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Study on Super Diamond
Abstract

“Super diamond” is a symbolized name of diamond film and boron nitride film, which have a potential for
electronic devices, a new field of application of diamond, in contrast that bulk diamond has been used as gems
and cutting tools. The films can be made in a plasma atmosphere from gas phase without help of high pressure,
although they are in a metastable condition. Research subjects of this group are, therefore, to make
semiconducting diamond film with quality suitable for electronic devices, and to establish growth techniques of
cubic boron nitride film from gas phase as well as improvement of plasma techniques.

Following are summary of achievement of this group described in this reports;

1. n-Type semiconducting diamond doped with phosphorus has been established to be produced by a
microwave assisted plasma method. UV-light emission is observed from a pn-junction consisting of boron
doped layer and phosphorus doped layer. _

2. CVD diamonds have been examined with spectroscopic techniques such as Raman scattering and
luminescence spectroscopy. Unique features were observed from heavily boron doped diamond, and line
splittings related to residual stress were observed in cathodoluminescence spectra form CVD polycrystalline
diamond.

3. A novel method to produce carbon nanotube has been developed. High density aligned carbon nanotubes
have been grown on Si substrate in methano! and other alcohols by using Fe catalyst, when the Si substrate is
heated at 600 to 1200 C.The nanotubes have structure of hollow multiwall with external diametes ranging
from 6 to 26 nm and 10 1 m long, standing well on the Si substrate.

4. A boron nitride thin film containing over 90% of cBN crystallites has been successfully made by DC plasma
jet CVD in an Ar-N,-BF;-H; system. It is polycrystalline film deposited on Si substrate, and has 20 um in
thickness.

5. Boron nitride film has been made from nitrogen ion beam and boron evaporated with electron beam. The
resultant film has a composition of BN according to a SIMS measurement, although its structure has not been
identified.

6. Boron nitride film has also been made by a sputtering method. The few hundreds nm thick film was
characterized by X-ray diffraction, giving conclusions that crystallite size of ¢cBN and residual stress are
influenced by nitrogen content in sputtering gas and substrate temperatures.

7. A thermal plasma technique produces spherical particles such as MoSi, TiO2 and graphite. Pulse modulated
thermal plasma technique has been developed, which generates highly reactive environment at relatively low
temperature. It is demonstrated that hydrogen atoms are implanted into ZnO resulting in enhancement of UV

luminescence.
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(a) diamond particle, (b) {100}
surface, (c) {111} surface, grown
¢ with CHw/H,: 0.3 %, PH3y/CHj:
8 8000 ppm, at 980 °C.



Table 2-1. Growth conditions of P-doped diamond thin films

Source gases PH;, CH,4, H,
CH, concentration o
(CH, /Hy) 0.05%
PH; concentration

100 ~ 5000 ppm

(PH3/CH,4)

Total gas pressure 100 Torr

Total Gas flow rate 1000 scem

Substrate temperature 850 ~ 950 °C

Substrate Ib diamond {111} (2x2x0.5 mm®)
Growth duration 2 hours
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Fig. 2-2. Schematic drawing of P-doped diamond CVD
system.
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Fig. 2-3. Nomarski optical
micrograph of P-doped {111}
homoepitaxial diamond thin
film.

(a) low magnification image,
(b) magnified image of flat
diamond surface, (b) magnified
image of “comets” -like
morphology on the surface.
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Fig. 2-4. SIMS depth profile of impurity atoms in P-doped
diamond thin film grown under periodical variation
of PH,/CH,; at 100 ppm, 500 ppm and 1000 ppm.
The left axis is only valid for phosphorus atoms.
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Fig. 2-5. Temperature dependence of carrier concentration of
P-doped diamond thin films with P-concentration of
(2) 310" cm™ and (b) 1 X 10" em™,
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Fig. 2-6. Temperature dependence of Hall mobility of electron
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Fig. 2-8. Photocurrent spectra of (a) P-doped film (P: 5X
10® cm™) grown on type-Ib diamond substrate, (b)
P-doped film (P: 5% 10" ¢cm™) grown on type-la
diamond substrate and (c) the type-la diamond
substrate.
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Fig. 2-7. Representative FTIR spectrum of P-doped diamond
thin film.
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Table 2-2. Electrical properties of B- and P- doped
diamond thin films used for pn-junction.
B-doped layer | P-doped layer

Carrier type Hole Electron
Impgmy concentration 1~2 %107 g 108
(em™)
Carrier concentration 13 1
at RT (cm™) 5x10 6x10
Carrier mobility at RT
(em?/V-sec) 150 >0
Resistivity at RT 450 8x10°*
(ohm-cm)
Actl_vatlon energy of 037 0.59
carriers (eV)
Layer thickness (um) 2 1
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Fig. 2-9. IV characteristics of diamond pn-junction plotted
with (a) linear scale and (b) semi-logarithmic scale.
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Fig. 2-10. Representative light emission spectrum of

diamond pn-junction operated at 30V 10mA. CL

spectrum (b) of P-doped layer is shown for comparison.

bNDZ LITEEXTHLH D, CLIZ K BFHE T

VY R=7 %A ¥Ey NEENLEIR CRED
AT MABRB/BLNTWS, SEEH SN /-8H
EFREE. VI F—TEBronbnltELD
hnd, FUFERF—7B»5IL CL 3T 110K
DIRRICB W T HHABERBEFHE TR SN
Rhole, RUERF—TBORRETE2MEICRER
FHoTnD, R FARNEIEIRVEN—TE
MHEIS>TWAHEEZOLND, £, 45eVER
EOTRANLXF—ONY REENRRONDIN, Zh
BFRUVRBLOY O F—E U IV HERT
AR TIRBIZAE TR, ZORNITEEM L
TREEF L EBICHLRBIBERANR LN,

2-6. £& 0
KHFFEIZED, LTOZ ERHALNI -T2,
(LI F A YEy FEFRREICY V F—7F A



YEY FEREORFRIEX X ¥ VR L
Bz, EEOREHEEX 500nmh, R—E 27
FEEEIT 1 X107 ~5% 10" em™ O&EFE THEE I HIH
AEETH D, LERRETHRE LY v F—7 K
IXERFHED D 600°CEL EDIREFEEK TREIC n
RIMEREEEZR LT, 7Sl VREFIT
B RICBBREICHEEL, ) VRETRDOERE
FIZBEDOFMMEEZ b OEAIBR SN2, U
VIRTFOERT B N —¥A01320.59~0.61eV TH
b, RLBOWEBEBMETFOBFE/RBAERLIT 5.18~
519eVIZTO 74 7 V&I LTEREISN. £DF
LT R —L 80~90meV ThH D, BEFBE
EEFRIBLLET T2 2, R —REND)
FIEW LB LTz, BRIZRIT A E %@%W@w
KAEIE 405cm*/V-sec (Np:4X 10" cm™, ZEE)TH
e WUBR—TDpRILA¥EL FEERIZY &~
F—7nBlFZ A ¥ NEFEZEE IS TERL
7= pn BEEEFAA—RE UCTEHET S Z & 035
RENTZ, BRICBTHERIZE10V T 10° L4
LT@% A A — Rt 600°CLL EOEIRE CTF
WWEME LTz, 2D F A A — F(EMBEFE 150pmo)
@ﬁﬁ@ﬁ%\wWAEEW%%ﬁﬁ@@éh
%, BREVEE 30V 2, B 10mA 2B HFH
1E. AT FPAEHRIORESR, 235nm (5.27eV)IZH
AYEY FOBHBEFEBEIC X DERENR
el R bhoTc, RRICAHRAECSS K A)
DOFEEH R 51, 235nm BEHXDOA 0 K A KT 5
EIITHER T 1T RBETH D, BERRESH

WA LSO RWENREIR L T2 L BE
EFNd,
References

1. S. Koizumi, H. Ozaki, M. Kamo, Y. Sato, T. Inuzuka,
Appl. Phys. Lett., 71, 1065, (1997).

2. L. Sakaguchi, M.N.-Gamo, E. Yasu and H. Haneda, Phys.
Rev. B. Rapid Com. 60, R2139, (1999).

10

10.

11.

12.

13.

14.

15.

16.

19.

20.

21.

R. Kalish, A. Reznik, C. Uzan-Saguy and C. Cytermann,
Appl. Phys. Lett., 76, 757, (2000).

S. Koizumi, K.Watanabe, M. Hasegawa and H. Kanda,
Science 292, 1899, (2001).

K. Okano, H. Kiyota, T. Iwasaki, Y. Nakamura, Y. Akiba,
T. Kurosu, M. lida and T. Nakamura; Appl. Phys. 4, 51,
344 (1990).

A. E. Alexenko and B. V. Spitsyn; Diamond Relat. Mater.,
1, 705, (1992).

S. Koizumi, T. Teraji and H. Kanda, Diamond Relat.
Mater., 9, 935, (2000).

M.Hasegawa and S.Koizumi: in preparation

T. Teraji, S. Koizumi and H. Kanda, Appl. Phys. Lett., 76,
1303, (2000).

T. Teraji, S. Koizumi and H. Kanda, Phys. Stat. Sol. A4,
181, 129, (2000).

H. Sternschulte, K. Thonke, R. Sauer and S. Koizumi,
Phys. Rev. B, 59, 12924, (1999).

K. Nakazawa, K. Tanabe, M. Tachiki, H. Kawarada and S.
Koizumi, Phys. Rev. B, accepted for publication.

K.Watanabe, S.Koizumi, 35

M. Nesladek, K. Meykens, K. Haenen, L. Stals, S.
Koizumi and T. Teraji, Diamond Relat. Mater., 8, 882
(1999).

M. Nesladek, K. Meykens, K. Haenen, L. Stals, T. Teraji,
and S. Koizumi, Phys. Rev. B, 59, 14852 (1999).

K. Haenen, K. Meykens, M. Nesladek, G. Knuyt, L. M.
Stals, T. Teraji, S. Koizumi and E. Gheeraert, Diamond
Relat. Mater., 9, 952 (2000).

K. Haenen, K. Meykens, M. Nesladek, G. Knuyt, L. M.
Stals, T. Teraji and S. Koizumi, Phys. Stat. Sol. 4, 181, 11
(2000).

E. Gheeraert, S. Koizumi, T. Teraji, H. Kanda, and M.
Nesladek, Phys. Stat. Sol. 4, 173, 39 (1999).

E. Gheeraert, S. Koizumi, T. Teraji, H. Kanda and M.
Nesladek, Diamond Relat. Mater., 9, 948 (2000).

E. Gheeraert, S. Koizumi, T. Teraji, H. Kanda, and M.
Nesladek, Solid State Communications, 113, 577 (2000).

E. Gheeraert, N. Casanova, S. Koizumi, T. Teraji and H.
Kanda, Diamond Relat. Mater., 10, 444 (2001).



HBIE BNUREEREICIRINLZE A YEY RONFEAFHE

3.1 FUaic

RUREZ, ¥4 VTV FIZBW T p BERLEE
EARTHARR F— R R LTHELNRTEY,
THVETICERH - JEFEFIEICL 0 R U ERN
DOPHRIZZIFICDIZ VAL TWS, LirLA
Do, RYBEEBECRNLEZYAvEL NI
BWTR LN FERIREARIES. T~ HEL
ARY FIVORIFIZOWTIL, WEEIZH BT
2o TRV, B Z DEAFEIIT OV T,
ISR EIT L TR YRR 7 — T
L0 TTIZENFEINT SA ZMEHBRB- LI TH
AWV BRI LIIERICRENEEDES
BERV, BT, BAIIRLOEANT b
NIV UHELHE R EEREL, WAWARE
EPD, TNODOHHEEERL, T3 ZASHD
BEEBHIZ LB E LIFREEIT o7,

9, RETIX, T UHELAY FLDOFR Y
RREERFEHEILOWTERT S, mUEREERE
WML TW BT & 2 Ry 2 sl X <
7 MVERURRBEORIZI, MERSHLZ L%
R L7, ZoMEZFATL LT~ BELAN
J MR EREEEOR Y RBRREHENT
x5, DT UHELARY MVORIFFED
FERIZOWTIRR 2, ERER VBRI FEAY
IRANRY Mvid, BADPRBEEREFEEESRL, W
KOOy FIZGETEDZ R RHB L,

EIRER U RBEMBBHL, B THRRRAAN
7 MVERT, NV FERREIEOFT Y P 2R|/D
T DI ICEBRERE Lo EB 2> T
AT AT NAEBRI LTz, FORER LR
Pz oW THFEEITIR~ 2,

3. 2 T UHELANRY FADFR U RIRERENE

ZAY¥Ey FOFBREEIL. WDWLXAY¥E
v NHEE (ZERE0) THY., TRONFET
VE—REIRUHESTAETHD, LB o T,
T EEERVWREORBESETIE, 1 KOTF<
VRELAR S P LT 1332 em ! IZERVDER AR
7 MUBBRITE D, —FRBHIR U ERMY %
BIREICHIML TV & AREEMA S 1332 cm
WZHGTT a— Fen 2hor REREHEIT
X529 Fig. 3.1 BIU 212, BIFEELEE CHI

11

] T ] ! | ! i
A{111} facet

First order Si

120 ppm

160 ppm

Raman Intensity

800 1200
Raman Shift / cm’’

1600
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Fig. 3.3 Polarized Raman scattering spectra for (100) facet.
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which can be observed clearly is indicated by "active".
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6. 1 L

A ¥ E L FOLERIEER (Chemical Vapor
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IFE L THh B, Fig. 6.1 13F DI %7~ L, Table 6.1
I ARG EE & DT, Ar-Ny-BF,-H, # 2 % H
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— A TERD KRB ER AN F— L0 ERITHERE &
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DAY T v TN, BBOL I IZER L BNE
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Fig. 6.1 Schematic diagram of the DC arc jet plasma

chemical vapor deposition reactor.

Table 6.1 Deposition conditions for the DC arc jet CVD

DC bias tf (400kHz) bias

Gas flow rate

Ar (slm) 20 20

N, (slm) 1.5 2.5 ~ 0.0025

BF;(Ar base 10%) | 30 3~ 10

(sccm)

H, (scem) 35 ~5 0~ 30
Pressure (kPa) 6.65 6.65
Jet Power (kW) 3 ~6 3~6
Substrate temp.(°C) | 930 ~ 1150 | 840 ~ 1080
Bias voltage (V) =70 ~ -150 -130 ~ -175%
Duration (min) 10 ~ 180 10

* The value of DC self bias voltage

DFH BN DERKEIE, REE bizIholz,
LU, BifiAA 7 2AOBEPE b EREET LD
ST=DT, WHEINZZ OFEIZ L VB LN EOM
HIZOWTET,
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T ADBENLVIKETYH BN BER LT,
VbIZEFE/A T ADHBE, —70~150 VTH DM,
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Fig. 6.2 IR absorption spectra of c¢cBN films on Si

deposited at 1150°C under -85V dc bias for (a) 10 min and
for(b) 60min.
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Fig. 6.3 Glancing angle XRD of the ¢cBN films shown in Fig.
6.2
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Fig. 6.4 SEM surface view of a ¢cBN film deposited by a
two-step process.
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6. 3. 3 #EMME. BEISSH
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Fig. 6.5 Cross-sectional TEM of a ¢BN film deposited on a Si
substrate.
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Fig. 6.6 Raman spectra of ¢cBN films and commercially
available HPHT cBN crystallites.



Table 6.2 Residual stress and crystal size evaluated from Raman spectra and XRD

300-550 Gpa™® MHESHhTWVA

Dep. From Raman spectra From XRD 2 DN D ERETR RS
time Mode Peak FWHM  Stress | Crystal  Stress BV (FRIZEEEIZ W TT),
(min) positilon (ecm™)  (GPa) size (GPa) AIEIC & BREIEE VW HINE
(em™) (nm) o -
10 TO 10484 28.8 1.5 18 2.0 RIZTE, IVERRERIESZ
LO 1301.8 19.7 ENTE, IEVRDENDHE,
60 TO 1053.6 14.8 -1.0 27 -1.9 JV N y%w{g\ 70 GPa B J: X 800
LO 1304.8 10.4 L
TPOT 0 1049.6 s : GPa IIERDE L L EEED D
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BNODEELERD L 110 LizoTWD, Zhit
B fREE TEM BB FHRETE» RIS S
Lo, FELTHBRERRLI 7 o WE&R DR
EmRMENRE N EBbhb,
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Fig. 6.7 Hardness and elastic modulus of a ¢cBN film obtained
by a nonoindentation testing.
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Table 6.3 Experimental conditions for the deposition of ¢cBN
films by microwave plasma CVD.

rf bias DC bias

N; (sccm) 100 100

He (sccm) 90 90

BF; (sccm) (10% in He) 0.5 0.25

H, (scem) 0.6 0.2
Substrate temperature (°C) 920 920
Pressure (Torr) 50 50

Bias voltage (V) -160V® | -400
Duration (min) 60 60

a) The bias voltage shown here is a DC self-bias.
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Fig. 6.8 IR spectra of boron nitride films deposited by
microwave plasma CVD using (a) rf-bias and (b) dc- bias.
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Fig. 6.9 Raman spectra of the boron nitride films shown in
Fig. 6.8 (a) rf-biased and (b) dc- biased.
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Fig.7.1 Schematic diagram of apparatus for synthesizing BN film

BRERENNT DD
BEBRDODEEIRBHUICEDDI RO, 747
AV NDOFEMERLSTDIIEIITE o7,
%w%25@67)~vym4ﬁyﬁi*@%
BRICRERAATVIREFEZ VW EEDbR
260
7.2.1.2. B BB
AFEPGFIEH LI ERA A U1E, 20keV
WinE S, MABEES R CREA A DL
75>1§%IJ5:1“L6 DTHHD, BIRINEhoToA A
VIYEEDBERO T T 7 7 A NEOBEIZEZEL
RERFEZMEET, SHICEESHROHO X
Vo b6 77774 MNUTHLEDAY v bR
BB LERLo oA A b RBICRERFA2M
EHL, TNODRFBRFITETRMM L LTE
BICEY, FO—HITAREFICRAENS
Z iz s,
AFVEPLEIEHLIEEASF L DEEAN
7 MERTIICRT, BEE 14 & 281c—7
BHDEIDIIHERDOZ L THDINR, ThEFnor—
7 Ol ﬁﬁﬁwméﬁt IRTFEET D, &
DREFEDE—7 (& DI E & [ E
LTI*»%w%E%Lt&’%%@%@VT&
olz, BEOBRIOWENFITEFTHVLUT
DEHEIZE > TRETHZENHBALE, XUy
FOMBEICEZELZERA AV IIRERF%

1z, A OUEEIT -T2,

32

MEMTZT TR, 2REFLREIED, R
Uy "E@BLEERAA T, BEL VX% %
BB LAENOTOERELBFLUHN, 2 REFIXZ
DL R Lo T 20keV F CIE S, EHCERE
RERT L, BRAAUNEESHEROEAORY
v NEEBITAHAZEIZL > T2REFVRET D
e, HEARY NMOEFRA T U NLEEHFIZE
DE—THHELDZ LD,
ERFPOBERTIEEOETFTHNANTIZ L
MERBIZED X 5 R EE2 RITTHEENT
RV BREEZRETT DRI EFIX
TELRETHRTRETH D, £ TEEKDOME
EERE—LLA LBENGITICBE L, EiR
EFREMIITAZI L~ (EEETOERL
EE L7z, EFEA T VITEDERZE LTS
HEFREIINELED, 0L THE
Lo T, BEESBEREOHD R Y v M b
ENTIRBIZ L DAREOBERLERELES, -
PELARTAIERA L VDT R~ TERIC
HIM U 7B o520 88t 5 2 L2725,
7.2.2 BREL
EREOTHILEARNYBORRERET O
DIZHHEBABTLD EB H 2 238k 1T 541, 20keV @
EFRERCL D RURNMAESNS,
HEN CTHEIBILR > TWA R T EDOMEVRE S
HIET D &, BAEOBVBO CREETHY,



3»-

-

=1i= 1y L

14 28
Mass number (amu)

Fig. 7.3 Mass spectrum of incident ion

RUHREHBORE L O TR E N LI
AL TR ERRBOOND, RUROKERE
FERT DI ORI EER ORI
WKELL, RURORERENEEL TWVRNT
LEFRLTNG, &I IARENDES
NERTEN, TOEBEELRY, K 7.4100
B OERERENEKRBSEOREME(EZFL
Teo IMBHALNeE ST, ESDERMSITAKE
TH DN, BERENICITHE S 072 KERIIFEEL
RN R Y RITARER S LTV KE D INEL
kv Ehzbo Lt Bbhsd, xR,
KREBESEDOERZEGIIR 7RO L EE)
LTEY, RUROREEBEORKME(LEEHL
TWb EBbhd,

EB HOHENIKGINTEY, ZOEWHIZ
Bl L TV AIKIRD AR UV ROEICEE IR D

T, - TAREFIIFRVROFEIZEZEL .

F DE S DEALIL-20KV (D> TR LEET .,
HABMUTICRD EHIBOBEL OB THRYER
DOREICIR-THEEZEC, BEOBMEIZIEFR LT
BALICERE D, BUROREENIHIREEDEAIZ
BRI TS MBI 72 Z D08, REENLH
BT BT ONTAKEFREIIHA L, RUERD
FEBELETL, HEIZL > THROREBIZES,

TDOEIBRTEMERLTELTWND DT,
U ROEFREEITEE LRV,

33

Pressure (10°°Pa)

Fig.7.4 Pressure during boron evaporation
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Fig.7.5 Schematic diagram of apparatus for measuring surface potential
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Fig. 7.6 SIMS spectrum of BN film
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Fig. 8.1. Residual stress of ¢-BN film vs deposition

temperature.
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Fig. 8.2. Apparent crystal size change against deposition

temperature.
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Cross section of molybdenum disilicide particle
carbonized in RF induction plasma. Dendritic growth of
silicon carbide can be seen..
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Fig. 4 Cross section of core-shell structured TiC-TiO,
composite particle.
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RF current, I_,, is constant.
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Fig.5 Concept of pulse-modulated RF plasma generation.
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Fig. 10 Change of photoluminescence of ZnO induced

by hydrogen plasma irradiation.
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