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I. Yriepoanpie MaTepuajbl

— MoHo, nonu n HaHokpucTtannmyeckun CVD anwvas

— YrnepoaHble HAHOTPYOKN U rpadpeH

I1. /IazepHbI€ TEXHOJIOTUU

— CUHTE3a YyrnepoaHblX HaHOMAaTepnasros,
— KOHTPOJIA N MO,EI,I/ICbI/IKaLI,I/IM NX CBOWNCTB;

— MUKPO U HAHOCTPYKTYPUPOBAHUSI.

I11. YriepoaHble HAHOTPYOKH B JIa3€pPHOM
TEXHUKE




AJMas:

YHUKaJIbHOE coueTaHue (PU3NUYECKUX CBOMCTR

PEKOPAHO BBICOKHUE: PUMEHEHHS:
® TCILIONPOBOAHOCTD,

® TBEPJIOCTb,

® CKOPOCTb 3ByKa

® IPO3PAYHOCTh OT YD
JIrana3oHa 10 PaaruoOBOJIH,

® [1pOOOIHOE HANIPSKEHUE

® paJIUAlIMOHHAS CTOMKOCTD

® 01OCOMECTUMOCTD

e ontuka MK n MunnmerpoBoro auarnasoHa,

® TCIUIOOTBOISIINE MOJIOKKH IS AJICKTPOHHBIX
IpuOOPOB, MOTYIPOBOJHUKOBBIX JIA3€POB.

® JICTCKTOPHI HOHU3UPYIOIIETO U3TyUCHHUS,

e CBY npubopbl Ha TOBEPXHOCTHBIX
aKyCTHYECKHUX BOJIHAX

® paJIMaIlMOHHO-CTOMKAs aKTUBHAS DJICKTPOHUKA

® YHCTPYMEHT C aJIMa3HbIM MOKPBHITHEM,

® 3JIEMEHTHI MUKPOAJIEKTPOMEXAHUKH,

® 0HOCEHCOPHhI, OMOCOBMECTUMBIEC MOKPHITHSI.

® BJICKTPOJbI I SJIEKTPOXUMUU

Haubonee octpas noTpeOHOCTh B aJIMa3HbIX MaTepuajgax B OTpacysx:

® 3J1eKTPOHUKA (B 0ocobeHHOocTH CBY 31eKTpOHNKA)

e cuiioBasi onTuka UK u MmmisimmeTpoBoro anana3oHa (rupoTpoOHbI,
kaucTponsl, CO, Jj1azepbl)



AJIMa3HBbIC MOHOKPHUCTAJJIbBI

[IpupoaHbie KaMHU HCKyCCTBEHHBIE KPUCTAJLJIBL.
CuHTE3 TIPU BBICOKUX JTABJICHUAX

- Mauibiil pa3Mep — HECKOJIBKO MM.
- [IpuMecu kaTammu3aTtopos.

- Manbli1 pa3mep.
- HekoHTpOJIMpyeMbIe NPUMECH U
ne(EKTHI.



I. CVD nmosim u
MOHOKPHCTA/VINYECKHUU aJIMa3

» ToanmHaa A0 1-2 MM

» AraMeTp OIpeAeAseTCsa pa3MepamMu
IIOAAOYKKHU Y TIAA3MBI

» CBolicTBa OAM3KHM MAU AA>KE BBIIIE, YEM
Y AYUIIHX OPUPOAHBIX MOHOKPHCTAAAOB



Synthesis of CVD diamond

Substrate 1,:H,
v'Methods of gas heating: v'Deposited material:
*Hot filament * mono and polycrystalline diamond
*Plasma (electrical, UHF, MW e films with thickness up to few mm
and optical discharges) v'Deposition rates: 0,1-100 mkm/hour
v'Substrates: diamond, Si, Mo... v'Deposition area: is determined by the
v'Deposition temperature: 500- gas heating zone dimensions and at the
1200°C present time <1000 cm?




Microwave plasma parameters

pump out

Important for diamond growth: MICROWAVE
-high atomic H conc. FNERGY
-methyl CH, radicals

For pure hydrogen plasma, 5.0 kW, 100 Torr:

Neutral gas temperature 72: ca. 2800K from Doppler broadening of Ha line in Balmer series
Electron density ne: 1.6 x 1012 cm> from microwave interferometry at A=0.8 cm

S. Gritsinin et al., J. Phys. D: Appl. Phys. 31 (1998) 2942.



HOJI}’HpOMI)IH_UIGHHa}I YCTAaHOBKaA JIsI BbIpalllUBAHUA
AJIMA3HbIX ITJICHOK M IINIaCTHUH

www.cvd-diamond.ru

¢ Momnocts CBY ucrounuka — 5 kBt, wactora 2,45 I'T'1.

¢ KonnuecTBO HE3aBUCUMBIX T'a30BbIX KaHAJIOB — 4.

¢ Peakumonnsie rasel: CH,, H, (O,, Ar, N, 10NOIHHTENBHO).
¢ JlaBnenue B kamepe 20 — 150 Topp.

¢ MakcuMalbHbIA JUaMEeTp MOIJIOKKH — 75 MM.

¢ Temnepatypa nomioxku — 700 — 1000°C

¢ CkopocTb ocaxieHus anmasa - 1-8 MkM/4ac.

¢ YrpaBiieHHe OT IPOMBIIIICHHOI'O KOMITBIOTEPA.

TonumHa mieHok 1 Mkm — 1 Mm [Ipumenenus:
Tenmonposoanocts 1800-2100 Bt/cmMK temnooTBoAbl, K ontuka, ”HCTpYMEHT,. ..
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Poct MOHOKPHUCTAJIbHBIX 3IIMTAKCHAJIBbHbBIX AJIMA3HbIX IIJICHOK

[Tonmukpucraminyeckue MIeHKU (TIJIaCTHHBI)
IMTomnoxka — Si

Huametp 50 -75 mMm

CkopocTtb pocta 1-3 MkM/4ac (ONITHY. Ka4eCTBO)

DnuTaKkcuaabHBIC IIJICHKH (MOHO)

[Toasioxkka — MOHOKPHUCTAJUT aJiMa3a CUHTETHY.
Pasmep 4x4x0,5 mm?

CxopocTts pocta 12-20 Mkm/4ac

IInpuna nuka B PaMaHOBCKOM [IpyMeHEHUS:
cnekTpe 2,5 cm! oimHaKoBa s
IUIEHKU U T1OUIOXKKH.

e rionesbie CBY TpaH3ucTOpHI;

o YD u PEHTT€HOBCKUE JECTEKTOPHIL;

e BKP mazepsr;

® MOHOXPOMATOPHI JJIs
CUHXPOTPOHHOTO U3JTyUYCHUS



HN30TOonmmuecku YuCThIU aJIMas:
peKOpHHO BBICOKaA TEHJIOHpOBO[lHOCTI)

e MakcuMaibHas TEIJIOMPOBOAHOCTh anMasa k = 20-24 Bt/cMmK nipu 7=298 K (s
IPUPOTHBIX MOHOKPHCTAJIIIOB) — PEKOPIHO BBICOKAs CPEIM BCEX M3BECTHBIX BEIICCTB.
B npupoanoM anmasa comepxxutcs 1,07% uzoromna 3C, koTopslii paccenBaeT (HOHOHEI,

CHIDKAET BEIIMYMHY K.

e B CBY mna3me u3 usoronnyecku «auctoro» CH, BbIpaleHsl NONUKPUCTAIIINYECKUE
IUTACTHHBI ajIMa3a ¢ yMeHbIIeHHbIM B 20 pa3 coaepkannem 3C (10 0,05%).

» VBenuuenue TerionpoBoaHocty ¢ 18.2 no 24.3 Bt/cMK Bosb MmacTUHbI

(1o 25 + 2.3 Bt/cMK no HopManu k miactune). IdPekT aHu30Tponuu k U3-3a
KOJIOHYATOM CTPYKTYPhl KPUCTATUIUTOB.
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Anisotropy of thermal conductivity
in polycrystalline CVD diamond
Phonon scattering on grain boundaries.

Columnar grain structure = TC anisotropy.
Depth inhomogeneity due to crystal size variation.
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Raman spectroscopy

1332.5

Intensity, a.u.
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Excitation wavelength 514.5 nm. Peak width 3 cm-!.



JlazepHoe
HAHOCTPYKTYPHUPOBAHUE

d/IMa3ad



Surface graphitization of CVD
diamond

1 - original
2 - laser-ablated at
normal beam incidence
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Low laser intensity
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Carbon material extension as a result of phase
transformation of diamond-to-graphite
(laser fluence 5.2 J/cm?, 1 pulse)



Graphitization + chemical etching
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High laser intensity

Laser beam

0] rerem

Graphite-like Dex ID

D2

layer

Diamond

Laser ablation of graphitized material
Parameters of graphite-like layer:
v'Thickness D=D,-D ,=350+430 nm

D-D

. _ ext.
v'Mass density P D pdiam

=1.86+1.97 g/cm’

(Pgia=3-5 g/cm? - diamond density)



Ablation rate, nm/pulse

Ablation rate of CVD diamond
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Heat affected zone depth

for short laser pulse action

L= max{ \/E}

a - radiation absorbtion coefficient
y - material thermal diffusivity
7 - laser pulse duration
Example: materials (metals, graphite) with strong light
absorbtion and high thermal conductivity
a = 10%+10%cm", v =1 .cm?/s
7 — {\/ﬁ for t > 108-10-10s

-1
o for 1 <108-10-10g



Design of the diffractive elements

A
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d =L =7.68 um
n—1

The reduced phase function mod, . ¢(u) to the interval [0, 27) and its four-

level approximation for a lens.
f — focal length, A — wavelength, n - refraction index




2709152

0,001 mm

A typical detail of the realized 8-level diffractive microrelief (WLI measurement of Fresnel
lens).



‘Radial profile of thermal conductivity

Diamond wafer g 63 mm, thickness 1.1 mm

k, W/emK

e
o
1

12 1

10'I.'I'II'I'I'I'l'l‘l'l'l'

-30 20 -10 0o 10 20 30
‘ distance, mm




Laser Polishing

™

- 100 pm

'stage #2
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White light interferometry microscopy (NewView 5000, Zygo) image
and profile of a laser-etched spot on a surface of a diamond Ila type
single crystal, which was formed as a result of irradiation by 3*10°
excimer KrF laser pulses at fluence of 15 J/cm? (I~10° W/cm?).
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Bulk structuring

of diamond



Metal encapsulatlon Into dlamond

i

B bR B0 10Pn W41
o

-7

1st s_g_ta aCthathﬂ of the diamond 2nd stag metalhzat1on of a laser—etched
surface by KrF laser etching trench with electroless copper

3rd stage: encapsulation of a copper line
into diamond film

S.M. Pimenov, G.A. Shafeev, V.I. Konov, and E.N. Loubnin, “Electroless
metallization of diamond films”, Diamond and Related Materials, 5 (1996)
1042-1047.



Bulk diamond graphitization

Lighter
Objective
Diamond sample | Laser
(3D scanning) i 4 beam
Microscope
objective
=

CCD



Optical image of a ‘graphitic’ microchannel
formed in the bulk of a diamond single crystal
during multipulse irradiation at the fixed focal
plane position and laser pulse energy E= 94 nJ.



Intensity, W/cm?®
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Graphitization wave velocity dependence on laser
intensity (energy density)

t=140 fs, A=800 nm



diamond sample

E <«—— fTslaser beam

< sample translation

Schematic of femtosecond laser
microstructuring in the bulk of diamond



(a) (b)

Optical microscopy images of graphitic microchannels produced by
120 fs laser pulses in the bulk of single crystal diamond at two laser
energies under different scanning beam velocities: (a) E1= 116 nJ,
v=10-1 mm/sec (upper) and v=10-2 mm/sec (lower), (b) E2=35 nJ,
v=10-3 mm/sec (upper) and v=2x10-4 mm/sec (lower); laser beam
was incident from the right side.



i\ original

AN

fs laser irradiated

Intensity (arb. units)

1000 1200 1400 1600 1800

Raman shift (cm'”)

(a) (b)

(a) Optical microscopy image of two graphitic microchannels
produced throughout the 0.68 mm thickness of a single crystal
diamond plate using 120 fs laser pulses, and (b) Raman spectra of
the original diamond and fs-laser-irradiated region at the top of the

microchannels.



. Empty microholes

> Graphitic “wires’”




I1. HaHOKpUCTA/L/IMUECKUE
aJIMa3HbIE IIJICHKU

» ToammHa ot 50 nm Ao 10 nm

» Ilonepeunnbie pa3Mepbl HPUHITUIINAABHO HE
OI'PAHUYEHBI

» Maaast muepoxosarocts nmosepxuoctu (10-40 nm)
» Pasmep 3epen ot 2-5 nm A0 200-300 nm

» B03MO>KHOCTH AETUPOBaHUA A30TOM B IIPOIIECCE
pocra



Effect of deposition temperature on the film

microstructure
7\,:5 14.5 nm Topography (Forward)
o Curvature Correction of diamaond o
Low temperature
_ | (650-700 C) R =23.31 nm
s R,;=29.44 nm
nanocrystalline ¢
o | | o
Topography (Forward)
5 m Curvature Correction of diamond o
microcrystalline
High temperature )

R,=34.01 nm

10'00 ‘ 12‘00 I 14100 ' ‘16|00 ' (1000 C) 2 R =43.02 nm

Raman shift, em™!

1000
I

1332 cm! - diamond o

1350 cm! — disordered graphite ; o i o

1580 cm™! — graphite

1140 cm™! (and 1460 cm™!) — polyacetylene lying in GBs [A.C.Ferrari et al., PRB 63, 121405(R), 2001]



DC arc plasma reactor for diamond
growth

He-Ne laser Computer

Reflected Detector
He-Ne beam —
/ l

Cathode |

DC plasma

Substrate
(anode)

holder

. , Substrate
| J |

Interference fringes
— 7 optical o 8

CH,+H, pyrometer To pump

Deposition parameters:

Reaction gases: CH,, Hz, Ar, N,
Pressure: 50-150 Torr

Substrate temperature: 600-1200 C
Deposition area: 1 cm?

Substrates: S1, Mo, W




3) In situ laser interferometry

—> control of nucleation, early growth, and film
thickness

. . -1 switching-on 20%CH4/H2
1 Ah=1/2n=131 nm

Nucleation
switching-off stage

reflectivity (He-Ne laser), a.u.
reflectivity (He-Ne laser), a.u.

560 10b0 15b0 2000 0 50 100 150 200 250 300

o

time, sec time, sec
Topograp h.y (Forward) TDI:I?EE r:fp;if‘;i:;:gardj
3D of diamaond Ra=14'84 nm Ra=7'92 nm
R_ =18.58 nm R_ =10.02 nm
R, =168.79 nm R, =71.29 nm
1000
LQa




Deposition of ultrathin NCD films
from CH,-H, gas mixtures

1) Enhancement of the nucleation density (N,)
—> Ultrasonic treatment with diamond nanoparticles of 5 nm size

Diamond nuclei

e o o o (diamond particles,
Substrate (Si, metal) surface defects)

Film growth l

1/2

m@ ------- ~ h~1/N 4 2 Todeposit 100 nm thick

----- NCD films, the nucleation
density must be as high as
N,> 109 cm™

Substrate (Si, metal)




2) KrF laser irradiation of the seeded substrates
—> laser-assisted disintegration of the coalesced
nanoparticles

Ultrasonic treatment of Laser smoothing of the surface

substrates with diamond :
nanoparticles (5-20 nm) of 2 um thick NCD film

| Substrate |

l UV laser irradiation
of seeded substrates

| Substrate |

l Film growth

000 00 250 I e

laser-irradiated unirradiated

| Substrate KrF laser, A=248 nm, t=15 ns

E=100-200 mJ/cm?, N=50-100




NCD films grown from CH /H, dc arc plasmas

Characterization

v AFM

v' SEM NCD film (with
v Raman spectroscopy metal electrodes)

v" Optical transmission spectroscopy
v’ Spectroscopic ellipsometry

diamond membrane



Electrical resistivity of N-doped UNCD

influence N, concentration in feed gas

1o1°§ -

101 \

10°4 \

107 -

p, OM*cMm

0 5 10 15 20 25

Concentration N2, %

e N, doping results in 12 orders of magnitude resistivity decrease, down
to 10-2 Ohm*cm.

e Interesting for electrochemical applications (superstable electrodes for
water cleaning, sensors...)



Hanummaanaﬂ CXCMa JIA3€PHOI'0 IJIasMOTPOHA IJIHA
6ec1<aMepH0r0 CHHTE3a a/iIMa3HbIX IIJICHOK

Jyn CO2-masepa (okycHpyIOlas

JIHHF
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Pazorpemii
Fa30BbE MOTOK
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Diamond deposition 1n open air
(experimental conditions)

CW CO, laser power -5 kW
gas mixture -Ar:H,:CH,
flow rate -9 I/min

distance between the gas - 3-15 mm
nozzle and the substrate

stationary deposition area - 2 cm?
scanning velocity _ 40 mm/s



Photograph of the stationary optical discharge
plasma in Ar/H,/CH, gas mixture (P =1 atm)




CHHTEe3 aJIMa3HBIX IJIEHOK NPH CKAHUPOBAHUH
MOAJIOKKH OTHOCHTEJIbHO IJIA3MEHHOU CTPYH

2500

1000

1335 om”

“7000

WMHT EHCHBHOCTE, OTH. 8.

Pesabed noBepxHocTH
HAHOKPHUCTALIMYECKOU aJIMAa3HOMN

IJIEHKH, CHATBHIA HA aTOMHO-CHJIOBOM . : : : :
1000 1200 1400 1600 1800

MHUKpockomne. Pazmep kaapa 7x7 MKM. Crexrp KP, eu”

Pa3mep ajiMa3HBIX KPUCTALIIOB 0KO0JIO

200 um, mepoxoBaTocTh miIeHKH R, =50

HM.



II1. OgHocTEeHHbIE yIJIepOAHbIE

HAaHOTPYOKU



OpHocTeHHble yrnepoaHblie HaHOTPYOKU(OYH)
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Cxema ycTtaHOBKM no agyroBomy cuHtesy OYH u
npuMepbl NEePBUYHOIro0 CUHTE3UPOBAHHOIoO MmaTtepumana
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T+
Rolaling graphile disk '

Nature 318 (1985) 162

Intigiation cuo

[lepBag
yCTaHOBKa Mo
CUHTE3Y
doynnepeHoB
MEeTOoa0M
nasepHou
abnaumm




OuucrTka
OTHOCTEHHBIX YIJIEPOAHBIX HAHOTPYOOK

Mocne XMMMNYECKON OUYUCTKMU

McxopoHas caxa



BKP uzmepeHua napameTrpoB OAHOCTEHHBIX
YTA€POAHBIX HAHOTPYOOK

Tangential modes

1592 (y=14 cm”)

"breathing" modes

Intensity, a.u.

500 1000 115'00 2000
Raman shift, cm




IIpob6aema

Co3gaTb HOBbIN ONTUYECKUIA
MaTepuan Ha OCHOBE OQHOCTEHHbIX
yrnepoaHbIX HAHOTPYOOK



Jlea nooxooa Kk peutenuro npoonemol

* BBICOKONIPOU3BOAUTEIbHBIA CHHTE3 OJHOCTECHHBIX
YIJIEPOAHBIX ~ HAHOTPYOOK C  TOCJIEaYIOIIEH
OYUCTKOM IIOJIYUYEHHOI0 Marepuajga OT Caxu U
YaCTHUI[ METAJUIMYECKOTO KaTaau3aTropa; BBIACICHUE
HAaHOTPYOOK M3 IIYUYKOB, X CEJICKIUS MO CBONCTBAM
(Hampumep, 110 TUITY IIPOBOJIMIMOCTH );
HNCIOJIb30BAHUE HAaHOTPYOOK TS CO3J1aHUs
MOKPBITUN U O0BEMHBIX CTPYKTYP.

e [lomydyeHue Ha MOAIOXKKAX INICHOK M3 OJHOCTCHHBIX
HAaHOTPYOOK METOA0M Ia30(ha3HOro MUPOJIU3a.



MeToa 0YMCTKH HAHOTPYOOK, OCHOBAHHbIN HA
YJAbTPa3BYKOBOH 00padoTKe B pacTBOpe cypdakranra ¢
MOCJCAYIOIIUM YIbTPALCHTPUPYTrUMpPOBAHUEM

YnbTpa3ByKoBas
ob6paboTka

FoMoreHHble BOAHbIe CyCneH3un
OAHOCTEeHHbIX yrriepoaHbIX HaHOTPY6OK

YnbTpaueHTpUudyra
(6onee 100 000 g)




CnekTp ONTMYECKOro MoraoWeHns BOAHOW CYCMeH3nu
OAHOCTEHHbIX YrepoaHbIX HAHOTPYOOK,
CUHTE3UPOBAHHbIX AYrOBbIM METOA0M
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E11 E22 E33

Energy

“ v

_ N

- 3
/B N

Density of one-electron states

OHepreTnyeckasi cxema onTUYECKNX
nepexoaoB B MNosynpoBOgHUKOBOM
yrnepogHon HaHoOTpybOke




HennHenHoe nponyckaHue OYH cycneH3un B
D,O

82

Transmission, %

78O 5 10 15 20 25 30 35 40

Peak intensity, MW/cm?2

N.N. Il’ichev, E.D. Obraztsova, S.V. Garnov, S.E. Mosaleva , Quantum Electronics 34 (2004) 572

For different wavelengths the “saturation depth” varies from 2.5 to 8%



NMonumepHbIe NSIeHKKU C FTOMOreHHO
pacnpegeneHHbIMU O4HOCTEHHbIMU
yrnepoaHbIMN HAHOTPYOKamMu

- KoHueHTpaumsa OYH 0,01-0,02%

- MPOCTad UHTErpaund B Jia3epHble
CNCTEMDI

- LUMPOKUIM cneKTparnbHbIN gnanasoH
(0.9 -2.0 um)

- BbICOKas JiydeBas CTOWKOCTb




CuHxpoHUu3auma mon
TBepAOoTeNbHbIX J1a3epoB C
NOMOLLbIO HaCbILWaKLWKMNXCH OYH cycnenann
nornorutenen Ha 6ase OYH ..

| =80 mm
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Mode-Locking
in Er’*-Glass Laser (A=1.54 ym)

L . i 5 -
iy - ' Y H
m.u. snsaflesnslanesfeonioRonsvfonrefonmmfesnsflavesn
] o
" £
P ! 3 /] A
3
s

N.N. Il'ichev, E.D. Obraztsova, S.V. Garnov, S.E. Mosaleva

“1.54 mm nonlinear transmission of single-wall carbon nanotube suspension in D20; realization
of self-mode-locking regime in Er3+-glass laser with nanotube-based Q-switcher”,

Quantum Electronics 34 (2004) 572.
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UHTerpauusa nonmMmepHoOmn nreHKn ¢ HAaHOTpPyoKamMmm
B pe3oHaTop BOJIOKOHHOrO flasepa
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BEIBOABI

Pa3zpaboTaHa TEXHONOIMUA «NermpoBaHmns»
OAHOCTEHHbIMWU YIrNEePOAHbIMU "
HaHOTpybKamMn ABYX TUMOB ONTUYECKUX ..

cpen:
- BOAHbIX CYCMEeH3UN;

- MOJIMMEPHbIX NMAeHoK TonwmnHom ao 100 “

MKM

[MpOAEMOHCTPUPOBAHO, YTO CO3AaHHbIE HOBbIE
ONTUYECKNE MaTepUuanbl ABNAOTCA 3DHEKTUBHBIM U
CBEepXObICTPbIM HACbILWAOWMMCSA NOFOTUTENIEM CBETA,
NO3BOIAOLLNM

- Mony4yaTb MMKO N PEeMTOCEKYHAHbIE Na3epHble
UMNYbChbl

- B Anana3oHe 1,06-1,93 MKM

- B LULMPOKOM Amnanas3oHe cpeaHen 1 rnMKkosou
MWHTEHCMBHOCTU U3JTy4YEeHUH.
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OcBOeH MeTo4 MUKpPOMeXaHU4ecKoro nony4veHus rpadeHa

SMEEMM 1

M306paxkeHne knacTtepoBs rpaceHa B MN306paxeHune knacTepos rpadeHa B
OonTn4eckomM MNKPOCKONe CKaHMPYHOLLEM 3JTIEKTPOHHOM MUKpPOCKOre

TonwwuHa 0,7538HMm

N306paxxeHue knactepoB rpadeHa B aTOMHO-CUITOBOM MUKPOCKOME U
pacnpenerneHne BbICOTbl MO MOBEPXHOCTY




OHeprusi, 3B

Pa3paboTtaHa guarHocTuKa onpegesrieHns Yucra crioeB rpadeHa
no coopme aByxcgoHoHHou nonocbl KP B6nu3n 2700 cm!
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Phys. Stat. Solidi B 245 (2008) 2055.
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