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Diamond-like carbon thin films (DLC) with increased thermal stability were prepared by filtered pulsed

deposition (F-PLD). The influence of different substrate temperatures on the growth and composition of DLC

was analysed using Raman spectroscopy and electron energy loss spectroscopy (EELS). The increase of sub

temperature leads to an increase in sp2 carbon bond hybridisation and a decrease in the optical band gap. Howeve

deposited films show excellent thermal stability, with a slow transition from high sp3 to low sp3 content as a funct

the substrate temperature. The importance of substrate temperature and the mechanical kinetic energy filter in re

to the mobility of the film-forming species from the highly ionised and energetic laser plume is discussed.

r 2005 Elsevier Ltd. All rights reserved.
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Since diamond-like carbon thin films (D
films were first deposited in 1971 [1], a
academic and industrial interest has develope
to their superior properties, which can vary w
from graphite- to diamond-like. Specific t
made films can be grown simply by optim
deposition parameters, resulting in a broad
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netic data storage [2], coating of cutting too
biocompatible materials for orthopaedic imp
[4], cold-cathode electron emission [5], IR se
and lenses [6].

Mechanical and tribological applications i
ving high temperatures, due to friction bet
moving parts, require DLC films with
thermal stability. It is well known that h
genated DLC films are less suitable, as hydrog
released with raising temperature deterioratin
film properties (hardness). Therefore, se
techniques were developed to achieve high-qu

s reserved.
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hydrogen-free DLC films, such as pulsed laser
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deposition (PLD), filtered cathodic vacuum
(FCVA) and magnetron sputtering, [7,8].
ever, when increasing the temperature o
substrate during PLD and FCVA depo
(100 1C for PLD and 200 1C for FCVA [9]) a
a transition temperature, the films exhib
abrupt change in their percentage of sp3-bo
carbon and the related mechanical and elect
properties [9]. This transition temperature
serves as a measure of the thermal stability of
in high-temperature applications, such as
temperatures developed due to friction.

During PLD deposition, the bigger and he
ablated clusters (droplets 1–2 mm in diam
have a high sp2-content and carry a higher k
energy, which can also lead to graphitisation
deposited film [10]. To circumvent this pro
we introduced a mechanical separator to ac
filter, thus reducing the amount of graphitisa

The DLC films grown using the filtered-PL
PLD) method exhibit unique termal stability
a high transition temperature �500 1C.
transition process itself is slow and gradual
increasing temperature, suggesting that the
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Fig. 1. Schematic diagram and photograph of the chamber us

controlled by resistive heating and monitored using a thermo

ablated graphite target, thus reducing the graphitisation of th
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range. We used Raman spectroscopy and E
to characterise the atomic density and bondi
the films as a function of the substrate depo
temperature.
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F-PLD was used to deposit thin DLC
(�120 nm). Fig. 1 shows a diagram of
experimental setup, with an inset photogra
the mechanical separator. The laser employe
frequency tripled Nd:YAG laser (Quanta
PRO250) operating at 355 nm working in p
mode (10 Hz). The power density on the t
surface was adjusted to 400 mJ/pulse usin
focusing optics. The films were grown
chamber base pressure of 1� 10�3 Pa, and ab
at a constant number of laser pulses (
without the use of a buffer gas. The sub
deposition temperature, monitored using a
mocouple, was varied through resistive he
from 25 to 600 1C.
Substrate
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ed for the F-PLD deposition of DLC films. The substrate temperature is

couple. The mechanical separator is used to filter out large clusters of

e deposited films.
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Fig. 2. Both (a) Raman and (b) carbon K-edge spectra of F

PLD deposited DLC films show increasing graphitisation wit

rising substrate temperature. As the temperature rises the rati

ID/IG is increased, G band is narrowed and its position shifte

upward, indicative of higher structural order in sp2 sites. K

edge EELS spectra are normalised on an area corresponding t

the total number of carbon bonds. The size of the 1s-p* pea

shows an increased sp2 content with the increase in substrat

temperature.
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deposited material was performed using a J
Yvon system with the laser line at 632 nm fr
HeNe laser in a backscattering geometry. A
linear background subtraction, the peaks i
Raman spectra (Fig. 2) were fitted using a l
combination of Gaussian–Lorentzian linesh
(LabSpec V2.08 fi.DILOR). EEL spectra
acquired using a Gatan Imaging Filter (
attached to a Philips CM20 TEM at an acce
20 mrad.
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The sample deposited at room tempera
exhibits the D and G broad bands of amorp
carbon [11], centred on 1342 and 1523
(Fig. 2a). The G mode is a bond-stret
vibration of a pair of sp2 sites, and o
irrespective of the sp2 sites being arrange
olefinic chains or aromatic rings. The D mode
A1g breathing vibration of a six-fold aro
ring, previously only associated with dis
[8,12]. The ratio of the area under the D-ba
that of the G-band (ID/IG) increases from o
the case of the room-temperature deposited sa
to approximately six times the room temper
value when the deposition temperature is 500

Another significant feature clearly observ
the Raman spectra for the room temper
sample is the presence of a broad band
quadrangle shaped peak) at �960 cm�1 (Fig
which reflects the second-order peak of th
substrate [13]. As all the DLC films deposite
this study were of similar thickness (�120 nm
intensity of the Si peak is an indirect signatu
the optical transparency of the deposited film

Next, DLC films were examined using E
The broad peak located in the low-loss regi
the EELS spectra known as the low-loss plas
corresponds to excitations from valence elect
From the plasmon energy the atomic density o
DLC films can be estimated using the ‘‘quasi-
electron model [14]. The calculated atomic
sities as a function of the substrate temperatur
shown in Fig. 3a. The highest atomic densi
2.94 g/cm�3, corresponding to the plasmon e
of 28.5 eV, is seen for the film grown at
temperature and it compares well with ta-C
grown by FCVA [15].

The concentrations of sp2 and sp3 bo
carbon atoms can be estimated by comparin
integrated intensity of the p* peak associated
electron transitions from the core to unocc
states in the p* band (Fig. 2b). The highest co
of sp3-bonded carbon was measured for sam
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prepared at room temperature (64%). The con
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Fig. 3. Dependence of (a) the sp3 content and (b) the atomi

density as a function of the substrate temperature. The result

are compared with other authors [9,16] and prove that DLC

films prepared by F-PLD have a high thermal stability an

show a much more gradual transition from high sp3 to low sp

concentrations.
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centration of sp3-bonded carbon decreases
increasing substrate temperature (Fig. 3b)
substrate temperatures above 600 1C the film
almost graphite-like in nature (sp2

�81%).
Results presented in Fig. 3 show a signi

improvement in the thermal stability of DLC
Silva et al. [9] observed transition temperatu
100 and 200 1C for samples prepared using
and FCVA, respectively. In their study
concentration of sp3-bonded carbon remains
-
h
r
e

t
.
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FCVA prepared samples o10%) for tempera
beyond the transition temperature. In compa
with other autors [9,16] the transition pr
reported here from high sp3- to low sp3-bo
carbon films is slow and gradual with incre
temperature (Fig. 3a). It is not until a depo
temperature of 500 1C that the sp3 concentr
falls below 30%.

These results support the importance of su
energy and kinetic energy of incident partic
the ordering of sp2 states in a-C thin film. M
authors explain their results based on the
plantation theory [9,16–18] and found that
substrate temperature is increased above a ce
threshold value, which gives the carbon ion
necessary mobility across the surface, a mor
dominant structure is formed.

A possible explanation for the higher tran
temperature has been proposed by Chhowa
al. [16]. They observed a rise in the tran
temperature with decreasing ion energy (fo
energy 90 eV the transition temperature
between 200 and 240 1C) and it is concluded
the deposition temperature is more signi
when it is a substantial fraction of the e
associated with the film forming species. T
fore, the kinetic energy of the vapour-
particles is one of the most critical facto
deposition. The interaction of the incident
light with the graphite target leads to the fo
tion of an isothermally expanding plasma co
ing of electrons, atoms, ions and clusters.
increasing laser fluence, smaller cluster size
higher ion densities can be achieved, a
fragmentation of clusters to smaller sizes can
place if they absorb sufficient energy. In
experiments the laser fluence of 12.7 J/cm2,
rise to an sp3 fraction of 64% at room tem
ture. Koivusaari et al. [18] have also shown
better quality DLC films are deposited for h
laser fluence.

In terms of kinetic energy our F-PLD ha
significant feature: a mechanical separator (F
which is a fast rotating fan (6000 rpm) used to
out macro-droplets and clusters. This sepa
plays a crucial role in achieving higher th
stability of DLC films. Thus, the higher th
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stability of DLC films was obtained by mechanical
iden
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filtering, which was used to obtain inc
particles with low energies (o10 eV for P
and very low clustering.
4. Conclusion
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In conclusion, the F-PLD technique was us
deposit DLC films at varied substrate tem
tures. It was observed that the DLC films prep
at room temperature exhibited the widest o
gap. The films also showed excellent the
stability, with a slow transition from high s
low sp3 content as a function of sub
deposition temperature. This stability is h
desirable for industrial purposes extendi
family of DLC applications withstanding
temperature and harsh environments. It is bel
that the slow transition process is a result o
high laser fluence used and consequently
substantially suppressed clustering by the me
ical filtering of the plasma plume.
Acknowledgement

som
bora
Silv
from
rshi
d b
lic.

opy in

son J,

ev B

Davis

139.

v Lett

l Phys
F. Balon would like to acknowledge
financial support from Philips Research La
tories, Redhill, UK. V. Stolojan and S.R.P.
gratefully acknowledge financial support
EPSRC in the form of a Portfolio Partne
Award. This work was partially supporte
APVT-99-002502 grant of the Slovak Repub
t
)

o
-
d
l
l
o
e
y
a
h
d
e
e
-

e
-
a

p
y

[1] Aisenberg S, Chabot R. J Appl Phys 1971;42:2953.

[2] Goglia PR, Berkowitz J, Hoehn J, Xidis A, Sto

Diamond Relat Mater 2001;10:271.

[3] LoBiondo NE, Aharonov RR, Fontana RP. Sur

Technol 1997;94–95:652.

[4] Tiainen VM. Diamond Relat Mater 2001;10:153.

[5] Amaratunga GAJ, Silva SRP. Appl Phys Lett 19

2529.

[6] Tzeng Y, Yoshikawa M, Murakawa M, Feldm

editors. Material science monographs, vol. 73. New

Elsevier; 1991.

[7] Jacob W, von Keudell A. Deposition methods fo

layers. In: Silva SRP, editor. Properties of amo

carbon, INSPEC 2003, EMIS No. 29. p. 46,

0-85296-961-9.

[8] Silva SRP, Carey JD, Khan RUA, Gerstner EG, A

JV. Amorphous carbon thin films. In: Nalwa HS,

Handbook of thin film materials. Semiconducto

superconductor thin films, vol. 4. New York: Aca

Press; 2002. p. 403.

[9] Silva SRP, Xu S, Tay BK, Tan HS, Scheibe

Chhowalla M, et al. Thin Solid Films 1996;290–291

[10] Chrisey DB, Hubler GK, editors. Pulsed laser dep

of thin films. New York: Wiley; 1994.

[11] Tamor MA, Vassell WC. J Appl Phys 1994;76:3823

[12] Ferrari AC, Robertson J. Phys Rev B 2001;63:1214

[13] Woo HK, Lee CS, Bello I, Lee ST. Diamond Relat

1999;8:1737.

[14] Egerton RF, editor. Electron energy loss spectrosc

the electron microscopy. New York: Plenum; 1996.

[15] Fallon PJ, Veerasamy VS, Davis CA, Robert

Amaratunga GAJ, Milne WI, et al. Phys R

1993;48:4777.

[16] Chhowalla M, Robertson J, Chen CW, Silva SRP,

CA, Amaratunga GAJ, et al. J Appl Phys 1997;81:

[17] Uhlmann S, Frauenheim Th, Lifshitz Y. Phys Re

1998;81:641.

[18] Koivusaari KJ, Levoska J, Leppavuori S. J App

1999;85:2915.

http://ISBN0-85296-961-9
http://ISBN0-85296-961-9

	Diamond-like carbon thin films for high-temperature applications prepared by filtered pulsed laser deposition
	Introduction
	Experimental
	Results
	Conclusion
	Acknowledgement
	References


