. 219 1T %, OQIXEDEERLI,

|

|
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Fig. 2.19 Boron framework construction by super
tetrahedra T(1) and T(2), super octahedra O(1) and the
super octahedron based on the By, polyhedron which is
shown by its original form.
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2.6.3 SCB12_5C0_8[20]

AT Tk~ 7257 5 A O B B IZ BV T
SEH S OEEEAN DO RO b F MR
ScBi2.0CossSioor (IEIE — B & ¥ 72 FUBMEE % Bk
LT FZ SRR ERERAT L 2 A, SR
Wiz, MEROHEREITLE > 7 ZoDH LWED
Roholz, TREN, R, NF&%E L5
LV Sc-B-C-Si WinR{bEMTH o 72h, FFiTHI
Fd So-B-C = uRibEWE L CHLEMBRIETE
T&E, ZORTHRBORIEAIL ScBi2sCos
Thod, HamEERIT»O., XV EEIZ Scs.
Bs1y1Cs5, (=027, y=1.1, z=0.2) L ;2T Z & H T
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Fig.220 The powder XRD pattern of ScBiy5Cog
synthesized by solid state reaction and the XRD pattern
calculated based on the structure model.

ScBi2sCosg WEBEICHE 7= X 91z, f&HF & (25
B Pbam(No55)) %2 L v | B+ EHiX.
a=17.3040(6)A, b=16.0738(6)A, c=14.4829(6)A TH
D

R A R ARAT I W 7 R d o A S R (EPMA
BIFEIZ L D)WL ScB129CornSigon & BN H Si &
Eie, HiGmB X UERERERFITOE T A—
% —% Table 2.7 \Z7~"¥, BALIAPIDMSLARHF
O 18 B8 &, Aifﬁ%hfnk%ﬁ?m%
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Table 2.7. Crystallographic and data collection parameters

Chemical composition

Crystal system
Space group
Lattice constants (nm)

Unit cell volume (nm3)
Empirical formula

zZ

Dx (g/em }

Dm (g/cm”)

 for MoKa (cm™)
Crystal dimensions (mm)

26max
Reflection measured

Structure refinement program
R1

wR2
Number of variables

ScBi.9C072510.004

(by EPMA measurement)
Orthorhombic

Pbam (No. 55)

a = 1.73040(6), b = 1.60738(6),
c=1.44829(6)

4.0283(3)

504.23B56‘4C33,Slo.033

(SeB133Co 78510,008)

or 5c4.5.¢ 57-y+23.52
(x 027,y=11,2z=02)

2 772

2.803

14.0

0.18 (110) x 0.30 (110) x
0.25 (001)

70 deg.
20<h<27,0<k<25,
0</<23

SHELXL97

0.044 (Fo>4s(Fo)) for 5752,
0.102 (all Fo, for 9122 Fo)
0.117 (F)
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LWV M RBERICD B, TOZ_oDRES
Fig.2.21(a), (W)IZ/RT, B62, B64 4 FA3hA &
B &, By ZHEAEIZ/RY, B/SITI A MR LR

(2)

(b)

Fig221 The By/By polyhedron arrangement to the
icosahedra I2; the case of the (a) Bg and (b) B polhedra.

Ehd &, By ZlEICARD, BSITL A i,
Me—. Si DAV B A FTHD, L, Bk
FRMT NS ROTZV A b D EFERIT 30%I28 X3,
LG SIBEETIDILEBIZFDUIOTH B,
L7zd3> T, Si OEHEBERIT 3%ITRD0, T
LEBOSHEN LR Si BED 2 (FRE
o TLEY, EEE FLAL Si OEFEE
ZAMERRNDTHASH,

Sca 5.xBs7.y+:C3 52 DFEMRIEIEILX, By 20 HkY T
AH—THEDB ZODFE L1, L2 2% - Blicih > T
BLTWARBREEL LT, Bk T& 5, L1 X
B, 20 K7 A &F—13, 14, I5 & C65 [T —->T
YEB dimer” & TSN D, —F., L2 1. 2 &

I6 THEREND, L1 & L2 Oflic, 11 8A0,
ZoDREORSKREERIZT, £7-. ByBy £
HEIZ =20 L2 OFICAY . L2 REd2 k0T
W3, BAHENO L1 OB, z=05. L2 DT
BEiX, z=0.196 & 0804 TH%, B L1 & L2 %
Fig.2.22(a), (b)}IZRT,

a
8 »1' R g
T A e

AN A P - |
s i e 4
FH A, el A, ,,
b

Fig.2.22 (a) The boron network layer LI consists of
icosahedra 13, 14 and 15 and the C65 “dimmer”. Four unit
cells are shown as a projection onto the (001) plane. An
example of the connection of the icosahedron 11 to the
layer L1 is also indicated. The icosahedron I1 which is
sandwiched by the layers L1 and L2 situates in the large
openings of the layers L1 and L2.  (b) The boron network
layer L2 consists of the icosahedra 12 and 16. Four unit
cells are shown as a projection onto the (001) plane. An
example of the connection of the By polyhedron and the
layer L2 through the bridging atoms of B66-B70 is also
indicated. L2 sandwiches the B polyhedron and the
bridging atoms of B66-B70
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FTRTOD S B A bR, BLBOMIZTE 5%
Bz D, Scl & Sc4 IX. TN EH z=0.88052,
0.87857 IZATE L., L2 &, L2 227 < By/Bo 2 ¥
DREDONZH D, Sc2, Sc5, Sc6, Sc7 1T z=0 IZ
fIE L. =20 L2 Z8EFEN D, Sc3 td, z=0.63668
WALE L, L1 iciEEEn 3,

2.6.4 S¢3.67.4Ba1.432Co.67+2510.33.5
IS D& 5 FFE SeBipsCos & T, SN H AR
ScB5sCos D HFEMBROERIZ, RH IR &
¥ ThD, Table 2.8 IC=ZMOLEEERT, SNHE
FBiX. EPMA ST X 28T, b/
[BV[Sclib & & B, LL., ZMHOMEDOMED
EX% DA —F —TIHEINE N, 272, TOKR
FebAllk, tho T ERRY | Si OEW=JuR1b
AL LTIRHAERTE TR, MaRib&Emo
AREMENE Y, 77, FZ BEERBTRICBVWT
b, B HFRMEIZIEFF L. intergrowth fHE& LT,
BN T3, 7220, FEaORit A4 KT RE <
ICET S, R EzNT, BERCHEEREY
B TEAAREEIEE VRS, 50 ZARIILT

11‘721/\0
%%%%ﬁgﬁﬁlg :@ﬁjiﬁaﬁl*ﬁ&i\ Scser.

Ba14yzCo67:25l033w LFLT T LN TE D, btk
EIRAT 24T o 7o BN LTk, x=0.52, y=1.42,
z=1.17, w=0.02 TH o=, x, y, w L. T Z1 Sc, B,
Si 4 b ERIESL, A4 bOELESE
RLU, 2z EBYA bDC EDREEFIZESL,
Cickd B oOEBREL T, ZMBEEIX P-
6m2(No.187) T . ¥ F & # 1L a=1.43055(8)nm,
¢=2.37477(13)nm & KE >,
HESBLUOEESRBERITOE/NRF A —F—
% Table 2.9 (2”9, BARRANOMIL 2 R-F DK
i79@k\:®im®$f%%%§w ZDOW
FENTNLESEED ST A b, SiDTOD
Table 2.8 Comparison between 3 phases in Sc-B-C(-Si) system

Table 2.9. Crystallographic and data collection parameters

Crystal COmpOSitiOn SCBII.7COAGSiO.O4
(Obtained by EPMA measurement)

Crystal system Hexagonal
Space group P-6m2 (No.187)

a=1.43055(8),
¢=2.37477(13)
4.209

Scs 67481, L4y 2C0.67+2510.33.w
(x=052,y=142,z=

Lattice constant (nm)

Unit cell volume (nm®)
Empirical formula

117, w= 0. 02)
(SCB12.3C0.58510. 10)
Z 12
D, (g/cm}) 2.804
D (g/em”) 2.832
u for MoKa (em™) 15.77
Crystal dimensions (mm) 0.20(001) x 0.18(100) x
0.18(120)
Reflection measured 0=h=<23, 0=k=23, -
2251538
20 max. 45 deg.
Structure refinement program SHELX1.97
Rl 0.047
(Fo>4o(Fo) for 2851 F,)
(all F for 3619F,)
wR2 0.123 (F )
Number of variables 286
Number of independent atoms 79
YA bOW, —DREESHE., —DEHSSAT
HD, Bl 6l A bHDA. DN 6 FA b

HoEETHH, Cik2 YA b, £/, BICEA
SHYA MEeThB,

ROEMICMNI 72 B1p 20 A S A X —13 7 @
W-INH Y . Z DI By LK L O By ZHAE
B 1ETODD, £/, A VX227 —RBREL
72 Big ZHET T AL —BNHDBN, DOLHEEN
O B VA FEOERX., @O BB A
1.6A—19A [ZHR_T, HTEB, TOEDHIIH
FA PO EFRIT 100%IF256F, BoEdoTz
A PBREFICEAEIND Z &idZen, Lo
T, 20 By ZEFICHD B iX 107 BEICEE A

System Composition Lattice const. Space group Nijg/uc. Nip/ue.  (B+C)/Sc
Cubic SCO 83 XBIO 0- C() 17?810 083-z 203085(5) nm F-43m (N02 16) 26 1064 12.65
CBlz 0Co.65819.071
(5¢B127Co.62510.08
Orthor. S¢4.5.4Bs7.y+:Cs.5- 2, 1.73040(6) nm Pbam(No.55) 78 520 14.07
SCB13 3C0 73310 008 1.6073 8(6)
(ScB12.5Co 73510004 1.44829(6)
Hexag. Scs 67.x841.4.4-2Co. 67+le0 33w 1.43055(8) nm P-6m2(No.187) 79 551 12.53
CBQ 3C0 58 10 m 237477(13)
(5¢B11.7Co.6510.04 )
(Cubic)* ScBy, 0.742 nm Fm3m 2 52 12

2 Composmon determined by structure analysis
Composmon determined by EPMA analysis

¢ ScBy; is expected to have a tatragonal structure slightly distorted from cubic YB;; structure.
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W, SOOI 10EDTY v IOH A R RB B,
S¢3.67.xB41.4y-2Co.672810 33.w Dt pRAFIEIL, MDZ
FULWEER, S URBBREEICES, 20
&b, HREEERRRTAED _\k%&% %
e BEAT 5, THALIE, BRI
DHEREETH D, £75F 1 ofREE i\ﬁg
2.23@IRT L H I, B 20 HifkY TR Z 11, I3
& By Z A CTHRERL S, T ORI T 2/,
1/3,00%# 5,

(b)

(©)

Fig.2.23 (a) The 1st boron pillar like structure unit whose
central axis runs through the point (2/3, 1/3, 0) consists of
the icosahedra I1, I3 and the 1rregularly shaped Bis
polyhedron. (b) The 2nd boron pillar like structure unit
whose central axis runs through the point (1/3, 2/3, 0)
consists of the icosahedra 12, I5, 16 and the Bw
polyhedron. (c) The 3rd boron pillar like structure unit
whose central axis runs through the origin (0, 0, 0)
consists of the icosahedra 14, 17, the B, polyhedron and
the By, polyhedron.

IOFELOHRBED LTI A HiE2=y b
iX, Sc-B-C M F@MTRLEBNEE Y T A%
—O01 LRILHDTHSD, FLOD Si % C A4 HEE
BN CTHR Y PR, ESIZZF0OMMUE 6 fED By, 20
R T A %Z—H 8 fnBeAL CH Y A TW5B,
DO ODBNEER Y TAZ—IZEHERTHED
2, 3D By ZHEEI TAFX—THD, T,
Bis ZHEI T AZ—DET% St REBL, FO

DF TN A,

82 OREREEE L, Fig. 223079 &L 912,

B, 20 k7 T A X —12, 15, 16 BL O By £

BB B, ORI R0/3, 2/3, 0)%i#
Zao
%3 OFERMEEIL, Fig. 223 RT X 91z,
By, 20 K7 5 X & —I4, 17 38 L 1By LK, Byo
ZHEENDD, 2L, 2O By ZEEITE 2
OREREE L BEE L CRERLCH B, 3 ok

EOHFLRIT, BT 50,0, 0)%#ED,

Sc3 67-xBa1 4y2Co67+251033w 1&. 2.5.1 THR~7232
7 SRR O BEE BRIV T, intergrowth FHE L
THEILDZ LD, WMEOREBBEEDORIZM S M
DOHEND D Z LB TE D, Fig2.24(a)llsr
T DIX. Scs67.:Ba1.4y-2Co674251033w D IF A &I D
OODMRE TH D, —FH. ROIIRT DI, 3LF
T DOQIDREmDO—2>ThH D,
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()

Fig. 2.24 (a) The (001) boron network layer of Sc;¢,, B, 4,
LogrSlozw at z= 0 depicted in arange 0 <x <2,0 <y <
and —0.2 <z < 0.2. (b) The sliced (111) network structure of
the cubic phase. The network structure coincides with the
(001) network structure of the hexagonal phase shown in (a).

RNIFERFD B61 ZHMI LT By LA 3IEDAR
T=AWIL., SIHFREO B/IC19 O LE By
ZHERSED 2T ZARICHIGT 5, FERIZ, B
20 HRZ FAZ—I53ED T AL, 231#
DT =A/IBIZ, B68 ZHLE L I3EDRT
=AFE, B/C20 ZH.LE L N3EORT A
BIZxIELTW5, 20X 218, W D(001)i#
mEQIDEEmITIZEAEZERIC—H LTS, &
O O—EM., NEREN, ZHFHEMBOFIZ
intergrowth fH & L CEND Z L DFRETH A 5,

2.7 &R 7B OBERERK

LV ERR L, /g2 RE L,
YHERIEZIT O 720, TOLEMOREREZE
DI EIEFICEETH D, MifiE Tz
oA DS R T O R, R RERT S |
BRES OB RN > T TE LR E

Th B,

TSR VLB RM RO E oiT Lo T
DIE. YBso @ Si BN L5 FZ HEHERBERD
I TH D, YBs iIimiE (1750° C) THfEL T
LEV, BET3F T2, 20X 5 afRbs
WZiX, FZ 30O X2 RS T AR A E A
TEZEETERNY,

%L DEFE. B 7 T AL —ZK ik O B
it AL Cu REOERBRE 7T v AL LcEmii
IR ERERECIY, BRENTE 2, 272,
COHETER LSS VEHEEMITRELS T
LEMmIZ LMD TERIoT,

FZ oA ERRRICT A0, HFRALED
1T, DREECBRMBELDETHD, TOEIT
YBsy DA 250°C i@ E RV, B LEAE T
DERTENE, T2 L a<{EMT L
MR D, Si ATk LT, BRE T
AYERZESZ L0 YBs IV ED Si A,
FZ HEBERBFRERA ., BB YBySi, i
LLTEDIZ IR L, ZOFREEMOF T
iﬁgﬁ: ﬁ'ﬂ:%c: %i@ﬂq I./\ TVG‘G:%\(/{fC SCBlgsio_z\
Sc-B-C-(S)B D Fdwf. ®AEM. R HHAER
¥ O FZ ERERERICES LT,

T EEE R U ORLRIE 2000°C EETH D,
R CTHDZ END, EHEEFEMEUIHEY T
X7y, FZ {EHASMERIL. JEEIBYF 2
L7z, Fig225 12, 4#EME - Xe 7 7 RID%E

Upper shaft

Ellipsoidal mirror

Xenon lamp

Quartz tube

Lower shaft

Fig.2.25 Schematic drawing of floating zone crystal
growth by Xenon lamp image furnace.
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FEMBYFIZ XD FZ IEHFERBRDOA A — V%R
T, FRoEY DBREOH—HERL 51,
SACRBSNZARD Xe 77 « ¥HELH
WTW5, ENXEDORBENS EH L, FEEHED L
SREEEL, MEE D, EEFML, ZOREIC
FUBHEE /A L., Ao TMI G, HEERSE &
TFohiNblET 5,

Si TIND FZ LRSS B R T, YBso IZHEVN T,
REBsyp. ScByy HHAHEMEBTR T H I LB TET,
B LT ScBioSip, MDD ER % Fig.2.26 1T/
T, BEREREZAVTWARND T, BiERICR-
TWAB D% S (BEAM) OALTHD,

B L 72 ScBioSign HAEMDS, AYIZ ScByy &
Fl— A ELE > TWVWA D, BRTAILERD
5. ScBoSigy Wi DMK XGEIHr R F — 2 %

3Wﬁﬂﬂ]ﬂﬂ]ﬂﬂ]ﬂﬂ]ﬂﬂ]ﬂﬂ]lm]mﬂlmWHWﬂ]Ull}'

B o it |

Lo il - -

6000 -

ool L1l
w ouu |

T T T T 1
10 20 30 40 50 60 70

Diffraction angle 2 0 (°)

ScB, 4 Si, , crystal

Intensity (arb. unit)

ScB,q

Fig. 2.27 Comparison of powder XRD pattern of a
ScBioSig 5 crystal and ScB,o powder synthesized by solid
state reaction. Arrows in the powder XRD pattern of
ScByo indicate the existence of a small amount of
impurity phase

ScBo & i L7~ DM Fig2.27 Th D, WmiaHHE
URF—vERL, RI—EBERICBTHZ L03HE
BTE B,

I TR 7= K 912, Se-B-C =ik Tld.
ScBisCog 122D Si IIMEEZBHATHZ LN TE
71.:0 jﬁﬁif% TC%HEE! @%ﬂﬁk = %ﬂ{ﬁﬁﬁﬂ) ScB15Cog

EE2 D | ScBiaCosSiges (EPMA HIEME) & 72
olc, ZOMELIMFOHICMZ, BEGEROB
BT, EIL@E-T-MERD, LrLERSER
BEZEDH LD OB RSho T, TNE
N, RGFEEED ScBii7CoeSions & FTFMAE L
% ScB128Co7Si0.004 TH Do

ﬂﬂji\ SI éf% < ﬁ?i&’ REB17.GSi4,6 ﬁwﬁﬁﬁﬁl&i\
Si 7797 AND, DRYRERLOBBERTE
50, FZ T OBFEHBRITIIRE L THRN,
77 v 7 AED LS Si WK E, FZ IEDRk
WRIE O CTHERF T2 DIXEE L WX 5 TH B,
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OFEEW - Y, Fig. 3.1 KAHEMHR%E L
al@BR (La75v27R) BLXUBER (B

(C) ®B/La) 4 6 12
3000

60 80 100

Boron(at%)
Fig.3.1 Phase diagram of La-B system and

traveling solvent floating zone (TSFZ) method.
Close and open circles are molten zone in a
conventional method and TSFZ method,

respectively..
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X, EHRORERD, Table3. 1 IZRT XL HIZ,
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- ?, BRIZE B2 3200 CTTHS, BIEIL.
B/Ti= 2.3 (70 ath B) ORIE»H.
#BEIIB,/Zr= 1.8 ( 64 ath B) DOBK
IVERLE, BRREER, TN 9 cn/h |
3em/h Thotz, BIED7TFv 7R (B) @
BFE 10.81 ¢ BEOTISFv IR (Zr) @
AR 9.2 BT NIE, REREIZBV
TREEND 7T v 7 ADOFREFEED 0.5 T

4 6 (BY)
(C) ]
2800 =~

80
2600 [

$
80 85 90
Boron (at%)
Fig.3.2  Partial phase diagram of Y-B system. A

open circle is a composition of a molten zone.
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Table 3.1

Influence of growth conditions on growth rate

Composition (B/Metal) Growth condition
Crys.(at%B) Zone(at%B) Difference Flux Rate Temp.
at%B cm/h °C
LaBg (86) 3.6 (78) 8(=86-78) La 0.5 2520
LaB¢ (86) 11.4(92) 6 B 2 2520
TiB, (67) 2.3(70) 3 B 9 3200
Z1B, (67) 1.8 (64) 3 Zr 3 3200
YB, (80) 11.3 (92) 12 B 07 2600
YBs (86) 11.3 (92) 6 B 13 2600
(cm/h) . Sho,
10 o0 3@0, —) Fig. 3.3 I, TNETRKERLZBERE
Boron flux DEREELERBEXZ LD Y, BREE

i 1 !
3 3.5 4
10000/Temp.(K)

Fig.3.3  Growth rates and growth temperatures in
the TSFZ method. Open and solid circles are the
cases of boron and metal flux, respectively.
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(B) &4, YB,#&(80ath B) TiX 12 at%h
(= 92-80 ), YB,fah( 86 at%h B) TiI¥4
D6ath (= 92-86 DD THbB, > T,
EREEILT 5 v 7 ABICKIHIT 5 & HR)
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RUBRT7 v I ADGEBETHLNTED,
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Thermal stress |
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of dislocations |

!

Formation
of boundaries

Indenter

Plastic deformation
Fig.3.4 Scheme of floating zone method and
hardness measurement.
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B, BEERLECIVRET I HRFA L,
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ZHOLEbLY, BRR2EEREF LR
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LMWEIX (1124) BThH D, TNEFNDORK
EHML% Fig. 3.6 IRTXHIT, BHIEVEE
EERITHEHEREFE LT, BEIRETS
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WXV REROENE REH. RLEEDE
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ONABROBENEZHIZTFRHTEDZ &M
B LA, £/, Table 3.2 IZBWT, T
I/ EE L R TRE. RIEBITIENE
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57D Thd, BELEMAERIX, AUk
VICBWTERBES LI 2R LTWS,
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Table 3.2 Crystal quality and Vickers micro-hardness at 40% of the melting points

Subgrain Mp.("C) Hardness (g/mm2)

a-plane c-plane (1124)

TiB, Free 3220
Z1B, Free 3225
HfB, Free 3380
CrB, X 2200
WB, Free 2365
ReB, Free 2400
LaB Free 2715
TiC X 3067

700 1340

580 800

830 1460

520 830 390
1400 1070
2320 2110

900

150

*.cubic, others-hexagonal.

Underlines mean growth planes.
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Fig. 5.1: Crystal structure of transition-metal di-
boride.
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Fig. 5.2: AES spectra during cleaning samples.
(a) As-polished, (b) 1400°C-, (c¢) 1570°C-, and (d)
1900°C-heated ZrB,(0001). (e) 1300°C-degassed
NbB3(0001) was contaminated by S and showed a
2 x 2 RHEED pattern. (f) Repeated heating the
once-cleaned sample results accumulation of carbon
contamination showing a /3 x /3 RHEED pattern.
Ion bombardment (g) and annealing at 1300°C (h) is
necessary to produce a clean NbB3(0001) surface.
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Fig. 5.3: Specular HREELS spectra for (a) clean
ZrB,(0001) and (b) clean NbB5(0001). The primary
electron energy is 32.3 eV and the sample azimuth is
[10T0).
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Fig. 5.4: Off-specular HREELS spectra for clean
ZrB2(0001). The primary electron energy is 22.4 eV
and the sample azimuth is [1010]. The incidence an-
gle is 75°, and the detection angle is (a) 68°, (b) 63°,
(c) 58.5°, (d) 55°, (e) 51.5°, (£) 48°, (g) 45°, (h) 42°,
(i) 39°, (§) 36.5°, (k) 34°, (1) 31.5°, and (m) 29° from
the surface normal, respectively.
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Fig. 5.5: Measured surface phonon dispersion of
ZrB;(0001). Data points for initial electron energy
of 32.3 eV, 22.4 eV, and 16.4 eV are plotted by cir-
cles, triangles, and squares, respectively. Gray curves
are the calculated by the 81-layer slab model.
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Fig. 5.6: Measured surface phonon dispersion of
NbB3(0001). Data points for initial electron energy
of 32.3 eV, 224 eV, and 14.4 eV are plotted by cir-
cles, triangles, and squares, respectively. Gray curves
are the calculated by the 79-layer slab model.
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Table 5.1: Fitted force constants for the slab model.

Parameter ZrB3(0001) NbBy(0001)
a (nm) 0.317 0.311
¢(nm) 0.353 0.329
a1(10* dyn/cm) 7.4 8.8
(10 dyn/cm) 0.8 1.3
11(10712 erg) 1.1 0.0
72(10712 erg) -0.2 1.0
a3(10* dyn/cm) 6.3 5.6
a3 (10* dyn/cm) 0.3 04
a4(10* dyn/cm) 2.5 2.0
a5(10* dyn/cm) 2.5 1.5

BFEFED BREDAZ 7 TOFEMBERL Fig.5.6
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LU CE 18, 8 2 88O a1, ap. HAE
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HE LTHEHTHEICEZTEC I ag). HADSE
BRFRLOMBHEN as, B LUOHMEOEBEEFHE
T DBEES o5 DEETSEDNERZ T A —F —
ELTERICE) &) Ik Tz, Do NE
# % Table 5.1 LR, o RTIRX—F—D
9 % NbBo 2B 3 b Did, BEIC L 38R 8H
BT HROT, SV DMELIZEL DAREYH
5, LaL, ZrBy KBET 2 b DI, #HAIZ N
T/ VE—RBEEAENLVIELEZ SN
DT, NV DHEREZNUIEERDLRWIZT
TH3, %I T, Table 5.2 ZrBy & LaBg[10] D
JRFREIEERE & HEBE L 72 b DERT, LaBg
FF T ERFRICIEEOWEEREPH 5. Lak
BidA AL TBY R IVEEK L LasBORM
DFESIA A VIR LI TS, IERLHEDL
2 B-B D58 B-La BIC AR T—HTiE S K E
v, ZHIIH L, ZrBy Tl B-BREIDHES L B-
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BOEERHBE I EMBHLOL Lo,

Table 5.2: Nearest neighbor (NN) bond length and
stretching force constant in ZrB, and LaBg [10].

Bond length Stretching FC

(nm) (10* dyn/cm)

B-B bond

ZrBg 0.183 74
LaBg (1NN) 0.167 17.3
LaBg (2NN) 0.176 11.6
B-M bond

ZrBgy 0.254 6.3
LaBg 0.224 1.5
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Fig. 5.7: HREELS spectra for hydrogen-exposed
ZrB3(0001) surfaces. The incidence and detection
angles are each 75° from the surface normal. The
primary electron energy is 16.4 eV. The spectra are
normalized with the elastic peak intensity. The ex-
posures are (a) 0 ( clean surface ), (b) 0.2, (c) 0.4,
(d) 0.6, (e) 0.8, (f) 1.0, (g) 2.0, (h) 3.0, (i) 5.0, (§)
7.0, (k) 10, (1) 13, (m) 16, and (n) 20 in the unit of
10~ Pa-s.
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Fig. 5.8: HREELS spectra for deuterium-exposed
ZrB3(0001) surfaces. The conditions of measurement
are the same as in Fig.5.7. The exposures are (a) 0.2,
(b) 0.4, (c) 0.6, (d) 1.0, (e) 2.0, (f) 3.0, (g) 5.0, (h)
7.0, (i) 10, (j) 13, (k) 18, and (I) 25 in the unit of
10~4 Pass.
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Table 5.3: Observed vibrational frequency for hy-
drogen {wy) and deuterium (wp) adsorption systems.

Substrate  Awy (meV) huwp (meV)
Z:Bo(0001)  123.9 88.6
ZrC(111) 109-113.5 79-81
NbC(111) 119.5 86
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Fig. 5.9: HREELS spectra for oxygen-exposed
ZrB2(0001) surfaces. The conditions of measurement
are the same as in Fig.5.7. The exposures are (a) 0.1,
(b) 0.2, (c) 0.4, (d) 0.6, (e) 1.0, (f) 1.5, (g) 2.0, (h)
3.0, (i) 5.0, (j) 7.0, and (k) 10 in the unit of 10*
Pa-s.
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Fig. 5.10: HREELS spectra for CO-exposed
ZrB3(0001) surfaces. The conditions of measurement
are the same as in Fig.5.7. The exposures are (a) 0.2,

(b) 0.4, (c) 0.6, (d) 0.8, (e) 1.0, (£) 1.5, (g) 2.0, ()
3.0, (i) 5.0, and (j) 10 in the unit of 107* Pa-s.
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Fig.6.2 ISS spectrum of the HfB,(0001) surface. The incident
beam is 1keV He" ion. The scattering angle is 160° and

the incident angle is 80°.

ERREDICISSO#ER%E (Fig.6.3) 27T, M
A A E—LDEREDSE o = AS A, HEXL
A A OHIC X BB AHEBETH S, HELAK
160° ICEZELTH D, BMIIERT—¥ T, EE
FEEHY I 2L —Ya Nk AaRETH S,
AICREOLI=Y bV F Y E—LDARH
HBERLUTCH 5. EBLDABFEICN LTS, ¥
¥ =1 VT E—251D2(10~20° {iE) LI HI

BRWZ ki, BEEBESTHEIILETRL TS,
L. EEHICEHEBESRBETCWSERS, H#RDY v
R Y TE—IDBBRNBETEILTH S E—
ZIiZEESE 1 BOHf (LEH() L ER) Moy v
R VT THBLRAETE D, COETNIEEE
BN ROVERRNEE (STM) IZ X > ChHER I =P

3000fT
2500+
2000+
1500}
1000+

500+

Intensity (arb.units)

L P [ Wl B! aad 4 aaa

PYIT RIS WY
0 20 40 60 80

Incident Angle (deg)

Fig.6.3 ICISS spectrum of the HfB,(0001) clean surface. The
incident beam is 1keV Li* ion. The scattering angle is
160°. The solid circles are experimental data and the
solid line is the result of calculation. The inset
illustrations are the surface unit cell and the beam

derection.
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Fig.6.7 Variables concerned in the 3DNA model. (a) Atom 1 is
put at the origin. a: rotational angle around the y axis. f;
offset angle of atom i at the initial position (=0). Relative
distances between atoms are fixed. The incident ion
collides with atom 1-N sequentially. (b) R;: position
vector of atom i. D;: position vector of a turning point of
the ion. s;; impact parameter. 8; scattering angle. A;
distance between D; and h;, where h; is an intersecting
point of a perpendicular line from R; on line D, D,
When D; is before h; , D; is taken positive. h; is an

auxiliary variable not involved explicitly in the

calculation E;, v;: incident ebergy and direction on atom i.
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Fig.6.8 Configuration of four atoms. which models the (111)
surface of NbC. Nb1 and Nb3 are surface atoms.
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Fig.6.9 Comparison of the cross-section (ICISS spectrum) of the
three-atom and four-atom models. The three-atom model
is calculated with the C-Nb2-Nb3 system The incident

angle is measured from the surface.
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Fig.6.10 Calculated total energy of B12 icosahedron. Both the
B-B distance and the total energy are measured in
atomic unit.
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BRDTT A< RTA47TrtR (CVWD, =2—F
4T Ty F U TE)ITRBWTE, EE (<1.33
X 10% Pa), KEME (>¢12 4 F). Ho&EH
B (>10%cm®) T RAwNKDBNATNAS VD,
FNODEREHETHTIAEE L TERY
IZ ECR 77 XA=hRFE I, FlEHEVT~Y 2
VERNR T T R, REEE Y T AN RE
SNERLMENSTOATERE, &bz, &F
FEHEASTT A~ (ICP) bELEEAT., L
HERG TEEELERTELTIAvREEL
THEBEEDBEINLHERED N TNE Y,

—F., TR WD ICLBFAVEY FERK
WCHAWHNE 7 X<k, BfE 1.33X10°~1.33
X10* Pa O~ A 7 a7 T X< Y R OKRKRIERT
DET T X~ VN~ TH B, BCR 7T X<
Me— 1.33X10' Pa LAFCOF A ¥EL FARIZ
A TVWAICTER) Y, Bozeman HiE P ICP
ZRWT 5.32X10° Pa TOFA V£ FAKE
HWELTWAA, 1.33X10" Pa UTDOWVbWw5h
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Fig. 7.1 Schematic diagram of low pressure inductively

coupled rf plasma CVD system.
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Fig. 7.2 SEM micrographs of the obtained deposits; (a) [CO]=0
sccm, (b) [COJ=1 scem, (c) [COJ=5 sccm, and (d) [COJ=10

scem, respectively.
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Fig. 7.3 XRD pattern of the Sample D ([CO}=10 sccm).
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Fig. 7.4 514.5 nm excited Raman spectra; (a) [CO]=0 sccm, (b)
[COJ=1 scem, and (c) [COJ=10 scem, respectively.
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nm, respectively.
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Fig. 7.6 HREELS spectra; (a) [CO=0 sccm, (b) [COJ=1 scem,
and (c¢) [COJ=10 sccm, respectively. The elastic peak for (c),

reduced by a factor of 25, is shown for comparison.
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Chapter 8. Growth and luminescence of rare-earth-doped
N-rich boron nitride thin films

8. 1 Introduction

Since the pioneering work of Ennen et al. in 19839,
the rare-earth (RE)-doped semiconductors have
received increasing attention for possible application
in light emitting devices and for their unique optical
properties. The emission wavelength involved in the
intra-4f transitions of trivalent RE ions is relatively
insensitive to the host material because the 4f shell is
shielded from its surroundings by the filled 5s and 5p
shells. The continuing interest in rare earth doped
semiconductors arises from the discovery that the
thermal quenching of emission decreases with
increasing band gap of the host semiconductor” .
The prospect of developing novel optoelectronic
devices, which combine the electronic properties of
semiconductors with the unique luminescence features
of rare earth ions, has stimulated a series of
investigations of RE-doped wide-band-gap semi-
conductors. At first, a significant amount of work has
been reported on the study of infrared emissions from
Er**-doped semiconductors because Er’" exhibits
luminescence at 1.54 pm wused in optical

s 4) .. ..

communications . Recently visible emissions have
been obtained from GaN doped with Er’”, Dy and
Tm”, Pr¥, Ev”, and Tb'?, from amorphous AIN doped
with Er'? and Tb'?, and from amorphous SiN doped
with Er and Sm'”. Boron nitride (BN) has a wide
band gap of around 5.2 eV and many advantages
including thermal and chemical stability, low density,
and high thermal conductivity. Here, we have studied
on visible light emission from N-rich turbostratic BN
thin films doped with Eu, Tb, and Tm, respectively.

8.2 Experiments

The Eu-, Tb-, and Tm-doped N-rich turbostratic BN
thin films were grown by r.f. magnetron sputtering
using 50 mm diameter EuBg, TbBg, and TmB; targets,
respectively. The films were deposited on c-Si(100)
substrates, whose temperature was varied from room-
temperature to 1473 K (Universal systems Inc.). The
deposition system had a base pressure lower than 1 x
10 Torr. If using Ar and N, gas mixture as charge
gas, the films consisted of turbostratic BN with
considerable amount of C and O dopingls) ; while the
films are almost free from C and O if using Ar and
NH;'® . The structure and properties of the films were
investigated by means of infrared absorption (IR),
transmission electron microscope (TEM), electron
probe microanalysis (EPMA), and photoluminescence
(PL) and cathode luminescence (CL) in the visible
range.

8.3 Structural properties

Fig. 8.1 shows the representative IR spectra of the
films doped with Eu, Tb, and Tm. Only characteristic
absorption of hexagonal boron nitride is observed at
~792 ¢cm” and ~1384 cm™” on the IR spectra. The
electron diffraction pattern and the high-resolution
TEM image shown in Fig.8.2 clearly show that the
film is composed of turbostratic BN polycrystals, with
a very small amount of intergranular amorphous
phase 9,
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Fig. 8.1. The IR spectra of the N-rich turbostratic BN thin films
doped with Eu, Tb, and Tm. The spectra have been vertically
shifted for clarity.
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L

Fig.8.2. Electron diffraction pattern and the corresponding
high-resolution TEM image of the N-rich turbostratic BN
thin film doved with Tb.



The composition of a representative Tb-doped film
(sputtering parameters see Ref 16) was studied by
EPMA. TbPsOu, B4sC, AIN and CuO compounds
were used as standard samples to calculate the content
of Tb, B, C, N and O. The EPMA results gave a
composition in atomic percent of 5.0% for Tb, 38.4%
for B, 54.9% for N, 1.1% for O, and 0.6% for C,
respectively. The films are almost free of C and O.
The EPMA data show that there exists a high N
enrichment in turbostratic BN. The mechanisms of N
enrichment is now unknown.

8.4 Luminescent properties

The CL spectra of Eu-, Tb-, and Tm-doped N-rich
turbostratic BN films recorded at 80 and 300 K were
shown in Figs. 8.3(a), 3(b), and 3(c), respectively.
The CL spectra were taken with different excitation
powers and, therefore, the relative intensities are not
directly comparable. However, the same features have
been observed at 80 and 300 K. The wavelengths of
characteristic emission lines of RE ions and
corresponding assignments for transition are
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Fig. 8.3. CL spectra of the N-rich turbostratic BN thin films

doped with Eu (a); Tb (b); and Tm (c). The CL spectra were
recorded at 300 and 80 K, respectively.

Table 8.1. Summary of RE*" ion line emissions observed at 80
and 300 K from N-rich turbostratic BN doped with RE

RE™ A (nmy) A (nm) Transition
ion 80K 300K assignment
Eu 533 D,~'F,
542 5D1“‘>7F1
556 Di—'F,
578 578 5Dg—>"F,
589 590 *D—"Fy
597 598 D —"F,
614 614 *Dy—'F,
653 653 ’Do—"F;
702 702 *Dy—"F4
Tb 486,491 486,491 D, —"F,
544,549 545,549 °D,—"F;
593 592 *D4—"Fy
627 625 D4—"F;
Tm 464,481 465,481 'G,~H
543 543 'D,—*H;
655,673 654 1G4—°H,y
792 1G4—)3H5

summarized in Table 8.1. The strongest emission line
was observed at ~614 nm from Eu-doped films, which
comes from the characteristic emission of Eu3+,
namely the *Do—>'F, transition. The strongest emission
lines at ~544 and ~549 nm from Tb-doped films
originate from the b transition; ’Ds—'Fs. The
strongest emission at ~464 nm from Tm-doped thin
films is caused by the Tm’* transition; 'Gs—Hs.
These results indicate that red (at ~614 nm), green (at
~544 and ~549 nm), and blue (at ~464 nm) emission
could be obtained from N-rich turbostratic BN thin
films doped with Eu, Tb, and Tm, respectively.

8.5 The dependence of PL intensities on sputtering
parameters

As shown in Fig. 8.4, The PL intensities increase
with substrate temperature increasing and working gas
pressure decreasing in the investigated range. With
r.f.-discharge power increasing, the PL intensities first
increase, and then decrease in the investigated range.

8.6 Conclusion

The N-rich turbostratic BN thin films doped with Eu,
Tb, and Tm, were grown by r.f. magnetron sputtering,
which have red, green, and blue light emission,
respectively. IR, TEM, and EPMA measurements
show that the matrix of the films is mainly N-rich
turbostratic BN. The sharp characteristic emission
lines corresponding to Eu*, Tb*, and Tm*" intra-4f™
shell transitions are resolved in the spectral range from
350 to 800 nm. The PL intensities increase with
substrate temperature increasing and working gas
pressure decreasing in the investigated range. With
r.f.-discharge power increasing, the PL intensities first
increase, and then decrease in the investigated range.
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Fig. 8.4. The dependence of PL intensities on substrate
temperature (A), r.f.-discharge power (B) and working gas
pressure (C). The PL intensities for (B), (C) and (A) inset, are
peak intensities at 544 nm, which are directly comparable, since
the PL spectra were recorded under the same conditions.
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