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Diamond excellent properties Qg \’:/;éy

Wide-gap semiconductor with Eg = 5.47 eV Power SC

Breakdown field 10 MV/cm SC operating at high temp
Electr. Large electron mobility 2,200 cm?/Vs Radiation-resist SC

Negative electron affinity PV for nuclear wastes

High radiation-resistance

Highest hardness 100 GPa Hard coating
Low friction coefficients Biomedical coating

iech. Large elastic modulus
Largest Sonic speed SAW devices
Th Highest thermal cond 20 W/cm K Heat sink
€M |owest thermal exp coefficient 8 X 107 K1
Extremely stable Electrode 4 electrolysis
Chem. Extremely large potential window Biomedical mat
Quantum centers w/ n = 100% New mag field sensing
the Luminescent markers
others

Quantum computing

Various nanocarbons

Nanocrystalline High temp. & high pressure
diamond (NCD) Stable phase
<100 nm .

Ultrananocrystalline %
.
.

diamond (UNCD)

<10 nm ¢ et et - g
Di . bi q sp? Fullerene
<2nm .

Diamond-like carbon (DLC)
Nonequilibrium phase

sp

Carbyne

Graphite

TEM images of U a-C:H films prepared by PLD
(a)

deposited film

sapphire (0001) sub.

deposited film

sapphire (0001) sub.

a) BF image and ED pattern, and (b)DF image using a portion of d-111 diffraction ring.

The existence of a huge number of GBs is structural specific to UNCD/a-C:H films. Here, GBs
specifically denote the interfaces between UNCD grains and those between UNCD grains and an
a-C:H matrix.

Comparison among D NCD/a-C:H, and diamond

UNCD/a-C:H films comprise diamond grains with diameters of less than
10 nm and an a-C:H matrix.

DLC (a-C:H) UNCD/a-C:H Polyf:rystalline Singlécrystalline
diamond diamond
Structure Amorphous Nanocrystalline/ Polycrystalline | Singlecrystalline
P amorphous composite very glecry;
Growth on foreign Seeding required(CVD) Seeding e
E Exti ly difficult]
substrates asy Easy (PVD) indispensable xtremely diticu
550°C?
Thermal stability 200-300 °C 800 °C 800 °C
(growth temp.)
Variable
Bandgap 0~4 eV 1-3eV 5.5eV 5.5eV
AbSDIip‘tan Small Large Small Small
coefficient
control of Insulating e .
Both: ble? - : - :
conduction type difficult oth: possible n-Type: difficult | n-Type: difficult
Surface Extremely Smooth Rough Extremely smooth|
smoothness smooth




Progress of nanodiamond research

Film growth & Process

* Growth of UNCD/a-C:H films by PLD and CAPD
«_Diagnostics of plasma deposition processes

T. Yoshitake et al., JJAP46 (2007) L936
K. Hanada et al., JJAPAS (2010) 08JF09
T. Yoshitake et al., JJAP49 (2010) 015503 efc.

Structures & Elem. prop.
T. Yoshitake et al., JJAP48 (2009) 020222 ‘

« TEM observation

« Spectroscopic evaluations
+_Measurement of elemental physical properties S. Al-Riyami et al., Diamond Rel. Mat. (2010) 510
AliM. Ali et al, APL 116 (2020) 041601

-—
Mech.

+ Room-temp. deposition of 50 GPa hardness films
on WC-Co sub.
+ 60 GPa hardness & 10 um thickness deposition
owing to Si and B doping
+ More than 70 GPa hardness by employing
e o
g

\ H. Naragino et al., JJAP 55 (2016) 030302
M. Egiza et al. JJAP 58 (2019) 075507

Ali M. Al et al, APEX13 (2020) 065506.

S. Ohmagari et al., J. Nanomater 2009 (2009) 876561

Semicond.

+ Control in the conduction type by N and B doping
+ Study of the origin of the p- and n-type conduction

S. AkRiyami et al, APEX 3 (2010) 115102
H. Gima et al, APEX 10 (2017) 015801

Device Fab.
* Fabrication of heterojunction PD with Si

* Photodetection evaluation as UV sensors

S. Ohmagari et al., APEX 6 (2012) 065202
Abdelrahman et al, APEX 8 (2015) 095101
Abdelrahman et al, Appl. Phys. A 123 (2017) 167

Hard coating for
mechanical cutting
tools

Biomedical coating
for implants &

PV for nuclear wastes artificial joints

Sensing under rad.
cond

+ JSTALCA, 2011~13

« JSPS Grant-in-Aid for Sci. Res. (B), 2015~17

+ JSPS Grant-in-Aid for Sci. Res. (B), 2019~22

+ JST Value Progrum, 2016
+ JST A-STEP XF—> 11, 2017~22

Pulsed laser deposition (PLD)

Wavelength : 193 nm
Energy: 100 mJ

Imadiation area: 2 mm? Lens
Repetition Rate: 50 Hz 0

Excimer Laser (ArF)

substrate

Anode Trigger capped

heater
substrate

a
(Graphie)

Trigger box.

Comparison of deposition me

! This work
. . 1 . -
Chemical Vapor Deposition | Physical Vapor Deposition
1
1
1 -
! Pulsed Laser Deposition (PLD)
1 Coaxial Arc Plasma Deposition (CAPD)
PVD
CVD
PLD [ CAPD
energy of species - from tens to hundreds electron volts
depo. process continuous pulsed
seeding procedure required NOT required
depo. rate generally low 80 nm/min 400-6000 nm/min
substrate temp. 700 ~ 1000 °C 550 °C RT ~ 550°C
large area depo. dependent on method difficult possible
others generally high quality amorphous carbon is cogenerated

Hydrogen Gas Effect on the UNCD Formation

g 1 In the case of the dangling bonds of carbon
29  exagonal | } clustgrs with diameters less than 3 nm being
g0 — terminated by hydrogen, the tetrahedral
- 1 (diamond) structure is more stable than

37 7 hexagonal one.

f;lS[ -~ * P. Badziag, W. S. Verwoerd, W. P. Ellis and N. R. Greiner,

g fv Nature 343 (1990) 244-245.

H/C ratio

Hydrogen stabilizes the sp* hybridization of carbon atoms at the diamond surface.

« M. Frenklach, H. Wang, Phys. Rev. B 43 (1991) 1520,

Atomic hydrogen is involved in the most surface reaction and facilitates the incorporation ofi
carbon atoms into diamond lattices, which results in the enhancement in the deposition rate
and crystalline quality.

% D.G. Goodin and J. E. Butler, in Handbook of Industrial Diamonds and Diamond Films, edited by M. A. Prelas, G. Popovici, and K.
Bigelow (Dekker, New York, 1997) p. 527.

Hydrogen atoms remove non-diamond carbon from the surface.
 B.V. Spitsyn, L. L. Bouilov, and B. V. Derfaguin, J. Cryst. Growth 52 (1981) 219,

A hydrogen atmosphere might have significant roles on the UNCD formation.

CAPD «| CVDUNCD §
: £
2
o Wavelongth/nm

400 600
Wavelength (nm)

0. A. Williams et al. DRM 15 (2006) 654.

manly from C+ and C species {———=) dominantly from C, swan bands.

H2 atmosphere Vacuum

o k NSl b
C atom
~
C, dimer -
N N

30 s 50 s 100 us 30 ps 50 s 100 us

K. Hanada et al. JJAP 49 (2010) 08JF09

Comparison in the process

PLD, CAPD
CvD

Plaspe crapnite ) Pulsed Plasma
anm
C,C*
GH l quasi-high pressure
nucleation | & temp. situation
Pretreatment
Film 'Diamond Film No requirement of pretreatment

Heated substrate (700-1000°C) Heated substrate (550°C)

[ ) Substrate
Substrate
growth leation)
diamond seeds mdependently distributed
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Q-carbon (quenching carbon)

2 step growth Prof. Nanyang Lab.
North Carolina State University

amorphous carbon by PLD

Pressurs (GPa)

CAPD does not necessarm
require hydrogen
atmospheres.

Pulsed Plasma

quasi-high pressure & temp. situation
due to highly dense & energetic atomic
species

ntonsty (0]

e We have started to call “Quench diamond”,
Qshon “Q-dia” /

J. Narayan et al., APL Mater. 3 (2015) 100702

Progress of nanodiamond research

Film growth & Process

* Growth of UNCD/a-C:H films by PLD and CAPD
«_Diagnostics of plasma deposition processes

K. Hanada et al., JJAPAS (2010) 08JF09

T. Yoshitake et al., JJAP46 (2007) L936 ]
T. Yoshitake et al,, JJAPA9 (2010) 015503 efo.

Structures & Elem. prop.

* TEM observation T. Yoshitake et al., JJAP48 (2008) 020222
« Spectroscopic evaluations S. Ohmagari et Nanomater 2009 (2009) 876561
+ Measurement of elemental physical properties S. Al-Riyami et al., Diamond Rel. Mat. (2010) 510

AliM. Ali et al, APL 116 (2020) 041601

e

Semicond.

Mech.

+ Control in the conduction type by N and B doping
+ Study of the origin of the p- and n-type conduction

S. AkRiyami et al, APEX 3 (2010) 115102
H. Gima et al, APEX 10 (2017) 015801

Device Fab.

Room-temp. deposition of 50 GPa hardness films
on WC-Co sub.

+ 60 GPa hardness & 10 pm

owing to Si and B doping

More than 70 GPa hardness by employing

el

* Fabrication of heterojunction PD with Si
* Photodetection evaluation as UV sensors

S. Ohmagari et al., APEX 6 (2012) 065202
Abdelrahman et al, APEX 8 (2015) 095101
Abdelrahman et al, Appl. Phys. A 123 (2017) 167

PV for nuclear wastes ~ Sensing under rad.
cond.

+ JSTALCA, 2011~13
+ JSPS Grant-in-Aid for Sci. Res. (B), 2015~17
+ JSPS Grant-in-Aid for Sci. Res. (B), 2019~22

g

\ H. Naragino et al., JJAP 55 (2016) 030302
M. Egiza et al. JJAP 58 (2019) 075507

Ali M. Al et al, APEX13 (2020) 065506.
Hard coating for

mechanical cutting
tools

Biomedical coating
for implants &
artificial joints

+ JST Value Progrum, 2016
+ JST A-STEP XF—> 1T, 2017~22
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« Growth of UNCD/a-C:H films by PLD and CAPD
«_Diagnostics of plasma deposition processes

K. Hanada et al, JJAPA9 (2010) 08JF09

T. Yoshitake et al,, JJAP46 (2007) L936 ]
T. Yoshitake et al., JJAP49 (2010) 015503 etc.

Structures & Elem. prop.

—_—

Semicond.

* TEM observation » T. Yoshitake et al., JJAP4S (2009) 020222
+ Spectroscopic evaluations S. Ohmagari et Nanomater 2009 (2009) 876561
« Me: of physical prop S. Al-Riyami et al., Diamond Rel. Mat. (2010) 510

Ali M. Al et al, APL 116 (2020) 041601

) Mech.

+ Control in the conduction type by N and B doping
+ Study of the origin of the p- and n-type conduction

S. ALRiyami et al, APEX 3 (2010) 115102
H. Gima et al, APEX 10 (2017) 015801

Device Fab.

+ Room-temp. deposition of 50 GPa hardness films
on WC-Co sub.

+ 60 GPa hardness & 10 pm thickness deposition
owing to Si and B doping

» More than 70 GPa hardness by employing

* Fabrication of heterojunction PD with Si
* Photodetection evaluation as UV sensors

S. Ohmagari et al., APEX 6 (2012) 065202
Abdelrahman et al, APEX 8 (2015) 095101
Abdelrahman et al, Appl. Phys. A 123 (2017) 167

PV for nuclear wastes ~ Sensing under rad.
cond.

« JSTALCA, 2011~13
« JSPS Grant-in-Aid for Sci. Res. (B), 2015~17
+ JSPS Grant-in-Aid for Sci. Res. (B), 2019~22

bi
o]

\ H. Naragino et al., JJAP 55 (2016) 030302
M. Egiza et al. JJAP 58 (2019) 075507

Ali M. Ali et al, APEX13 (2020) 065506.

Hard coating for
mechanical cutting
tools

Biomedical coating
for implants &
artificial joints

+ JST Value Program, 2016
+ JST A-STEP XF—>T, 2017~20

Hard coating materials

X Materials Vickers hardness (GPa)
4 Diamond 115
Nanodiamond(CVD) | 80-100
Diamond-like carbon | 10-50
c-BC,N 76
c-BN 48
- TIAIN 30
3 times tensile . N
strength of steel > Specific merits to hard carbon
= Composite = Al = Ti @ Steel = Others high hardness & excellent mold
release

\ -~ e e S
Drill bit and End mille

> The life time of diamond-coated tools is
10 to 20 times longer than those of
TiAIN-coated and non-coated ones.

Diamond and related hard carbon are the most effective hard 1
coating materials for CFRP, Al and Ti.

Comparison among DLC, UNCD/a-C:H, and diamond

Hardness: 50 GPa

Hard coating |12y tiyiclness: 300 nm

methods

DLC (a-€) UNCD/a-C:H p-diamond

SEM image - M J—

Structure Amorphous Nanocrystalline/ Polyerystalline
Growth on foreign Seeding required (CVD)

Easy 8 e Seeding indispensable
Thermal stability 200-300 °C 500 °C ? 800 °C
Surface smoothness Extremely smooth Smooth Rough
Cathodic Arc Hot-fil CcvD fil cvD

Hardness: 80 GPa
- [thickness: 10 pm
[Ts: 800-1000 eC.

in practical use

Hard  fim  easiy  causq]

peeling off.

Depo. rate is extremely low (5 nm/min)
It takes 36 hrs for 10-um coating.

1)W. Kulisoh et al., PSS A 208, 70 (2011), 2) P. Koidl et al, DRM 1, 1065 (1992), 3) X. Jiang et al,, PSS A 154, 175
1996)
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Advantages of Coaxial Arc Plasma Deposition (CAPD)

(A targe number of highly energetic excited carbon species is supplied onto |
substrate surface.

Supersaturated condition

. Substrate
ider  © Crion

Schematic of
deposition Cathodic graphite 0 catom

© G dimer
process of o macroparticles

CAPD T b

~ [Ty

Typical image of CAPD machine
19

Coaxial are plsma gun of CAPD (a) with and (b) without the anodic cylinder

Advantages of Coaxial Arc Plasma Deposition (CAPD)

DLC coating by
cathodic arc
deposition

polycrystalline diamond

UNCD/a-C coating by CAPD coating by HF-CVD

Depo. rate is extremely large: >500

nm/min comparable or slightly 5 nm/min
The deposition time can drastically be larger
shortened.

Ts: 800-1000 oC
Co removal on WC-Co
surface by acid is

R thi ible.
s growth is possible. indispensable prior to

Co catalytic effects can be minimized.

coating.
Serious problem in prac.
use
UNCD/a-C coating by CAPD on WC-Co has Representative
never been tried thus far. method 2
What are its merits as hard coating Technically
materials? established

Research target
- TTTTsEsEEEEEEEEET 1
1 >70 GPa :
: [ |
| UNCD/a-C film (> 10 um) :
I
[}
: WC-Co substrate 1
[}
e |
2017-2020

JST A-STEP Stage |l (seed development type AS2915051S)

Experimental Procedures

o The surface of WC-Co substrates was
mainly roughened prior to
deposition.

suhslra{e
coaxal arc plasma gun

o The etching of Co on the surface was

NOT carried out.
o Undoped UNCD/a-C films were deposited on

WC-Co at RT and 1 Hz repetition rate.

o Si & B-doped UNCD/a-C films were deposited Schematic diagram of CAPD
directly on the WC-Co substrate at various —
concentration of Si & B, and after inserting 1um

UNCD/a-C buffer layer.
Characterizations of films

exhaust ==

o XRD, SEM, PES (Saga-LS), EDX, SIMS, wear test, internal

stress and nanoindentation Typical image of the dengsi‘

Undoped UNCD/a-C films: Hardness & Diamond formation

3 1580
Geband
5
4
£
=3
32
Hy =613 GPa
1
o
0 005 o1 015 :
Indentation depth (um) 20 30 40 50 @

S0 100 1200 100 1600 1800 2000 20(dee)
Raman shift (cm?)

* The film deposited at RT achieved hardness of 51 GPa, which
corresponds to the max hardness of hydrogen-free DLC.

* Raman spectra indicates the formation of diamond.

* The crystallite size was estimated from XRD measurements to be 2.4 nm .

23

Co diffusion into films

UNCD/a-C

Weco
g et

SIMS depth-profile of Co indicates that — ss0eC
Co atoms hardly diffuse into films

even at Ts = 550 °C.

Secondary fon intensity (cps)

- B

<0

20 o »
Desth (m)

Comparison in SIMS depth-profile of Co between the films deposited

at room temp. and 550 °C. (Yellow-colored range refers to surface
roughness regions of WC-Co substrates) 2
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Diamond growth & Co diffusion into

3 M ck

the films M Cok
WM

The EDX depth profiles also confirm that the

Co atoms in WC-Co hardly diffuse into the

film even at Ts = 550 °C.

$ .

CoK

1. The substrate temperature (RT-550°C) is |- WOM

much lower than that (800-1000°C) of
HF-CVD.

2. Since the CAPD deposition is depending
on pulsed process, an increase in Ts
might be suppressed.

Cross-sectional SEM image and EDX signal depth
profiles of CW, and Co of films deposited at (&) RT. 25

Undoped UNCD/a-C films: Internal stress & film thickness

= The UNCD/a-C coating achieved more than 10 pm film thickness which is two
order larger comparably to the hard DLC (300 ~~* ——— — —

. . 10 -
= The internal stress was estimated to be only 4.5 &
GPa, which is much smaller than that of {lg 8
comparably hard DLC. I
G 6
= The low value of the internal stress can be ;
attributed to the large amount of GBs. g 4 -
£
g 2r

0 20 4 60 8
Hardness (GPa)

Comparison of stress between DLC and UNCD/a-C films.

SEM images of UNCD/a-C film (a) Top and (b) cross-sectional

and (b) 550 °C view =
ﬁ or B doping effects \ Kegative bias effects \
0 Si doping facilitate the diffusion of — Content

Co atoms from the WC-Co
substrates into the films.
+ — Owing to the catalytic effects of Co

atoms, the sp2 content increases and the
hardness was degraded.

O Undoped UNCD/a-C buffer layers
is effective for the suppression of
the Co diffusion.

[ardneses1G7s Unbias

Intensity (a. u)

QO Sidoping has effects of enhancing
the hardness (60 GPa) and e
Young's modules (600 GPa).

+ By employing undoped UNCD/a-C buffer
layers, the Si-doped films exhibited the
hardness of 60 GPa.

Depo. rate:
2-3 times larger

W0 ww e
Raman shift (cm)

¥ Negative bias
feaemezen | /7 GPahardness
achieved!

Patent, under preparaﬁorJ

Q B doping has effects similarly to Si
doping

Intensity (a. u)

Raman shift (cm'?)

Mohamed Egiza et al., JJAP 58 (2019)
075507.

/,

Researches on nanodiamond

PVD Growth & Process diagnostics
Hard coating

Coating for biomedical
Photovoltaics

Summary

Applications of diamon

ating to implants and artificial joints

Size of markets of implants and artificial joints is 3.4 billions yen in 2011 and expected to be

Background
groul 4-5 billions yen at present.

<Implants> Ti is basic material. Corrosion resistance of Ti against saliva is problem to be solved.

Ti corrosion shortens implant life time.

Metals except for Ti possess low

affinities for living bodies.

—Corrosion suppressison by
coating is required.

Nanodiamond coating improves corrosion for saliva
by an order. [B. Patel et al., Surf. Innovations 5 (2017) 106]

<Artificial joints> In addition to present joints, new-type joints comprising pairs of ceramics and
metals are under development.

High affinities for living bodies: required for basic materials and abrasion powder
Even if CoCr alloys are passivated, their abrasion powder is toxic.
Metallic ions have risk of cell toxicity.
Low sliding friction: Hard, low friction, and smooth surface are preferable.
Metals and ceramics have sliding frictions.
High abrasion and corrosion 3 i and
It is difficult for metals and ceramics to satisfy both resistances.

— Hard carbon coating is a promising candidate for solving
above-mentioned problems.

tough

Appli

ating to implants and art

NCD Di PCD)
———_ 3
SEM
Structure Amorphous Nanocrystals/amorphous polycrystalline
Deposition | lon plating deposition MWCVD HFCVD
method (PVD) CAPD (PVD) (cvD)
Sub. Temp. 200~ 300 'C Room temp. 800~ 900 C
Surf. roughness Smooth Smooth Rough
Hardness 50~ 60 GPa > 50 GPa 90~ 120 GPa
Thickness <05um >10 ym >10um
Depo. rate 0.5~ 2umh >3 umh 05um /h

)W Kulisch etal,, PSSA 208,70 (2019, 2) P Koidl etal, DRM1, 1065 (1993 3) X. Jianget al, PSS 154, 175 (1995

Diamond possesses the lowest thermal exp coefficient 8 x 10-7 K-' among materials,
which is more than an order of magnitude larger than those of metallic basic
materials such as Ti.

Owing to the room-temperature growth,
the deposition of films w/o peeling off is
realized.

Collab w/ KU Hospital Implant Center
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Progress of nanodiamond research

Film growth & Process

Growth of UNCD/a-C:H films by PLD and CAPD
_ Diagnostics of plasma deposition processes

[ ]

T. Yoshitake et al., JJAP46 (2007) L936
K. Hanada et al., JJAPAS (2010) 08JF09
T. Yoshitake etal,, JJAP49 (2010) 015503 efc. -

~ Structures & Elem. prop.

« TEM observation
« Spectroscopic evaluations
. NLeisﬁgment of elemental physical properties

SemiconcIir

T. Yoshitake et al., JJAP48 (2009) 020222

S. Ohmagari et al., J. Nanomater 200 (2009) 876561
S AkRiyami et al., Diamond Rel. Mat. (2010) 510
AliM. Al et al, APL 116 (2020) 041601

a Mech.

+ Control in the conduction type by N and B doping
+ Study of the origin of the p- and n-type conduction

S. AkRiyami et al, APEX 3 (2010) 115102

Room-temp. deposition of 50 GPa hardness films
on WC-Co sub.

. hardni
———— H.Gimaetal, APEX 10 (2017)015801 gevif;’?o e gol:?n';m
D;viiz/e/Fab. + More ‘tharL70 GPa hardness by employing

* Fabrication of heterojunction PD with Si
* Photodetection evaluation as UV sensors

S. Ohmagari et al., APEX 6 (2012) 065202
Abdelrahman et al, APEX 8 (2015) 095101

PV for nuclear wastes S
cond

+ JSTALCA, 2011~13

+ JSPS Grant-in-Aid for Sci. Res. (B), 2015~17

+ JSPS Grant-in-Aid for Sci. Res. (B), 2019~22

_ Abdelrahman et al, Appl. Phys. A 123 (2017) 167

ensing under rad.

g

H. Naragino et al., JJAP 55 (2016) 030302
— M. Egiza et al. JJAP 58 (2019) 075507
Ali M. Al et al, APEX13 (2020) 065506.

Hard coating for
mechanical cutting
tools

Biomedical coating
for implants &
artificial joints

+ JST Value Progrum, 2016
+ JST A-STEP XF—> 1T, 2017~22

Theoretical prediction !
« Disordered bonding at GBs generate energy states in
the bandgap of diamond.
P. Zapol et.al Phys. Rev. B 65 (2001) 045403
F. Cleri et.al Europhys. Lett. 46 (1999) 671.
Experimetal reports (CVD films)
« n-Type conduction accompanied by enhanced electrical
conductivities is possible by nitrogen doping
S. Bhattacharyya et.al Appl. Phys. Lett. 79 (2001) 1441.

.f‘i
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HRTEM image of UNCD/a-C:H film

UNCD

N-doped UNCD

« We realized the growth of UNCD/a-C:H films by pulsed
laser deposition (PLD) and coaxial arc plasma deposition
(CAPD), for the first time and even now.

« UNCD grains uniformly exist in films, which might make
GBs effects on the physical properties obvious.

« Extremely large optical absorption coefficients after-
mentioned might be owing to the existence of a huge
number of GBs.
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APhotocurrent spectrum of UNCD/a-C:H film.
In addition to photocurrent in the UV range due
to UNCD grains, photocurrent in the visible range
is observed, which might be attributable to GBs.

4 Optical
absorption coefficient is extremely large. This is
mainly owing to a direct optical bandgap of
approximately 2 eV.

absorption spectra. The optical

potential materials applicable to
photovoltaics
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1. p-Type conduction appearance was thermally confirmed.
2. The electrical conductivity is enhanced by B doping, which is distinctively different
from the case of DLC.
3. The estimated activation energy (200 meV) obviously differs from that (370 meV)

of B-doped diamond. Thus, the doping mechanism should be different from that in
diamond.

FTIR spectra of B-doped films (P

(@ B3at%

(b)

Intensity (arb.unit)

o

Pa— " N
2800 2900 3000
Wave number (cm™ )

2700

Wave number (em™)

2854

Mode of vibration

Symmetricsp’-CH,

2884 Symmetric sp*-CHs
2905 sp*-CH

2928 Asymmetric sp*-CHz
2955 Asymmetric sp>-CHs

2976
3000
3021, 3038
3082

Olefinic sp>CHz
Olefinic sp*CH
Aromatic sp™-CH
Asymmetric sp*-CH,

sp3-CH: Attributable to H atoms that
terminate dangling bonds at GBs
H

The sp3-CH peak is weaken with an increase in the B content.
— H atoms that terminate dangling bonds at GBs might be partially replaced with B

atoms.
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NEXAFS spectra of B-doped films (P

SAGA-LS (BL12)

UNCD

UNCD
grains

B 3at.%

*C-B
~ Specific to B doping

Intensity (arb.unit)

@ Carbon
@ Boron

o

B atoms that substitutionally incorporated into
diamond lattices are undetectable in NEXAFS spectra.

Hsieh et al., Appl. Phys. Lett., Vol. 75, No. 15 (1999)

0*C-H peak

B 13at.%

PR=N o*C-B peak

weakens strengthens

H atoms that terminate dangling bonds
at GBs might be partially replaced by B
atoms.

This consideration is consistent with
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o that for FTIR results.

-
16°4
107 — >
Ng ) (iiyn=56
Al e <
g1 =
k= { 2 104 =28
£ 100 £
£ =
3 [
/ 5 10°y &7
| H (&) (i)n=1
10 y " (i) Diffusion
% 1073 (ii) G-R with tunneling
1078k " (i) Tunneling
L 107 T T T
-1 0.5 0 0.5 1 00 02 . 06
Voltage (V) Forward voltage (V)

Heterojunction diodes: C-V
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Estimation of carrier density

1 2esiNsi + sunen Nunen) (Vi — V)
[

gesiNsieuneo Nunep
Ng; =5x10"® cm™
Nynop = (1.4£0.3) X 1017 cm™2

| Estimation of depletion region |

2Nsiesieunco (Ve — V) ]”’
i + Nuncp&unenp)

Wunep =
S LINUNLM.

The capacitance saturates at —17 V.
(depletion region = film thickness 100 nm)
Fully depleted at -17 V

It was confirmed that a depletion region expands into the UNCD/a-C:H

layer (43.5+9.5 nm @ -5V)

Relationship between boron content and carrier density

The carrier concentration was estimated from the C-V curves of the heterojunctions.
It was proved that the carrier concentration can be adjusted by boron doping.
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Deep UV light detection
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* The diodes exhibit large external quantum efficiencies (more than 70%).
« Photocurrent should predominantly be attributable to that generated in UNCD

grains.

Band structure of hetero-diodes
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. Ohmagari et al., JJAP 53, 050307 (2014)
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Detectors in rad. cond. and photovoltaics for rad.

Sensor materials in radiation conditions. - . ) L .
N Visible light detection using intermediate

— ~ o
//' 10M diamond \\ energy states in diamond band gap.
sic Mat. gg | Operation Rad.-res.
temp. v | nutron
= M Ga0s Diamond ssev |>50C| © | ©
©) SiC (aH) 325ev | 300C | O x*
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S 100k Si 1.1eV 125°C x x
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= CID camera ‘u .
g Photovoltaics for nuclear waste,
E 10k GaN so-called “diamond battery”
(&) A ‘ i
1k Rad.-res. CCD image sensor
| CCD image sensor camera |
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Summary

Our nanodiamond research (Q-dia), which we have constructively progressed
step by step thus far, was introduced. We are prospecting followings for each
application.

Q0 PVD Growth & Process diagnostics
Owing to process developments, the film quality is comparable with that of
CVD nanodiamond, in spite of room temperature deposition.

Q Photovoltaics
Heterojunctions with SC diamond will be prepared, and we consider their
application to detectors under radiation conditions and PV for nuclear
wastes.

Q Hard coating
More than 70 GPa hardness and more than 10 pm-thickness deposition
are achieved for WC-Co. Practical use is under consideration with a
mechanical tool company.

Q Coating for biomedical
Deposition on Ti is achieved. The biomedical effectiveness will be studied

with KU Hospital Implant Center.
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