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Abstract—Hydrogenated amorphous carbon (a-C:H) is a class of amorphous carbon with more than 30% hydrogen
content and containing sp” as well as sp’ carbon atoms. It is widely used as a hard mask in semiconductor device fabri-
cation, protective coatings, lubricants, and biomedical applications. The properties of a-C:H films are known to be
strongly dependent on the carbon bonding structure and are characterized using the sp*/sp’ carbon hybridization ratio.
The a-C:H films are typically deposited by plasma-enhanced chemical vapor deposition (PECVD) processes, and this
review summarizes and discusses the relationship between the sp’/sp’ ratio of a-C:H and plasma characteristics. The
effects of temperature, radical density, ion density, and ion energy on the sp’/sp’ ratio of a-C:H are investigated and

summarized.
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INTRODUCTION

Amorphous carbon (a-C) has been intensively studied for decades
owing to its excellent characteristics, such as high mechanical hard-
ness, chemical inertness, optical transparency, and low friction
[1,2]. a-C can be classified based on the carbon bonding of the tet-
rahedral sp’/trigonal sp” structure and hydrogen content. Typically,
a-C is classified into three groups: hydrogen-free a-C, hydroge-
nated tetrahedral amorphous carbon (ta-C:H), and hydrogenated
amorphous carbon (a-C:H), as shown in Fig. 1 [1].
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Fig. 1. Classification of amorphous carbon. Reproduced from ref.
[1]. Copyright 2002 Elsevier.
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Hydrogen-free a-C can be further divided into sp*-rich hydro-
gen-free a-C (graphite-like a-C) and sp’-rich hydrogen-free a-C
(diamond-like a-C). Diamond-like a-C, also known as tetrahedral
amorphous carbon (ta-C), is typically deposited by ionized evapo-
ration, jon plating, or a beam containing carbon or hydrocarbon
ions [3-5]. Diamond-like a-C, or ta-C, exhibits high density and
hardness, and such good properties are attributed to the compact
tetrahedral network of sp’ carbon bonding. Graphite-like a-C is gen-
erally deposited by thermal evaporation or sputtering [1,3,5,6]. Graph-
ite-like a-C shows a relatively low hardness due to weak intermole-
cular bonds within the trigonal structure of sp* carbon.

Hydrogenated tetrahedral amorphous carbon (ta-C:H) films with
a limited hydrogen content (less than about 30%) are generally de-
posited using high-density plasma, such as microwave plasma and
magnetically enhanced plasma [7-12]. The hardness of ta-C:H in-
creases with an increased fraction of sp’ carbon, similar to hydro-
gen-free a-C, and can be close to that of diamond-like a-C [7].

Hydrogenated amorphous carbon (a-C:H) with relatively high
hydrogen content (approximately 30-55%) is deposited using plasma
with a relatively low ion density [13-17]. The relatively low-density
plasma for a-C:H deposition is often generated by radio-frequency
inductively coupled plasma (ICP) or capacitively coupled plasma
(CCP). These plasma sources are popular in the semiconductor
fabrication industry. Certain properties of a-C:H, such as the film
density and hardness, are determined by the carbon bonding struc-
ture and hydrogen content, as shown in Table 1. The sp’-rich struc-
ture of a-C:H includes low hydrogen content and exhibits higher
density and hardness, whereas the sp’-rich structure includes high
hydrogen content and exhibits lower density and hardness.

a-CH is widely used as a hard mask in semiconductor device
fabrication due to its easy processability and reasonable etch resis-
tance [18-25]. As film patterning processes become finer in semi-
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Table 1. Properties of a-C:H with different sp’/sp’ ratios [13-17]

Type of Hydrogen  sp’/sp>  Density Hardness

a-CH content (%)  structure  (g/cm’) (GPa)
Hard a-C:H 30-40 sp-rich  1.6-2.2 5-20
Soft a-C:H 40-55 sp-rich  12-1.6 3-5

conductor device fabrication, the exposure and development of
conventional organic photoresists have been limited to making nano-
scale patterns, especially in high-aspect-ratio etching processes
[20,23,25]. a-C:H films are adopted because they have higher etch
resistance and selectivity than organic photoresists, and the leftover
a-C:H can be easily removed with O, plasma. a-C:H hard masks
can be applied for patterning various SiO,, SIN,, SiON, and SiCOH
films in semiconductor device fabrication processes [25-30]. The
etch resistance of a-C:H hard mask is affected by carbon bonding
structure and sp’-rich a-C:H shows better resistance to fluorocar-
bon plasma and O, plasma than sp’-rich a-C:H [19-22,24]. In this
review, we examine the relationship between the process parame-
ters of plasma processes and film properties. The sp’/sp’ ratio, hy-
drogen content, film hardness, optical band gap, and refractive index
are summarized as functions of process parameters, and the effect
of plasma characteristics on the sp*/sp’ ratio is discussed.

HYDROGEN CONTENT, sp’/sp’ RATIO,
AND FILM PROPERTIES

Before discussing the relationship between the plasma charac-
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teristics and the sp’/sp’ ratio, the relationships between the sp’/sp’
ratio and hydrogen content, film hardness, optical band gap, and
refractive index are summarized as shown in Fig. 2 [1,13-17]. The
hydrogen content increases the sp” structure of a-C:H or reduces
the sp’/sp’ ratio, as shown in Fig. 2(a). The film hardness increases
with an increased sp’/sp’ ratio due to the compact structure with a
reduced number of hydrogen atoms in the film, as shown in Fig,
2(b). No electrical band gap exists in amorphous carbon, but the
optical band gap of a-C:H can be defined and determined experi-
mentally from Tauc plotting [1,31]. The optical band gap decreases
with an increased sp’/sp’ ratio due to the lower gap between the I
and IT* states than that between the o-and o* states, as shown in
Fig. 2(c). The refractive index of a-C:H film increases with the in-
crease in sp’/sp’ ratio, as shown in Fig. 2(d), and this is attributed
to the increased film density with an increased sp’/sp’ ratio [1].

The hydrogen content and sp’/sp’ ratio of the a-C:H film are
measured by various metrological methods. Hydrogen content can
be estimated using nuclear magnetic resonance (NMR) spectros-
copy, nuclear reaction analysis (NRA), second ion mass spectrom-
etry (SIMS), and infrared spectroscopy [13,15,32-34]. The sp’/sp’
ratio can be determined with NMR, X-ray photoelectron spectros-
copy (XPS), and electron energy loss spectroscopy (EELS) [15,35-
38], and is also indicated by the intensity ratio of the D peak to the
G peak (Ip/I;) in Raman spectra [19]. The I/I; ratios are linearly
dependent on sp/sp’ ratios, as shown in Fig. 3.

a-C:H films of various sp’/sp’ ratios, hydrogen content, and film
properties have been deposited using different plasma sources, in-
cluding ICP, CCP, and electron cyclotron resonance (ECR) plas-
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Fig, 2. The effect of sp’/sp’ ratio on (a) hydrogen content, (b) film hardness, (c) optical band gap, and (d) refractive index. (a) and (b) repro-
duced from ref. [15]. Copyright 1991 American Institute of Physics. (c) and (d) reproduced from ref. [1]. Copyright 2002 Elsevier.
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Fig. 3. The I,/I; ratios of a-C:H films as a function of sp’/sp’ ratio
from NMR, EELS, and XPS. Reproduced from ref. [19].
Copyright 2021 Elsevier.

mas, with various hydrocarbon precursors such as CH, and C,H,.
In this review; the correlation between the sp’/sp’ ratio of a-C:H and
plasma conditions such as temperature, radical density, ion den-
sity; and ion energy is discussed as follows.

EFFECT OF TEMPERATURE ON sp’/sp’
RATIO OF a-C:H

The processing temperature is undoubtedly a vital process vari-
able, and the effects of temperature on hydrogen content and sp’/
sp’ ratio during film deposition processing or after deposition are
summarized, as shown in Table 2 and Fig. 4 [19,22,32,35,36,39-
41]. The hydrogen content decreases with increased substrate tem-
perature in C,H, plasma because high temperatures can remove
hydrogen by forming volatile H,, as shown in Fig. 4(a) [32]. The
effect of temperature on the sp’/sp’ ratio of a-C:H is summarized.
The I,/I; ratio in Raman spectra increases with increased sub-
strate temperature in C,H, plasma, as shown in Fig. 4(b), and with
increased gas-phase temperature in C;Hy and CH,, plasmas, shown
in Fig. 4(c) [19,22,41]. The sp’/sp’ ratio also increases with the post-
annealing temperature after a-C:H film deposition by CH, plasma,
as shown in Fig. 4(d) [35,36]. A high processing temperature or a
thermal annealing after deposition can remove hydrogen atoms

Table 2. Plasma deposition of a-C:H at different temperatures

from the film and transform carbons from sp’ to sp’ bonding. The
sp’/sp’ ratio difference of a-C:H in Fig. 4(d) is attributed to the dif-
ferent deposition conditions. The variations in film properties, such
as hardness and optical band gap, are also summarized as follows.
The film hardness increases with an increase in substrate tempera-
ture due to the compact carbon network with low hydrogen con-
tent, as shown in Fig. 4(e) [39]. The optical band gap decreases
with increased substrate temperature due to the lower gap between
the I'T and IT* states with a high sp” fraction, as shown in Fig, 4(f)
[40]. In conclusion, a high temperature results in low hydrogen con-
tent and a high sp”/sp’ ratio during film deposition or the post-
annealing process.

EFFECT OF CHEMISTRY AND DENSITY OF
RADICALS ON sp*/sp’ RATIO OF a-C:H

The hydrocarbon radicals in deposition plasma are important
for determining the sp’/sp’ ratio of a-C:H film. The species of hy-
drocarbon radicals are determined by precursors, and their effect
on the sp’/sp’ ratio is summarized in Table 3 and Fig. 5 [19,32-
34/42]. The a-CH film deposited using CH, plasma shows a higher
hydrogen content than that deposited using C,H, plasma. This is
due to the presence of hydrogen-rich radicals in CH, plasma com-
pared to carbon-rich radicals in C,H, plasma, as shown in Fig. 5(a)
[33]. The CH, plasma-deposited a-C:H film also shows a lower
refractive index than the C,H, plasma-deposited film because of
the higher hydrogen content and lower film density, as shown in
Fig. 5(b) [33,42]. The plasma chemistry can also be affected by pres-
sure. The hydrogen content of a-C:H deposited using C,H, ICP
and CCP plasmas increases with high pressure, as shown in Fig.
5(c) and 5(d) [32,34], while that deposited using CH, CCP plas-
mas has an unchanged hydrogen content with different pressures
(Fig. 5(d)) [34]. This is possibly because, with increased pressure,
H atoms recombine with carbon-rich radicals in C,H, plasma and
increase the H/C ratio, leaving behind a higher film hydrogen con-
tent. However, in CH, plasma, a large number of H atoms are pres-
ent, which tend to recombine with other H atoms to form H,,
barely affecting the H/C ratio of hydrogen-rich radicals. The I/1;
ratio decreases with an increase in the pressure of C,H, ICP plasma,
as shown in Fig. 5(e) [19]. The low sp’/sp’ ratio is attributed to the
high film hydrogen content and high sp’ fraction. The refractive
index of a-C:H deposited using C,H, plasma decreases with in-

Process Plasma Temperature
P An fe

parameter source recursor €0 alyzed property Reference
ICP CH, 100-500 Hydrogen content (32-47%) [32]
Substrate ICP CH, 45-77 Ip/lg [19]
temperature CCP CH,, CH), 350-550 I/l [22]
or gas-phase CCP CH,, 350-550 Ip/1g [41]
temperature CCP CH, —23-147 Hardness [39]
ECR CH, 25-400 Optical band gap [40]
Post-annealing CCP CH, 280-520 sp’/sp’ ratio (0.2-0.56) [35]
temperature CCP CH, 220-700 sp’/sp’ ratio (0.94-1.29) [36]
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Fig. 4. (a) The effect of substrate temperature on hydrogen content. Reproduced from ref. [32]. Copyright 1990 Elsevier. I,,/I; ratios with (b)
various substrate temperatures (reproduced from ref. [19] with copyright 2021 Elsevier) and (c) gas-phase temperatures (reproduced
from ref. [22] with copyright 2011 Elsevier). (d) Effect of annealing temperature on sp’/sp’ ratio. Reproduced from ref. [35] with copy-
right 2005 Elsevier and ref. [36] with copyright 2019 Elsevier. Effect of substrate temperature on (e) hardness (reproduced from ref.

[39] with copyright 2004 Elsevier) and (f) optical band gap (reproduced from ref. [40] with copyright 1997 Elsevier).

Table 3. Plasma deposition of a-C:H with different radical chemistry and density

P, Pl
rocess astma Precursor Analyzed property Reference
parameter source
CCP CH,, C,H, Hydrogen content (23-36%) [34]
Precursor ECR CH,, C,H, Hydrogen content (30-62%) [33]
ECR CH,, C,H, Refractive index [42]
ICP C,H, Hydrogen content (28-42%) [32]
Pressure ICP C,H, I/l [19]
ECR CH,, C,H, Refractive index [33]
Radical
density ICP CH, 1/1g [19]

Korean J. Chem. Eng.(Vol. 40, No. 6)
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Fig. 5. (a) Hydrogen content (reproduced from ref. [33] with copyright 2000 Elsevier) and (b) refractive index of a-C:H (reproduced from
ref. [33] with copyright 2000 Elsevier and ref. [42] with copyright 1997 American Institute of Physics) deposited using ECR plasmas
with precursors of CH, and C,H,. (c) The effect of pressure on hydrogen content in ICP C,H, plasma. Reproduced from ref. [32].
Copyright 1990 Elsevier. (d) Hydrogen content of a-C:H deposited using CCP plasmas with precursors of CH, and C,H,. Repro-
duced from ref. [34]. Copyright 2007 American Institute of Physics. (¢) The effect of pressure on I,/I; ratio in ICP C,H, plasma.
Reproduced from ref. [19]. Copyright 2021 Elsevier. (f) Refractive index as a function of pressure in ECR plasmas with precursors of
CH, and C,H,. Reproduced from ref. [33]. Copyright 2000 Elsevier.

creased pressure because of its higher film hydrogen content and
lower film density. In contrast, that deposited using CH, plasma is
almost constant, as shown in Fig. 5(f) [33].

The hydrocarbon radical density influences the sp’/sp’ ratio of
a-CH. The CH radical density in C,H, ICP plasma was estimated
by optical actinometry and directly correlated with the sp*/sp’ ratio
[19]. The I/I; ratio decreases with increased CH radical density
under different source power, pressure, and substrate temperature
conditions, as shown in Fig. 6. Compared with other dominant
radicals, such as C, and C,H in C,H, plasmas, the addition of hydro-

June, 2023

gen-rich CH radicals on a film surface can introduce more hydro-
gen atoms into the film during a-C:H growth. Therefore, the high
density of CH radicals increases the H/C ratio in plasma as well as
film hydrogen content, lowering the sp’/sp’ ratio.

EFFECT OF ION DENSITY AND ENERGY ON sp*/sp’
RATIO OF a-C:H

1. Ion Density Effect
Apart from the processing temperature and plasma chemistry,
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Fig. 6. The effect of CH radical density on I,/I; ratio under vari-
ous C,H, ICP plasma conditions. Reproduced from ref. [19].
Copyright 2021 Elsevier.

ion bombardment during the plasma deposition process also strongly
affects the sp’/sp’ ratio of the a-C:H film. The effect of ion bom-
bardment on the sp’/sp’ ratio can be explained in terms of ion
density and ion energy. a-C:H films of various sp/sp’ ratios, hydro-
gen content, and film hardness have been deposited in ICP plas-
mas with different source powers. The effects of ion density on
hydrogen content and sp’/sp’ ratio are summarized in Table 4 and
Fig. 7 [19,32,37,43]. The hydrogen content decreases with an in-
crease in the source power of C,H, ICP plasma, as shown in Fig.
7(a) [32], and the I,/I; ratio increases with the source power of
C,H, ICP plasma, as shown in Fig. 7(b) [19]. The increased num-
ber of ions in high-source-power ICP plasma can remove hydro-
gen atoms from C-H bonds in films and increase the sp*/sp’ ratio.
The Ip/I; ratio is correlated with ion density during deposition

Table 4. Plasma deposition of a-C:H with different ion density

processes, as shown in Fig. 7(c) [19]. It increases with ion density
under different substrate temperatures, plasma source powers, and
pressures in C,H, ICP plasmas. The sp’/sp’ ratio also increases
with ion dose when a-C:H is irradiated by Ar ions after film depo-
sition, as shown in Fig. 7(d) [37]. The increased sp’/sp’ ratio with
ion density/ion dose indicates that ion bombardment can remove
hydrogen and increase the sp” fraction during plasma deposition,
and after film deposition. The film hardness increases with the
increase in CH, ICP plasma source power due to the low hydro-
gen content and compact carbon network, as shown in Fig. 7(e)
[43]. In conclusion, ion bombardment can remove hydrogen atoms
and increase the sp’/sp’ ratio during or after deposition, and high
ion density leads to a high sp’/sp’ ratio.
2. Ion Energy Effect

The effect of ion energy on the sp’/sp’ ratio is summarized, as
shown in Table 5 and Fig. 8 [13,15,33,38,42,44]. a-C:H films of dif-
ferent sp’/sp’ ratios, hydrogen content, and refractive indices have
been deposited using hydrocarbon plasmas from various plasma
sources, including ICP, CCP, and ECR. The ion energy in plasma
can be adjusted by the bias power or bias voltage. The hydrogen
content decreases with increased bias voltage in CH, and C¢Hj
CCP plasmas (Fig. 8(a)) and also in CH, and C,H, ECR plasmas
(Fig. 8(b)) because high-energy ions can remove hydrogen atoms
from a-C:H films [13,15,33]. The higher hydrogen content of a-C:H
deposited using CH, plasma compared to that deposited using C,H,,
and CHy plasmas is attributed to hydrogen-rich radicals in CH,
plasma. The effect of ion energy on the sp’/sp’ ratio is summa-
rized as follows. The Ip/I;; ratio increases with the increase in bias
power of C;Hg ICB, as shown in Fig. 8(c) [44], and the sp’/sp’
ratio increases with the increase in bias voltage of CH, and C,H,
CCP plasmas, as shown in Fig. 8(d) [15,38]. The high sp’/sp’ ratio
is attributed to high-energy ions that remove hydrogen atoms,
both from the surface of a-C:H films by sputtering and from bulk

Process parameter Plasma Precursor Analyzed property Reference
source
ICP CH, Hydrogen content (21-26%) [32]
Source power ICP C,H, I/l [19]
ICP CH, Hardness [43]
Ion density ICP CH, 1/1; [19]
Ion irradiation dose ICP C,H, sp’/sp’ ratio (0.9-8) [37]
Table 5. Plasma deposition of a-C:H with different ion energy
Process parameter Plasma Precursor Analyzed properties Reference
source
Bias power ICP C;H, Ip/1g [44]
CCP CH, sp’/sp’ ratio (0.8-3), hydrogen content (30-44%) [15]
CCP CH, sp’/sp’ ratio (0.3-1.4) [38]
Bias voltage CCP CeHg Hydrogen content (24-40%) [13]
ECR CH,, C,H, Hydrogen content (30-62%) [33]
ECR CH,, CH, Refractive index [42]

Korean J. Chem. Eng.(Vol. 40, No. 6)
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from ref. [43]. Copyright 2002 Elsevier.

films through penetration. Thus, energetic ions reduce the hydro-
gen content of a-C:H and increase the sp’/sp’ ratio. Furthermore,
inelastic collisions between energetic ions and carbon atoms can
dissipate excessive ion energy as heat and transform sp’ into sp’
carbon [1]. The different sp’/sp’ ratios of a-C:H films deposited
using CH, CCP plasmas in two separate studies [15,38] were pos-
sibly caused by the different reactor setups, as shown in Fig. 8(d).
The refractive index of a-C:H increases with bias voltages in CH,
and G,H, plasmas, as shown in Fig. 8(e) [42]. The high refractive
index obtained with high ion energy is due to the high carbon
film density with low hydrogen content. The lower refractive index
obtained with CH, plasma than with C,H, plasma is attributed to
the hydrogen-rich radicals in CH, plasma. In conclusion, plasmas

June, 2023

having high ion energy can produce a-C:H thin films with low
hydrogen content and a high sp’/sp’ ratio.

CONCLUSION

Various studies on the plasma deposition of a-C:H thin films
were reviewed. We have summarized the effects of process param-
eters, such as the processing temperature, annealing temperature,
pressure, source power, and bias power, on hydrogen content, the
sp’/sp’ ratio, and film properties. The relationships between the
sp’/sp’ ratio of a-C:H and the plasma characteristics of temperature,
radical density, ion density, and ion energy were discussed. High
temperature removes hydrogen atoms from C-H bonds and in-
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Fig. 8. Hydrogen content with various bias voltages in (a) CCP and (b) ECR plasmas. (a) reproduced from ref. [13] with copyright 1990
Trans Tech Publications and ref. [15] with copyright 1991 American Institute of Physics. (b) reproduced from ref. [33] with copyright
2000 Elsevier. (c) Effect of bias power on I,,/I; ratio. Reproduced from ref. [44]. Copyright 2018 Elsevier. (d) Effect of bias voltage on
sp’/sp’ ratio. Reproduced from ref. [15] with copyright 1991 American Institute of Physics and ref. [38] with 1994 Elsevier. (e) Effect
of bias voltage on refractive index. Reproduced from ref. [42]. Copyright 1997 American Institute of Physics.

creases the sp’/sp’ ratio. Hydrocarbon plasmas with high density
of hydrogen-rich radicals increase hydrogen content and decrease
the sp’/sp’ ratio. In contrast, those having high ion density and high
ion energy produce a-C:H films with low hydrogen content and a
high sp’/sp’ ratio.
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