
Fast deposition of diamond-like carbon films by radio frequency hollow
cathode method

Xiaolu Pang a, Haili Peng a, Huisheng Yang a,⁎, Kewei Gao a, Xiaolei Wu b, Alex A. Volinsky c

a Department of Materials Physics and Chemistry, University of Science and Technology Beijing, Beijing 100083, China
b State Key Laboratory of Nonlinear Mechanics, Chinese Academy of Sciences, Beijing 100080, China
c Department of Mechanical Engineering, University of South Florida, Tampa, FL 33620, USA

a b s t r a c ta r t i c l e i n f o

Article history:
Received 1 June 2012
Received in revised form 23 February 2013
Accepted 25 February 2013
Available online 6 March 2013

Keywords:
Diamond-like carbon films
Hollow cathode
Deposition rate
Raman spectra
Nanohardness

Diamond-like carbon (DLC) thin films were deposited on p-type Si (100) substrates by RF hollow cathodemeth-
od under different RF power and pressure, using ethane as the precursor gas. The deposition rate of 45 nm/min
was achieved, almost 4 times higher than by conventional radio frequency plasma enhanced chemical vapor de-
position. The mechanism of fast DLC films deposition is attributed to high plasma density in RF hollow cathode
method, discussed in this paper. Scanning electronmicroscopy and Raman spectroscopywereused to investigate
the microstructure of DLC films. The film hardness and Young's modulus were measured by nanoindentation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Diamond-like carbon (DLC) films consist of amorphous carbon with
sp3 and sp2 bonds. These films are similar to diamond, and generally in-
clude many sp3 bonds. If the amount of hydrogen contained in a film is
reduced, and the ratio of sp3 to sp2 bonds is increased, DLC usually be-
comes harder. DLC films deposited at low temperatures are extremely
smooth. The coefficient of friction changes with the measurement con-
ditions, and can be as low as 0.1, or even less, in dry or humid air, or in
nitrogen [1–3]. Although DLC films have excellent mechanical proper-
ties, a practical problem with them is that the residual stress increases
with the hardness [4]. When the adhesion between the film and the
substrate is not sufficient, the film can partially ablate. An improvement
of the adhesion with a substrate has been studied along with the prob-
lem of thermal stability [5,6]. Metal-containing diamond-like carbon
(Me-DLC) is a DLC film, in which nano-scale metal clusters are dis-
persed homogeneously, possibility solving the above noted problems.
Metal clusters effectively decrease the residual stress in DLC films. The
tribological properties of the Me-DLC in dry sliding wear have been
reported [5,7,8]. However, the hardness of a thin film generally drops
with the amount of metal inclusions, and damage to the film by abra-
sion will increase, rather than damage by ablation.

With improving deposition technology, DLC films arewidely used in
many industries because of their high hardness, low friction coefficient,
good wear resistance, smoothness, etc. For most products, reliability

and production efficiency are very important factors for their wide
use. Increasing the deposition rate is one way to reduce manufacturing
time and, hence, manufacturing cost. Intrinsic stress in Me-DLC films is
efficiently relieved, and thus their reliability in service is improved
[9–11], although the deposition rate of DLC films needs to be studied
further.

There are many ways to prepare DLC films [12–15]. The radio fre-
quency plasma enhanced chemical vapor deposition (RF-PECVD)
process is widely used. However, this method suffers from a low de-
position rate, due to the low plasma density. In previous work, DLC
films were prepared using PECVD with a deposition rate of
4–10 nm/min [16]. Z. Sun et al. [17] reported an improved method,
called magnetically enhanced plasma chemical vapor deposition, to
increase the density of plasma, based on PECVD, which gave a depo-
sition rate 5–23 nm/min. Other techniques, based on high plasma
density, are also used to produce DLC films, like plasma source ion
implantation [18,19], with a deposition rate of 75–150 nm/h. An
election cyclotron wave resonance source was employed to prepare
DLC films with a very high deposition rate of 20–90 nm/min by ap-
plying magnetic field [20], but the corresponding apparatus is rela-
tively complicated and expensive.

In this work, DLC filmswere deposited using radio frequency hollow
cathode deposition system, based on conventional RF-PECVD. Here,
comparatively high plasma density was achieved using a simple con-
structionwithout magnets, utilizing hollow cathode effect through par-
allel plates to constrain plasma in a certain area. The basic principle of
the hollow cathode glow discharge is the overlap of the negative glow
zones of the opposite cathode surfaces, resulting in a 100–1000 times
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increase in plasma density. High-density plasma, typical for hollow
cathodes, is based on efficient avalanche multiplication of electrons,
known as the hollow cathode effect [21,22].

The RF hollow cathode deposition system is presented next. The DLC
films were deposited on the p-type silicon (100) substrates. The influ-
ence of RF power on the deposition rate and the properties of DLC
films was also investigated.

2. Experimental details

The schematic diagram of the hollow cathode deposition system
is shown in Fig. 1. Two general configurations of a hollow cathode
are a cylindrical tube or two parallel plates. The latter was used in
this experiment. A water cooled stainless steel plate was attached
to the spinner rack by three metallic rods. Two plates can rotate
with a variable speed, ranging from 600 to 6000 rph. The exposed
face of both cathodes is 180 mm in diameter, and the distance be-
tween them is adjustable. One or both cathode plates can serve as
the substrate table. In this experiment the upper electrode support-
ed the p-type Si (100) substrate, as shown in Fig. 1.

At 2 kW maximum power and 4 kV maximum self-bias matching
networks, a 500 W RF generator was used as the power supply for the
RFhollow cathode. Feed gases, argon and ethane,flowing into the depo-
sition chamber are controlled by the two mass flow controllers.

Before the RF hollow cathode process, silicon substrates were
cleaned in acetone and alcohol for 15 min, respectively. The base pres-
sure of 6 × 10−3 Pa was achieved in the vacuum chamber using rotary
and molecular pumps. Argon ion bombardment for 5 min was neces-
sary to clean the substrates further, just before the DLC film deposition.
Ethane was used as the precursor gas, and argon as the ionization gas.
The corresponding flow rates were fixed at 45 sccm and 30 sccm, re-
spectively. The distance between the twoplateswas 45 mm, and the ro-
tation speed was 600 rph. A series of DLC films has been deposited
under different RF power and pressure, ranging between 20 W and
100 W and 0.75 Pa and 4 Pa, respectively. Table 1 shows the details of
the experimental parameters.

To facilitate measurement of DLC film thickness, a step was made
during deposition. Film thickness was determined by a Dectak 150
surface profiler. The surface and cross-section morphology of DLC
films was observed by a field emission scanning electron microscope
(FE-SEM, SUPRA 55). Structural characterization of the films was
achieved by Micro-Raman spectroscopy. The nanohardness and
Young's modulus were measured by means of depth-sensing inden-
tation, carried out with a Nanoindenter XP from MTS Systems.

3. Results and discussion

3.1. Film deposition rate

As seen in Fig. 2 (a) and (b), DLC film deposition rates increased
from 17 to 39 nm/min with an RF power increase from 20 W to
100 W, and to 45 nm/min with the pressure increase to 4 Pa. DLC
films were deposited in a single cathode configuration, the convention-
ally used RF-PECVDmethod. It turns out that under the samedeposition
conditions, the deposition rate, obtained by a general RF-PECVD pro-
cess, ranged from 4 to 10 nm/min [16], which is about one fourth of
that achieved by a hollow cathode process. The degree of plasma ioniza-
tion increased with the RF power and pressure, requiring a higher plas-
ma density, which resulted in a higher deposition rate.

This large increase in the deposition rate of the hollow cathode pro-
cess is due to the enhancement in the plasma density. From Fig. 1, one
can see that the obvious difference between a RF-PECVD and a hollow
cathodemethod is the number of cathodes. Two parallel plate cathodes
constrain electrons in a closed area. During the hollow cathode dis-
charge process, its geometry promotes oscillations of hot electrons in-
side the cathode, thereby enhancing ionization, ion bombardment of
the inner walls and other subsequent processes. Thus, a higher plasma
density results in a higher deposition rate, compared with the single
cathode.

The substrate is subject to a negative DC self-bias voltage VB, which
was controlled by changing the RF input power. The negative self-bias
voltage increaseswith the RF power due to increased plasma ionization.
When a hollow cathode effect was achieved, VB dropped for the same
experimental conditions. The variation of VB with RF input power in
RF-PECVD and RF hollow cathode deposition is shown in Fig. 3 (a)
and (b). Comparing Fig. 3 (a) and (b), one can see that the value of VB

is much smaller in the RF hollow cathode deposition mode than in the
RF-PECVD for the same RF power and pressure. This is due to the higher

Fig. 1. Schematic diagram of the hollow cathode apparatus.

Table 1
Deposition conditions of DLC films.

Base pressure 6 × 10−3 Pa
Total pressure 0.75 Pa, 1.5 Pa, 2.5 Pa, 4 Pa
Argon flow 45 sccm
Ethane flow 30 sccm
Deposition time 40 min
Cathode-to-cathode distance 45 mm
Rotation speed 600 rph
RF power 20 W, 30 W, 50 W, 80 W, 100 W
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