Diamond-like Carbon (DLC)
films deposited by

Pulsed Laser Deposition (PL.D)




C-based materials
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DLC: general properties
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C-based materials: band structure
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sp® — tetrahedral ¢ bonds
sp? — trigonal ¢ bonds and weak & bonds

¢, 6* — deep valence and conduction
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n, ® * = band edge valence and conduction
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Band gap is formed by & and &t * states
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DL C: Raman spectroscopy
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Under visible laser excitation:

o G peak (bond stretching of all pairs of sp?
atoms in both rings and chains) = 1560 cm-!

o D peak (breathing modes of sp? atoms in rings)

- 1360 cm!

Under UV laser excitation
T peak (C—C sp? vibrations)=>1060 cm'!
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DLC by PLD: electrical measurement technique
Van der Pauw Method to measure electrical resistivity on bulk/films

4-probe technique that involves applying a current and measuring a voltage
using four small contacts on a circumference of a flat, arbitrarily shaped
sample.

Test Procedure:

* Force Current (1) on adjacent terminals

» Measure Voltage (V) on an opposite pair of adjacent termir
* Repeat measurements around sample

e Calculate resistivity

_ 7o (R12,43 + R23,14)f R12,43
AN Raza

The van der Pauw contact configuration is also used to measure carrier
mobility and concentration by Hall effect (in a magnetic field).

Ohmic contacts are implicitely required ! This can be tricky on high
re<ictivitvy cambolec



Electrical Resistivity at ELPHO

(ELectrical and PHOtoelectrical Laboratory, a CNR Jomt lab )

In the ELPHO Lab it is available a Hall
Measurement System (Ecopia HMS-3000): van der
Pauw system for measuring electrical resistivity
from 104 to 10’ Q cm, and, in a B=0.5T, the carrier
concentration and mobility.

In the temperature range 77K-600K we use a liquid
nitrogen thermal stage and a vacuum chamber
(Linkam)

To measure high resistivity we use multi Source-
Monitor-Unit system Agilent B1500 (input resistance
>1013 Q) with guarded (Triax) cables.




PLD: working principle and apparatus

# Fluence (energy per unit surface)
# Spot-area (beam focusing )

# Repetition rate (pulsing period)
# Target-to-substrate distance (d+s)
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DLC: why PLD?

@ Hydrogen-free C-materials

The incorporation of H passivates the dangling covalent bonds of C
(C-H bonds) and forms defect states close to E

H:DLC is thermally and electrically less stable than hydrogen-free
DLC (above 250-300 °C evolution of H from the film and conversion

of sp3 C-C bonds to sp? C-C bonds).

@ Hyper-thermal deposition flux in high-vacuum —

PLD avoids precursor gases containing H and lets *
grow at low temperature (25-100 °C) by exploiting [~ ' l =
energetic (60-100 eV) deposition flux containing C- | | ©g _ |
species (ions, neutrals, dimers, clusters) favoring the E'j:\cﬁg;;‘.i S
formation of sp3-C bonds (— C*). —
PLD allows to produce the highest percentage of sp?
bonds (up to 85-90%) [Diam. Relat. Mater. 8, 1659
(1999)] — high degree of diamond-like properties.




DLC by PLD: aims and characterizations

@ Deposition over a large area & film uniformity
@ Desired resistivity values

Sheet resistance: 10 = 100 MQ/sqgr
* Deposition geometry
e Spot area
* Fluence tuning

@ Characterizations
 Raman spectroscopy
« SEMand TEM

« XPS analysis

« Spectrophotometric analysis
* Electrical properties




PLD-deposited DLC: V-shaped plume -




PLD: OFF-axis vs ON-axis
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PLD-deposited DLC:
conventional (ellipsoidal) plume




PLD: OFF-axis vs ON-axis
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DLC by PLD: large spot, OFF-axis/rot, Cu/Kapton substrate

Threshold fluence: F = 5.5 J/cm?
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J. Robertson. Japanese

Journal of Applied
Physics, 50:01AF01, 2011.




DLC by PLD (large spot, OFF-axis): SUBSTRATE
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DLC by PLD: XPS elemental-bonding analysis
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Sample | dys(cm) | Agp (MM?) N, F(J/cm?) | Substrate | Energy (J) sp?
#10 5 4.0 8000 4.8 Cu/Kapton 0.192 49.7 %
#11 55 3.4 8000 5.2 Cu/Kapton 0.177 37.5%

Energy delivered per pulse = fraction of sp3 bonds



DLC by PLD: visible RAMAN spectroscopy

Fluence dependence of 1/l (sp® bonding /resistivity)
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DLC by PLD: large spot /ON-axis vs OFF-axis

DL.C-28 (Si/SiO, (100 nm))
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DLC-25 (Si/SiO2 (100 nm))

F=5.5 J/cm? N,= 7116
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DLC by PLD: structural TEM analysis

DIAMOND
Fd3m
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XPOS cand 4) - 1487

d spacieg A Y d spacing (A) hiki
33756 002 2 2.059 111
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11604 12 P63/mmc
1.1208 006 LS L -
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Turbosiratic graphite d spacing (A) hid
1357 002
a 2023 101
1.678 004
DLC-9 (Cu/Kapton) s 103
F=4.8J/cm?  N,= 4000 o Cras 110
ds=5cm  Spot=4.1 mm?

Two rings are clearly visible compatible with both the diffraction maxima
111 and 220 of diamond, and with the diffraction maxima 101 and 110 of
graphite. Overlapping of nano-graphene (missing the ring corresponding
to the planes 002 of the graphite) and nano-diamond.



DLC by PLD: structural TEM analysis

DLC-8 (Cu/Kapton) DLC-9 (Cu/Kapton)
F=3.3J/cm*  N,=8000 F=4.8J/cm*  N,=4000
dis=5cm  Spot =5.4 mm? drs=5cm  Spot=4.1 mm?




PLD-deposited DI_.C:
conventional (ellipsoidal) plume
)

c -

Chem.Soc.Rev.

33,23-31(2004)
‘—-

C F32 20
n(r,0) = 2 (cos )™ PG

Laser Fluence: 5.5+ 18 J/cm?

Number of laser pulses: 28000 + 35000
Target-to- substrate distance: ds: 55 + 45 mm




PLD-deposited DI_.C:
conventional (ellipsoidal) plume
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DLC by PLD: small spot /ON-axis vs OFF-axis

DLC-30 (Si/SiO, (100 nm)) DLC-36 (Si/S10, (100 nm))

F =55 J/cm? Np: 7000 F=5.5J/cm? Np: 7000

ds=55cm  Spot=0.9 mm? drg=44cm  Spot=1.5 mm?
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DLC by PLD: fluence-dependent sp? bonding |
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DLC by PLD: XPS and SEM analyses

DL C-38 (Si/SiO, (100 nm))
F=6.8J/cm?  Nj=35000
drs=3.8cm  Spot=1.6 mm?
Thickness = (35+10) nm
XPS: sp3-229.6 %

sp?-=> 70.4 %

DLC-34 (Si/SiO, (100 nm))
F=18.3 J/em?  N,=28000
drs=4.2cm  Spot=1.3 mm?
Thickness = (175+10) nm




DLC by PLD: electrical properties
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DLC by PLD: electrical properties

Study in progress...°

Conduction mechanisms:
thermal activation involving
localized and tail states
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Density of States

Density of States

DLC: conduction mechanisms
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Energy

C-based materials: electronic transitions
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Energy

C-based materials: electronic transitions
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DLC by PLD: CONCLUSIONS

o OFF-axis configuration
o Rotating substrate
o Small spot-area

=) Good UNIFORMITY
over a large area
of film and sp3 bonds

=) Sheet resistance:
10 + 10° MQ/sqr

= Physical insight







