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Fullerene synthesis
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Fullerene synthesis
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Figure 1. Set-up of fullerene synthesis reactor.

Table 1. Experimental conditions for fullerene soot

production.
Torch power (kW) 55, 65
Helium flow rate (slpm) 225
C.Cl, feed rate (malmin) 0.29

He carrier gas flow rate (slpm) 20
Run duration (mimn) 4

J.-F. Bilodeauyx, T. Alexakisyz, J.-L. Meuniery and P. G. Tzantrizosz, Model of the
synthesis of fullerenes by the plasma torch dissociation of C2Cl4, J. Phys. D: Appl.

Phys. 30 (1997) 2403-2410.
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Figure 3. Isocontours of the helium stream function,
normalized by the torch flow rate.
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Figure 9. Gollection rates of total soot, Ggs and Gz,

power =55 kW.
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Fullerene synthesis by decompostion of CCl4 in
rf dicharge in helium atmosphere
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Growth of diamond layers — ultrananocrystalline diamond

@ microwave power
(2.45 GHz) 900-950 W

@ pressure 7.5 kPa

@ substrate temperature
800-950 °C

@ CH4/H» gas mixture
(2 and 9.4 % of CHy)

@ deposition time
1—40 min

@ polished Si,
no pretreatment




Nucleation of ultra-nanocrystalline diamond

Bias Enhanced Nucleation — BEN in-situ nucleation density ~ 1012 cm?

@ BEN is traditionally used with DC bias and during

nucleation phase ¢ oy approach combined MW (900 W)
and RF (35 W) discharges, DC bias
i was a result of RF sheath properties

_ weme @ jON bombardment during the deposition
ot Bl phase was necessary for high
renucleation rate
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Ultra-nanocrystalline diamond

High concentration of CH, — 10 % against 1-2 % traditionally used, 2x lower layer roughness

A

SEI 5.0kY X10,000 1um WD 7.6mm

H/N/C mixtures — T. Frgala, PhD Thesis
Preferential growth of <100> orientation



Nucleation of ultra-nanocrystalline diamond
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Figure 2 Nucleation densities of the samples nucleated in the hot
plasma (red columns) and corresponding diamond (sp®) to non-
diamond (spz) ratio (blue curve) calculated from Raman spectra at
various methane concentrations.

Figure 1 SEM images of the Si substrates nucleated for 1 h in the
hot plasma system at different ratios of CH, to H, (inserted images
show details of the diamond cluster morphology).

Astex type reactor MW power 2500 W, pressure 50 mbar, and process time 1 h. Si substrate (10 x
10 mm) is 1-2 cm from plasma ball and is heated by plasma to 750 C.

The diamond can also be nucleated from CO,/H, mixture in the remote mw plasma reactor. The
nucleation density is higher and sp? content lower but time of nucleation is 15 hours. At high CO,
concentrations (40 %) the diamond seeds are etched away.

Tibor Izak, Alexey Sveshnikov, Pavel Demo, and Alexander Kromka, Enhanced spontaneous
nucleation of diamond nuclei in hot and cold microwave plasma systems, Phys. Status Solidi B 250,
No. 12, 2753-2758 (2013).



Low temperature diamond synthesis
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Figure 1 (online colour at: www.pss-b.com) Top-view SEM 2;0 : 360 3'50 v 46 B 4;0 560 : 5.30 ; 660 ) 6;0 V 76
images of diamond film morphology deposited at different substrate
temperatures (7s): upper row: diamond films deposited at 2500 W, Temperature T_[°C]
s

middle row: 1700 W, bottom row: 1200 W of MW power. The right
columnrepresents the minimal substrate (or deposition) temperature
at corresponding MW power without external ohmic substrate
heating.

Diamond layer ultrasonically seeded by ultradispersed detonation diamond (UDD) powder on Si (10x10
mm). Pressure 0.1 mbar, deposition time 15 h, gas mixture 2.5% of CH, and 10% of CO,, in H,.
Temperature regulated by plasma power and table heater.

Tibor I1zak, Oleg Babchenko, Marian Varga, Stepan Potocky and Alexander Kromka, Low temperature
diamond growth by linear antenna plasma CVD over large area, Phys. Status Solidi B 249, No. 12,
2600-2603 (2012).



Carbon nanotubes synthesis

High temperature methods

-Arc discharge between grapthite electrodes

-Graphite target laser ablation

-high temperature (3500 °C), short growth time ms, SWCNTs require catalyst —
transition metal (Fe,Ni,Co,Mo), carbon diffuses into catalytic particle and
precipitates out in the form of nanotube, several nanotubes can growth from
one particle

~500 Torr He
CNT
s ~500 Torr Ar /—.CNT\‘
graphite graphite + Ni/Fe/Co — > -
anode () laser :
cathode (-)
20V/100A quartz tube furnace 1200°C
vacuum chamber b

a

K.B.K. Teo, R.G. Lacerda et al.. "Carbon Nanotube Technology for Solid State and Vacuum
Electronics" |EE Proceedings in Circuits, Devices and Systems (Nanoelectronics issue) 151, 443
(2004).



Carbon nanostructures synthesis

Low temperature methods — thermal CVD, PECVD (rf, mw, dc, hf)
hydrocarbon decomposition in presence of catalyst
Temperature 500-1200 °C, longer deposition times- minutes even hours, transition
metal catalyst plays significant role and serves as template for nanotube growth
PECVD - lowering deposition temperature, compatibility with microelectronics
industry, electric field vertical alignment (0.15 V//um)

quartz tube 450-1, 100C

—Pp Co or C)(H\Jf

| —

CNT

—
substrate/support with Fe/Co/Ni

c

vacuum chamber

anode

CyHy plasma

—

CNT

/ heated cathode

d

substrate/support with Fe/Co/Ni

M. Meyyappan, L. Delzeit, A. Cassell, D. Hash. Plasma Sources Sci. Technol. 12,
205 (2003), M. Meyyappan, J. Phys. D: Appl. Phys. 42 (2009) 213001



Catalyst in PECVD

Transition metal catalyst — Fe,Co,Mo,Ni or combination - finite solubility in C leads to CNTs
growth by diffusion, saturation and precipitation mechanism

Catalyst must be in the form of particles, particles and their surface atoms have high mobility in
nm scale even if the metal is in solid state and can behave like liquid

in lower temperature surface diffusion dominates, in higher volume diffusion

Support catalyst (evaporation, sputtering, wet catalyst, colloids etc.) or floating catalyst —
decomposition of organometallics

Catalyst poisoning effect — covering the particle with amorphous carbon

CxHy/CO CyHy/CO  CyHy/CO

v

lltipll mode "basellmode

(a) (b)
K. B.K. Teo, C. Singh, M. Chhowalla, W. I. Milne, Encyclopedia of Nanoscience and Nanotechnology, Vol. 10,

Eds. H.S. Nalwa, American Scientific Publishers, Los Angeles, 2003



CNTs growth in PECVD systems

DC glow discharge resistively heated carbon electrode — cathode with the sample (Si/SiO, buffer
layer and Ni catalyst 0.5-20 nm) Anode (2 mm diameter by 1 cm length copper wire) was 2 cm from
cathode. Sample heated to 750 C under H, and held at this temperature for 15 minutes after that
200 sccm of NH; was introduced to pressure of 465 Pa. The deposition was carried out in mixture of

C,H, and NH;for 15 minutes.

(@) 0.5nm Ni < =l .‘_' (b) 1nm N.| : ._:. (c) 2nm Ni v

FIG. 1. SEM photographs of N1 films with varying thicknesses deposited
using magnetron sputtering on 50 nm of ECR S$10, after annealing at 750 °C
in 20 Torr of H, for 15 min.
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FIG. 4. SEM photographs of nanotubes grown on Ni layers of various initial
thicknesses shown in Fig. 1. Standard growth conditions (bias voltage

=—600V, C,H,:NH;=75:200, time=15 min) were used for all deposi-
tions.

Chhowalla et al., Growth process conditions of vertically aligned carbon nanotubes
using plasma enhanced chemical vapor deposition]. Appl. Phys., Vol. 90, No. 10,

2001,5308



CNTs growth in PECVD systems

2 nm Ni catalyst



CNTs growth in PECVD systems
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Figure 4. Wafer scale PECVD reactor. (Image courtesy of KB K

{4 Teo)

DC discharge between the heater stage (cathode)
and the gas shower head (anode), 2 cm above the
stage was ignited by applying a fixed voltage of 600
V.

Si/SiO,/Ni (6 nm) substrate

Samples annealed in 120 Pa NH; for 15 minutes.
Deposition carried out in C,H,:NH; 50:200 sccm at
150 Pa for 30 minutes.

FIG. 2. SEM photographs of vertically aligned CNFs grown from e-beam
patterned Ni lines at (a) 500 °C. (b) 270 °C, and (c) 120 °C. A tilt angle of
40° was used for imaging [scale bars: (a) and (b) 1 xm and (c) 500 nm].

S. Hofmann, C. Ducati, and J. Robertson, B. Kleinsorge, Low-temperature growth of carbon nanotubes
by plasma-enhanced chemical vapor deposition, Appl. Phys. Lett., Vol. 83, No. 1, 135.



CNTs growth in PECVD systems

Sample Holder

RF Plasma Coil Vacuum Pump

Gas Inlet 1

Furnace Thermocouple
Figure 1. Schematic drawing of the PECVD reactor used for the [ d
synthesis of SWNTs. e s

s

RF (13.56 MHz) capactive coupled discharge with 4 inch g -
quartz tube. Sample Si/SiO,/Fe Ferritin or 0.1 nm Fe by 2 F .
electron beam evaporation of Fe 40 cm from the coil in the T ) NPT
furnace. Sample annealed in in Ar to 600 °C and then 60 A e shit oy T
sccm Ar/CH4 (80%) at 67 Pa. Plasma was turned on for 3
minutes with 75 W power. Erew o ow devaty it depostion on .S16, ssboate.
No CNTs without the plasma. ckness § A0 ©) TEM wmage of s grown SWNT (daee

= 1.2 nm). (d) Left panel: Raman data for the RBMs of SWNTs

Y. Li et .al. , Preferential Growth of Semiconducting Single-  eown by PECVD. Right panel. The G-band of SWNT vibration

(clear peaks at 1578 and 1608 cm™, due to splitting of the in-

Walled Carbon Nanotubes by a Plasma Enhanced CVD s eraphenemode at 1550 can ! from graphene to tbes). Raman

data here was obtained with a SWNT mat grown on a uniform Fe

Method’ Nano Lett.’ VOl. 4’ NO. 2, 2004’ 317. film deposited on S$i0; and the data were sum of 75 spectra

recorded over the sample

Table 1. Summary of the Diameter Distributions and Percentages of s- and m-SWNTs Grown by PECVD (with several batches of
devices) and HiPco

measured Raman diameter range total # of total # of # of s-SWNTs # of s-SWNT
REM (cm™!) (from Raman) devices Tubes (Ny) (Ng) m-SWNTs % = (p)
PECVD 161—284 0.8 nm—1.5 nm 375 701 626 75 893+ 2.3%

HiPco 201-264 0.8 nm—1.3 nm 80 164 100 64 61.0 £ 7.6%



Possible negative influence of plasma in PECVD
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Jeong et al., Appl. Phys. A 79, 85 (2004)
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Kinoshita H. et.al., Carbon 42 (2004) 2735



PECVD at atmospheric pressure

Plasma enhanced chemical vapor deposition with various
sources

Operation at 100 kPa without a vacuum system

Plasma arcs, jets and torches — mostly operated in floating
catalyst regime, most often used with microwave sources

Atmospheric pressure glow discharge (APGD) diffusion form
of dielectric barrier discharge (DBD) — deposition on
substrates with heated electrode



Atmospheric pressure glow discharge

Discharge configuration when one or both electrodes are covered with dielectric barrier (used for ozone
production since 19t" century)

Filamentary DBD can be made diffusive with addition of He or Ne,which are both expensive gases, in can
be also made homogeneous in Ar with certain hydrocarbons, N, or ammonia addition or special electrode
structure.

It was shown that during the current increase the discharge transits from a non-self-sustained discharge to
a Townsend discharge and then to a subnormal glow discharge in He and Ar/NH3 and, therefore, can be
called atmospheric pressure glow discharge (APGD).

APGD has only 1 broad current pulse in each half period while DBD has many nanosecond current pulses,
non-thermal plasma at atmospheric pressure

Metallic electrode

Negative
glow

+— 1 mim —p

25 pisectric £
. o
FEs Dielectric ey

- (a) negative current (b) positive current (c) microdischarges

T. Nozaki, Y. Kimura and K. Okazaki, J. Phys. D: Appl. Phys. 35 (2002) 2779-2784



CNTs growth in APGD

First CNTs growth published by T. Nozaki, Y. Kimura and K. Okazaki,

J. Phys. D: Appl. Phys. 35 (2002) 2779-2784

Quartz substrate with 20 nm metal plated Ni, pretreatment in H, for 30 min at 600 °C
Operation in kHz mode resulted in deposition of many defective structures

AC|125 kHz SOOI Oy
G Ni coated (20 nm) t 2mm ¢ 3
substrate . N i ! e
1 mm e . o7, : i de ?
Thermo- o i VoS R 1 pm x 50000
couple

Figure 6. CNTs with uniform diameter of 40-50 nm and number

ﬂ - density of 10°~10'" ¢cm~2 obtained after 30 min deposition.

Heater

Figure 3. Electrode configuration.

Table 1. Growth parameters.

Growth temperature ("C) 400, 500, 600
Growth time (min) 5-30

H;/CH, ration (-) 0.5.10

Flow rate of gas mixture  APG: He:Ha: CHy = 900 100 : 0-20
{(sccmin™!) DBD: He:H; : CHy = 150: 150: 15

Pressure (Torr) Tal

Power (current peak) ~dWem™ (~15mA em™2)




CNTs growth in APGD

* APG was also successfully used with modified electrode (pin to plate) by Y.-H. Lee, S.-H.
Kyung, C.-W. Kim, G.-Y. Yeom. Carbon 44, 799 (2006) and capillary type by S.-J. Kyung, Y.-H.
Lee, C.-W. Kim, J.-H. Lee, G.-Y. Yeom. Thin Solid Films 506507, 268 (2006).
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CNTs growth in APGD

 In 2006 T. Nozaki et al. J. Appl.Phys. 99, 024310 used radio-frequency power

source for CNTs growth

 APRFD creates stable continuous regime for CNTs growth, much lower operating
voltage due to ion “trapping” between the electrodes, no dielectric barrier needed

He/H,/CH, Exhaust

Cooling water f 2 v‘ Check valve

Upper electrode
(Shower head)
Spectrometer 1
i Power
.,1/ - [=[=
! € -
(L W WY e
i —
o Split , -
Substrate 6216
Heating stage I 0osc
(bottom electrode)
Vacuum gauge, Pump, valves. l;near feedthrough

RF electrode (40 mm)

I R ———
5mm
GND electrode (700°C)

Figure 1. APRFD reactor and image of APRFD during CNT
growth.

Parameters: 2 inch Si wafer <100> coated with Cr/Ni (20 nm/20
nm(sputtered)), Discharge area: 12.6 cm? Deposition time: 5, 10, 20 min,

He/H,/C,H, (1000/4-10/2 sccm)



CNTs growth in APGD

Even with use of APRFD the growth of SWCNTs remained a challenge, key issue
was the form of the catalyst

In 2007 T. Nozaki, K. Ohnishi, K. Okazaki, U. Kortshagen. Carbon 45, 364 used
densely mono-dispersed Fe—Co catalysts of a few nanometers size (first used by
Maruyama) for aligned layers of SWCNTs

Prepared nanoparticles were reduced in He/H, 1500/10 sccm at APRFD at 400 °C
for 5 min, then 15 min at 700°C, deposition He/H,/CH, 1000/30/16 sccm for 5 min
at 700 °C

60 W 20w



CNTs growth in APGD

b

600 “C 650 *C 700 °C

Fig. 8. SEM micrographs of SWCNTs at different substrate temperatures.

v 1.5 nm
dS\\'N' ~ 1.1 nm
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Fig. 9. Raman scattering spectra of samples shown in Fig. &

T. Nozaki, K. Okazaki, Carbon Nanotube Synthesis in Atmospheric
Pressure Glow Discharge: A Review, Plasma Process. Polym. 2008, 5, 300-321



CNTs growth in APGD
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Figure 4. Mass spectrum of the reacting gas obtained directly from t‘l
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Figure 5. Time-dependent change-of-mass spectrum for m/e = 16
and 28. See figure 4 caption for the conditions.

T. Nozaki, S. Yoshida, T. Karatsu and K. Okazaki, Atmospheric-pressure plasma synthesis of
carbon nanotubes, J. Phys. D: Appl. Phys. 44 (2011) 174007 (9pp).



CNTs growth in APG in Ar/H,/C,H,

HIG. 1. Electr
rode, 3—dis

ode configuration. 1—Simax glass dielectric, 2—upper elec-
tance pillar, 4—discharge. 5—substrate, 6—AIN dielectric,

T—thermocouple, 8—bottom electrode, Y—heater, 10—gas inlet.
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FIG. 2. The dependence of ignition voltage [/ on the concentration or acet-
ylene or methane added to Ar or Ar/Ha. The discharge was operated at room
temperamre 22°C. Argon and hydrogen flow rates were 7slm and 100 scem,

respectively.
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FIG. 3. The time dependence of applied voltage (dotied line) and discharge
current (full line) at room temperature for (a) DBED in pure Ar, (b) DED in
ArfCH, and (c) APGD in ArfC;Hs. The concentration of CH; or CoHas in Ax
was (.41 vol. %. Discharges were operated slightly above the ignition voli-

age in particular gas nuixhire,

I (mA)
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FIG. 5. ICCD images of discharges at room temperature with 80 us (one
half-period) exposure time: (a) filamentary DBD in Ar, (b) filamentary DBD
centration of CH; or C;H, was 0.41 vol. %. Horizontal lines indicate the
dielectric surfaces and the upper electrode is the instantaneous cathode in all
images.

6,8 kHz power supply with 0.8—4.0 kV (peak-to-peak) voltage , electrode distance of 1,75 mm, 10x15 mm Si/SiO, (300
nm)/5 nm Fe catalytic layer. Ar/H2/CH, or C,H, mixture.
Elias M., Kloc P., Jasek O., Mazankova V., Trunec D., Hrdy R., ZajiCkova L., Atmospheric pressure barrier discharge at high
temperature: Diagnostics and carbon nanotubes deposition, Journal of Applied Physics 117(10) (2015) 103301.



CNTs growth in APG in Ar/H,/C,H, — diagnostics
at high temperature

= '*g 16 . . o ,
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-:‘; &H (d) FI1G. 7. The ignition voltage Uy in dependence on the concentration of acety-
£ E lene or methane added to Ar/Ha for the temperature of bottom electrode
- - 6B0°C. Argon and hydrogen flow rates were 7 slm and 100 scom,
hea,te(i respectively.
0.0 0.1 0.0 0.3 ',]('; . 1CCD images m, APGD m,\l'( _ll!_"!l_‘ “l[h,““ vol. Jdll)l\vll.ll:'
of C,H; and bottom electrode heated to 680°C: (a) 80 us (one half-period),
t(ms) instantaneous cathode at upper electrode, (b) 80 us (one half-period), cath-
. o ) ) ) _ ode at bottom electrode. (c) 5 ps. cathode at upper electrode, and (d) 5 ps,
FIG. 4. The time dependence of applied voltage (dotted line) and discharge cathode at bottom electrode. Horizontal lines indicate the dielectric surfaces.

current (full line) for (a) DBD in Ar/CHyH, at 22°C, (b) APGD As/C,H,/
Ha at 22°C, and (c) APGD ArfCak 5 at 680" C. The concentration of CH.
or CoHy in ArfHy was 0.41 vol. %. Discharges were operated slightly above

the ignition voltage in particular gas mixmre.

If the bottom electrode was heated up to 680 °C the ignition voltage decreases due to the decrease of
neutral gas concentration. Substrate temperature is 40 °C lower then heated electrode and upper
electrode temperature is 250 °C lower. Due to the temperature profile the behaviour in instantaneous
cathode or anode is different in each half period.



CNTs growth in APG in Ar/H,/C,H,

FIG. 13. Cross sectional SEM micro-
graphs of deposited carbon nanostruc-

N tures for (a) 0.1%, (b) 0.2% of C;H; in
200 nm Ar/C;HyMHy APG discharges, and (c)
0.2%, (d) 0.4% of CHy in Ar/CHy/H,
DBD discharges. The substrate temper-
ature was 710°C. The micrographs
were made using TESCAN LYRA
microscope.

FIG. 12. TEM micrograph of the car-
bon nanostructures deposited from (a),
(b) 0.2% of CyH, in Ar/C,H,/H, mix-
ture and (c), (d) 0.2% of CHy in Ar/
CH_/H, mixture. The substrate temper-
ature was 610°C for (a) and (c) and
710°C for (b) and (d) images. The
micrographs were made using Philips
CM12 microscope.




CNTs deposition by plasma arcs/jets/torches
at atmospheric pressure

s 4+ |
Welding arc torch LIS Jl Ar+ ethylene
Plasma tube
Isolated substrate Atmospheric \“ Swirl gas: Ar
——
Water-cooled plasma

microwave
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hase electrode

Short=circuit

Power supply

Furnace at 1300K

Copper waveguide

Metallic plate ~ Fumes
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H. Takikawa et al. Physica B 323, 277 (2002)., O. Smiljanic et al., Chem. Phys. Lett. 356, 189
(2002).



CNTs deposition by plasma arcs/jets/torches
at atmospheric pressure

Axial Gas Inlet

245 GHe Micromave
Souree L L
(e (d}

Fiz. 9 SEM images of CNTs obtained from the

armospheric microwave plasma-torch. (a) at a furnace
temperature of 700, (b) 800, (c) 900, and (d) 1000 °C.

Y. Ch. Hong, H. S. Uhm, Physics of plasmas 12, 053504 (2005)



CNTs synthesis by microwave plasma torch at
atmospheric pressure
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icrowave plasma torch operating at 2,45 GHz,
max. 2 kW power, dual gas flow
Center - Ar(500-1500 sccm)/
Outer - H,(250-500 sccm)/CH4(10-50 sccm)
Si/Fe, Si/SiO,/Fe, Si/Al,O,/Fe substrates
Fe(1-10 nm) vacuum evaporated, SiO, PECVD
O. Jasek, M. Elias, L. ZajiCkova et al., Materials
Science and Eng. C, 26, 2006, 1189




CNTs synthesis by microwave plasma torch at

SEI 50KV X500  10um WD 8.0mm

e e ot ° & e A
SEI 5.0kV X750 10um WD 8.0mm

Substrate type Si/SiO,/Fe 10 nm (Qy,=40 sccm, Q,=400 sccm, Ar=1500 sccm,
Ts=700°C, t;=15 min.).



CNTs synthesis by microwave plasma torch at
atmospheric pressure
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Material contrast analysis — comparison
of micrographs in secondary and
backscattered electrons. White points
correspond to catalytic particles — tip TEM micrograph
growth mode.




CNTs growth in microwave plasma torch with
floating catalyst
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Methods of making graphene

(a) Micromechanical  (b) Anodic Bonding () Photoexfoliation
cleavage

Positive Electrode

HHERHE i

(T

(n Precipitation from
metal

(d)

® Chemical Vapour 0] Chemical synthesis
Deposition
.'.Iq X Hydrocarbon gas _) _)

Metal substratle =r

F. Bonaccorso et. al. Production and processing of graphene and 2d crystals, Materials
Today 15(12), 2012, 564
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Graphene deposition using plasma sources

* Synthesis of graphene on metalic or dielectric substrates by PECVD
* Synthesis of vertical aligned graphene nanosheets on substrates

* Synthesis in volume of the plasma discharge

* Plasma pretreatment — reduction of GO, cleaning of the substrate,

functionalization of the deposition layer — graphane (H,), graphene
transfer

H, =2 sccm
CH, =35sccm
P = ~40 mTorr P = ~500 mTorr

1000
800
600
400

200

Growth

Temperature (°C)

<

20 40 60 80 100 120 140 Cu + Graphene

Time (min)
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Graphene deposition using plasma sources

Fig. 2. Growth kinetics in CVD-produced graphene on various catalysts: Case of CHs on Ni and Cu.

R. Munoz and C. Gomez-Aleixandre, Review of CVD Synthesis of Graphene, Chem.
Vap. Deposition 2013, 19, 297



Graphene deposition using plasma sources

Low pressure microwave plasma surface wave discharge.
Cu (30 um),Al (12 um), Ni foils pretreated in Ar/H, plasma at 5 Pa for 20 minutes. Deposition parameters: 3-4.5 kW MW
power, deposition time 30-180 s in CH,/Ar/H, 30/20/10 sccm mixture.
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FIG. 1. (Color online) Raman spectra (638 nm laser, | wm spot size) o

graphene-based films deposited at substrate temperatures below 400 °C by
SWP-CVD. (a) Raman spectrum of a typical graphene-based film depositer
on Cu foil (CVD conditions: 5 Pa, CH,/Ar/H,=30/20/10 SCCM, 3 kW
per a MW generator, 30 s). (b) Raman spectrum of a graphene-base(
film deposited on Al foil (CVD conditions: 3 Pa, CHy/Ar/H
=30/20/10 SCCM, 4 kW per a MW generator, 180 s). (c) Substrate tem
perature profile during the Ar/H; plasma treatment and the plasma CVD fo
the synthesis of the film on Al foil shown in Fig. I(b).
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FIG. 1. (Color online) (a) Raman spectra taken at an excitation wavelength
of 514 nm for the graphene films synthesized at various gas mixing ratio
(synthesis time: 1 min, temperature: 750 °C). HR-TEM images of the gra-
phene films synthesized at various gases mixing ratio: (b) 80:1 (H,:CH,), (c)
40:1, and (d) 10:1.
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FIG. 2. (Color online) (a) Raman spectra taken at an excitation energy of

241 eV for the graphene synthesized at several synthesis temperatures (gas

mixing ratio (H,:CHy): 80:1, synthesis time: 1 min). (b) FWHM of the 2D

peak and the intensity ratio of the 2D peak compared to the G peak as a

function of synthesis the temperature.

Y. Kim et al, Low-temperature synthesis of graphene on nickel foil by microwave plasma
chemical vapor deposition, APPLIED PHYSICS LETTERS 98, 263106 (2011).
J. Kim et al., Low-temperature synthesis of large-area graphene-based transparent conductive films using surface wave

plasma chemical vapor deposition, APPLIED PHYSICS LETTERS 98, 091502 [2011.



Graphene deposition using plasma sources
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Figure 1. a) The remote radiofrequency (RF) PECVD system used. b) Schematic illustration of the c-PECVD procedure. c) AFM images of a peel-off
graphene flake before (left) and after (right) c-PECVD. d) Plots of the experimental results as a function of the temperature (T) and H, content at
48, 90, and 300 mTorr. The blue, green, and red areas correspond to the parameters for edge etching, critical edge growth, and cluster nucleation,
respectively. The height of the green columns indicates the growth rate. e,f) AFM images of peel-off graphene flakes after activation of the edges
with a H, plasma (250 mTorr, 500°C) for 20 min (left columns), followed by CH,+H, plasma CVD (30% H,, 300 mTorr, 550°C) for 80 min (e,
right column) or CH,+H, plasma CVD (20% H,, 300 mTorr, 600°C) for 40 min (f, right column). The height profile across the red line in the
AFM image in (f) is shown below the AFM image. Scale bars (c,e,f): 500 nm.

RF PECVD remote plasma system with furnace and Si/SiO, substrate
D. Wei et al., Critical Crystal Growth of Graphene on Dielectric Substrates at Low Temperature for Electronic

Devices, Angew. Chem. Int. Ed. 2013, 52, 14121 —-14126.



Graphene deposition using plasma sources
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Fig.1 Schematicdiagrams of various PECVD systems for VG growth: (a) TE-MW (reprinted with permission from ref. 67, Copyright 2010 American Institute of Physics),
(b) TM-MW (reprinted with permission from ref. 25; Copyright 2006 Elsevier), (¢} ICP (reused with permission from ref. 68, Copyright (2004) Elsevier), (d) helicon plasma
(reprinted with permission from ref. 24; Copyright 2006 Japan Sodety of Applied Physics), (e) CCP + ICP (reused with permission from ref. 69, Copyright 2005 Elsevier),
(f) VHFCCP + MW (reprinted with permission from ref. 29; Copyright 2008 American Institute of Physics), (g) expanding CCP (reprinted with permission from ref. 70,
Copyright 2010 Institute of Physics Publishing), (h) parallel-plate dc glow discharge plasma, and (i) pin-to-plate normal glow discharge plasma.

Z. Bo et al., Plasma-enhanced chemical vapor deposition synthesis of vertically oriented

graphene nanosheets, Nanoscale, 2013, 5, 5180.
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Graphene deposition using plasma sources
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Fig. 3. SEM images of carbon nanosheets grown at different substrate
temperatures on Si substrates: (a) 630 °C; (b) 730 °C; (c) 830 °C. Other
deposition conditions are RF 900 W, 40% CH., 12 Pa, 20 min.

J. Wang et.al. Synthesis of carbon nanosheets by inductively coupled radio-frequency plasma enhanced

chemical vapor deposition, Carbon 42 (2004) 2867-2872.
RF ICP CVD 13,56 MHz 900 W, 12 Pa, H,/CH, mixture . Substrate Si, SiO,, Al,05, Mo, Cu etc.
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Graphene deposition using plasma sources

Substrate
Plasma source Precursor Growth pressure/Pa temperature/°C Flow rate/scem® Gas ratio
Helicon CH, 0.04-2 700 - -
ICP CH, 12 630-830 10 —
ICP CH,/Ar 0.3 400 30.4 16.4 : 14
T™M-MW CH,/Ar 17.33 450-500 — 1:8
TM-MW CH,/N, 5.32 x 10° 1250 — —
TM-MW CH,/N, 5.32 x 10° >1000 — —
TM-MW C,H,/N,/Ar 1.33 x 10" 650-1050 200 0.5% C,H,
TM-MW CH,/N,/Ar 1.33 x 10° 650-1050 200 4% CH,
ICP CH,4/H, 12 630-830 10 =>1:9
ICp CH,4/H, 2.66-53.2 600-950 — >1:19
ICpP CH,4/H, 13.33 700 10 2:3
ICP C,H,/H, 4-5.33 550-600 5 4:1
TE-MW CH,4/H, 133 650-700 50 1:4
TE-MW CH,4/H, 220 550 — 1:20
TE-MW CO/H, 250 700 50 23:2
TM-MW CH,/H, 5.32 x 10° 700 200 1:8
T™M-MW CH,/H,/Ar 1.33 x 10* 650 44 1:1:20
TM-MW C,H,/NH; 1.33 x 10° — — >1:1
TE-MW? CH,/CO, — 900 — 53:47
Expending ccp? C,H,/H,/Ar - 700 1076 1:25:1050
CCP + ICP CH,/H, 13.3 500 45 1:2
CCP + ICP CF,/H, 13.3 500 45 1:2
CCP + ICP CHF,/H, 13.3 500 45 1:2
CCP + ICP C,Fe/H, 13.3 500 45 1:2
VHFCCP + MW C,Fg/H, 13.3-1596 600 150 1:2
VHFCCP + MW CoFe/HL/N, 13.3-1596 600 155 10:20:1
VHFCCP + MW C,Fe/H,/0, 13.3-1596 600 155 10:20:1
DC glow CH,/H, 1 x 10* 1000 — 1:9
DC gl()w CH,4/H, 9975 1000 — 8:92
DC glow* CH,/H, 2.66 x 10* 900-1000 50 3-8% CH,
DC glow” CH,/H ,/Ar 1.3 550-800 87 1:125:5
DC glow CH,/H,O/Ar 1.01 x 10° 700 1500 10% CH,?

Best quality sheets according to Raman spectroscopy produced by MW-PECVD with
FWHM of 2D peak of 25-55 cmtand I/l ratio of 0.2-0.3.



Graphene deposition using plasma sources

Growth rate:

Highest growth rates are achieved with MW
sources, up to 96 um.h1, then ICP 16 um.ht and
lowest with CCP and DC glow 0.1-1 um.ht. With
increasing power more CH,, C, and H or CF,
species are created. C, with concentration of 10-
1012 cm= is being considered as critical for
nucleation of sheets.

Etchant in the deposition mixture: NH;, H,, O,,
CO, or H,0O

Quality of the sheets can be influence by removal
of defects during the growth. This is usually
accomplished by introducing NH; or O related
compound.

Such admixture needs to be carefully dosed and
optimized, otherwise all the deposit will be etched
away.

Patterned growth:

Patterned catalyst layers of Ti, Co, Pt, Fe
or Au or biasing of such patterns.

Vertical growth is not oriented in the
beginning but with growing density

the structure becomes oriented with help

. . lO;.{m
of electric field. —_—

118.9 % H,O

38.8 % H,0

62,1 9% H,0



Graphene synthesis in microwave plasma
at atmospheric pressure

L) = L] l, L 2 L] -
P =900 W X
—b Y 2D(2661cm’”) .
T, = 100°C
G(1564 cm™)
= 1600 |= .

Decomposition of ethanol C,H;OH or dimethylether CH;OCH, leads to formation of
graphene sheets.

For the formation of nanosheets C, molecule is key reactive species, on the other
hand free C atoms lead to formation of amorphous phase.

" D(1333 cm™)

Intensity (arb. units)
N N

A. Dato, V. Radmilovic, Z. Lee, J. Phillips, and M. Frenklach, Substrate-Free Gas-Phase
Synthesis of Graphene Sheets, Nano Letters, 8 (7), 2008, 2012.

A. Dato, M. Frenklach, Substrate-free microwave synthesis of graphene: experimental
conditions and hydrocarbon precursors. New Journal of Physics, 2010, 12.12: 125013.

E. Tatarova et al. Microwave plasma based single step method for free standing graphene
synthesis at atmospheric conditions. Applied Physics Letters, 2013, 103.13: 134101.
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Graphene synthesis in volume at atmospheric pressure

Outlet to Collection System

I

Microwave Guide ]_

Quartz Tube

Plasma Gas Inlet=——>p

Alumina Tube

Precursor Inlet

Liquid ethanol CH3-CH20H

dimethylether (DME) CH;0OCH,

methanol CH3-OH

isopropyl alcohol (IPA) (CH;),CHOH

Ar flow ~ slm, precursor flow 0.1-1 sccm,

~ mg.min-! and increasing with mw power, with
lower flowrates - increasing residential time leads
to increase of amorphous carbon content




Graphene synthesis in volume at atmospheric pressure
growth mechanism

*Soot (amorphous carbon) particles are formed from polycyclic aromatic hydrocarbon
(PAH).

*There is fine balance between C, O,H in different precursor.

*Higher alcohols traditional create more soot, in case simplest alcohol, methanol, the
generation of CHx hinders generation of C-C species, also in case the C/O ratio is close to
1, CO is usually formed. So with higher alcohols there is more C atoms and C-C bond can
be formed.

*So for the IPA, because of abundance of C atoms PAH are formed while for ethanol and
DME, the ratio is just right to generate appropriate amount of C-C species for graphene
growth.

*C/H ratio also plays role in the growth but its influence is more complicated, but amount
of H is related to generation of free C atoms and C, molecules.

*Some defects can be stabilized by H atoms but most edge defects are stabilized by
curving and closure of a graphite sheet or generation of topological defects — pentagons.

*High energy electrons play role in case, if high mw power is used, and could be
responsible for more PAH formation.
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Hydrocarbon

Hydrogen/ Oxygen
Ar
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I |  I—
\Imp. Mat&hing Power Ferrite MW Gen
measur. Circulator

Microwave plasma torch operating at 2,45 GHz, (100 — 300 W) max. 2 kW power

Stainless dual channel nozzle (1 mm diameter)

Gas flows: center channel - Ar(100-1000 sccm)/ Outer channel Ar/ethanol (Ar 100-2800 sccm
0.020 — 0.035 g/min of ethanol), admixture of O,, H,.

Deposition chamber consists of quartz tube 8 cm in diameter and 20 cm length with aluminum
flanges. Upper flange includes gas exhaust and substrate holder.

Deposition can be carried out in volume or on substrates.

CESPC 7, September 3-7, 2017, Sveti Martin na Muri, Croatia 47
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Ar /Ar, flow rates

Ethanol delivery throught central channel results in deposition of smaller nanosheets in higher
amount with amorphous carbon fraction. The discharge is also unstable and deposit is
contaminated with iron nanoparticles from nozzle.

Argon flow rates and their ratio influence in our current setup mixing of precursor into plasma
zone where nanosheet growth occurs.

At lower flowrates multi layer graphite sheets are synthesized and with increasing Ar,/Ar, ratio
the higher quality graphene nanosheets are generared.
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Influence of gas admixtures of O, and H, — The quality of produced nanosheets
decreases and we can see increase of I /I, ratio. At the same time our spectra
does not correspond to graphene oxide structure.

CESPC 7, September 3-7, 2017, Sveti Martin na Muri, Croatia 51
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Plasma reduction of graphene oxide
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S.W. Lee et al., Plasma-Assisted Reduction of Graphene Oxide at Low Temperature and Atmospheric
Pressure for Flexible Conductor Applications, J. Phys. Chem. Lett. 2012, 3, 772-777.

M.Bodik et al., Fast low-temperature plasma reduction of monolayer graphene oxide at atmospheric
Pressure, Nanotechnology 28 (2017) 145601.



Graphene nanoribbons

Figure 1| Making GNRs from CNTs. a, A pristine MWCNT was used as the
starting raw material. b, The MWCNT was deposited on a Si substrate and
then coated with a PMMA film. ¢, The PMMA-MWCNT film was peeled
from the Si substrate, turned over and then exposed to an Ar plasma.

d-g, Several possible products were generated after etching for different
times: GNRs with CNT cores were obtained after etching for a short time t,
(d); tri-, bi- and single-layer GNRs were produced after etching for times f,, t3
and ty, respectively (t; > t; > t, > t;; e-g). h, The PMMA was removed to
release the GNR.

Liying Jiao et al., Narrow graphene nanoribbons from carbon
nanotubes, 458, Nature, 877.

Dmitry V. Kosynkin et al., Longitudinal unzipping of carbon nanotubes
to form graphene nanoribbons, Nature, 458, 2009, 872.

g e P. Ruffieux et al., On-surface synthesis of graphene nanoribbons with
———————— zigzag edge topology, Nature, 531, 2016, 489.

H

GNR - zig-zag metallic, archmchair — metallic and semicondtﬁting



Graphene transfer to dielectric substrate

* Graphene transfer scheme on Cu foil: a) PMMA mask b)
etching of graphene on one side of the foil in O, plasma, c)
chemical etching of Cu (for example in FeCl;) d) transfer of
PMMA+graphene to dielectric substrate e) chemical or plasma
etching of PMMA.

 @Gao, L. etal. Nature 505, 190-194 (2014).
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