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Effect of substrate conditions on the plasma beam deposition
of amorphous hydrogenated carbon

J. W. A. M. Gielen, W. M. M. Kessels, M. C. M. van de Sanden,a)

and D. C. Schram
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

~Received 3 February 1997; accepted for publication 30 May 1997!

A study on the effect of substrate conditions was performed for the plasma beam deposition of
amorphous hydrogenated carbon~ a-C:H! from an expanding thermal argon/acetylene plasma on
glass and crystalline silicon. A new substrate holder was designed, which allows the control of the
substrate temperature independent of the plasma settings with an accuracy of 2 K. This is obtained
via a combination of a good control of the holder’s yoke temperature and the injection of helium gas
between thermally ill connected parts of the substrate holder system. It is demonstrated that the
substrate temperature influences both thea-C:H material quality and the deposition rate. The
deposition rate and substrate temperature are presented as the two parameters which determine the
material quality.In situ studies prove that the deposition process is constant in time and that
thermally activated etching processes are unlikely to contribute significantly during deposition.
Preliminary experiments with an additional substrate bias reveal that an energetic ion bombardment
of the growing film surface does not influence the deposition process. A tentative deposition model
is proposed based on the creation and destruction of active sites, which depend on the particle fluxes
towards the substrate and the substrate temperature. This model allows the qualitative explanation
of the observed deposition results. ©1997 American Institute of Physics.
@S0021-8979~97!07917-6#
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I. INTRODUCTION

Amorphous hydrogenated carbon~ a-C:H! is generally
recognized as a material with adjustable favorable proper
Potentially,a-C:H is a very hard~over more than 20 GPa!
chemically inert, electrically insulating, wear resistant, a
infrared transparent material with low friction behavior.1–3

However, the exact material properties are strongly de
mined by the deposition conditions and may vary from so
polymerlike to hard-diamondlike. Therefore, the final pro
erties can be adjusted to the application foreseen.
example, hard wear resistanta-C:H is used as a protectin
film on optical elements and as a wear resistant, low frict
coating for mechanical systems.

In recent years various plasma deposition techniq
have been developed for the deposition ofa-C:H.4 A general
feature of most of these techniques is that biasing of
substrate is assumed to be indispensable to obtain diam
like properties, i.e., a bias of the order of a hundred volt
deposited carbon particle is applied.1,5–10The energetic ions
bombarding the film surface can fulfil various tasks: they c
penetrate in the film causing subsurface reconstruction of
growing film resulting in diamondlike material, they can cr
ate dangling bonds at the surface, which act as growth s
and they can stitch physisorbed hydrocarbon radicals into
film.11–13 The deposition rate typically is in the range
0.1–1 nm/s. For a fruitful commercial use this is too low
considerably higher deposition rate over large areas~.100
cm2) would be desirable.

a!To whom correspondence should be addressed; Electronic m
m.c.m.v.d.sanden@phys.tue.nl
J. Appl. Phys. 82 (5), 1 September 1997 0021-8979/97/82(5)/26
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Recently, it has been shown that it is indeed possible
deposita-C:H at a rate which is two orders of magnitud
higher than conventional methods allow.14,15 Using an ex-
panding thermal plasma deposition rates up to 75 nm/s h
been obtained without loss of material quality. The mate
properties even improve at increasing growth rate14,16 and
the films exhibit diamondlike quality.15 Variation of the
plasma settings and the subsequent change in material p
erties is obtained by varying the ionization degree of
expanding plasma and the admixed acetylene precursor fl
During the depositions no external substrate bias has b
applied. The plasma self-bias is only several volts which
due to the low electron temperature. Therefore, the gener
considered crucial energetic ion bombardment of the surf
is absent. Furthermore, the best material quality is obtai
when the residual ion density in front of the growing film
minimal.14,17

Next to the effect of a substrate bias, another subst
property is considered to be important during the deposit
of a-C:H: the substrate temperature. In previous deposit
experiments the substrate holder was water-cooled with
applying an active temperature control.15,16 It was observed
that the temperature of the substrate holder only change
few kelvin during one deposition. However, the thermal co
tact between the substrate and the substrate holder was
as the substrates were only clamped on the holder. F
infrared interferometric experiments, it has been determi
that the substrate temperature increases much more th
observed from a temperature measurement of the subs
holder. An increase of 5–10 K/s is much more realistic th
the observed increment of the holder of several kelvin
minute.

il:
264343/12/$10.00 © 1997 American Institute of Physics
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To study the effect of the substrate conditions on
quality of plasma beam depositeda-C:H a new substrate
holder has been designed. The main features of this ho
are its temperature control in the range from 200 to 600
and the radio frequency~rf! biasing up to2200 V. In this
article, this substrate holder will be described in particu
with respect to the thermal contact between substrate
substrate holder. The effect of the substrate temperatur
our plasma beam depositeda-C:H will be discussed, and th
results of anin situ study on the deposition and etching
a-C:H films will be presented. The results of prelimina
deposition experiments with the application of a rf substr
bias will be given, too. Finally, a first attempt will be mad
to explain the temperature dependent properties in relatio
the plasma chemistry and the surface reactions.

II. EXPERIMENT

A. Deposition setup

In a cascaded arc plasma source a subatmospheric
mal argon plasma is created. At the arc exit the plasma
pands into an expansion vessel which is at a typical pres
of 25 Pa. In the expansion zone acetylene is admixed wh
is dissociated by interaction with argon ions.14 The formed
plasma mixture is transported towards a substrate ho
where deposition takes place. An extensive description of
deposition setup has been presented elsewhere,16 except for
the substrate holder which is described in Sec. II B.

B. Substrate holder

The objective of the new substrate holder is both to c
trol the substrate temperature and to apply a rf bias. In Fig
1 a schematic drawing is shown. The holder consists of
following parts: from top to bottom a copper yoke, a sta
less steel heat resistor, an electrically insulating Macor r
and a stainless steel frame which is connected to the ex
sion vessel.

The temperature of the yoke is regulated by a combi
tion of cooling and heating. Cooling is performed by liqu

FIG. 1. A schematic drawing of the substrate holder.
2644 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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nitrogen which flows through the copper yoke; the cooli
power is 700 W. The heating occurs via eight heating e
ments~Watlow EG40A5! of 250 W each, which are posi
tioned circularly symmetric just below the top of the yok
With a Chromel–Alumel thermocouple~Thermocoax®,
Type K, SKI20/100/D! the temperature of the yoke is me
sured. Both the heating power as well as the liquid nitrog
flow are fixed in magnitude and are either fully on or o
Temperature control of the yoke is obtained via a cont
unit ~West 5010 Industrial Controller!, which determines the
desired heating and cooling time periods from the act
yoke temperature. The yoke temperature is in the range f
200 to 600 K and is regulated within 1 K around the set-
point temperature. Characteristic heating and cooling tim
of the yoke are 170 s to increase the temperature by 10
and 500 s to decrease the temperature by 100 K. This dif
ence is due to the available cooling and heating power.

The substrates on which a film is to be deposited are
directly mounted on the copper yoke, but they are clamp
on an aluminium substrate holder which is pulled against
copper yoke. This pulling occurs via a rigid bar~cf. Figure 1!
which is forced downward with compressed air. The co
struction with the additional aluminium holder is necessa
in view of a future load-lock system, by means of which
one time the substrate holder and the substrate can
mounted on the yoke without breaking vacuum.

For this construction with several solids clamped
each other the bad thermal contact between the various
terials remains a problem. Without a good thermal cont
the temperature difference between the substrate and
yoke can be very large, i.e., exceeding 100 K, when
plasma is switched on. This results in a nonreproducible
noncontrollable temperature variation of the substrate. S
eral techniques have been studied to improve the ther
contact.18 One good way to improve the thermal contact is
glue the various parts on each other with a conductive pa
However, to remove the paste from the substrate after
deposition is very difficult. This implies that there are alwa
some residual material left on rear side of the substrate
view of ex situanalyses this is undesired as, e.g., the pa
influences the transmitted infrared light through the subst
during infrared spectroscopy. For the connection of
holder to the yoke this method is also unsuitable as
holder and the yoke shall not be connected permanently.
other method is to put a flexible conductive material betwe
the various solids. The best candidate for this is indiu
which is very soft and has a high thermal conductivity~'82
W m21 K21).19A disadvantage of using indium is that
melts around 430 K which is in the desired temperat
range. Furthermore, it is rather expensive. A third oppor
nity is to inject a gas with a high thermal conductivity b
tween the several solids. Various gases are suitable bu
best candidates are hydrogen and helium. The ther
conductivity19 of hydrogen is about 0.18 W m21 K21 and for
helium it is in the range of 0.10–0.24 W m21 K21, which is
high compared to other gases. This is mainly due to their
masses, small neutral collision cross-sections, and high
lar heat capacities. Hydrogen is a good and cheap candid
but the interaction of hydrogen with an argon plasma h
Gielen et al.
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major undesired effects on the plasma composition as it
creases the ionization degree.20,21 In contrast, helium is inert
to an argon plasma as the ionization potential of helium
about 24.5 eV. The recombination energy of an argon io
far less: 15.8 eV and in the expanding argon plasma no
electrons are present.22 Therefore, helium is used as an inte
solid thermal conductor.

The helium is injected along the rigid rod which has
small leak into the vessel at the vacuum transport rings.
gas arrives underneath the aluminium substrate holder
flows through the small leaks between the yoke and
holder towards the vessel, by which it provides the desi
thermal contact. To obtain a helium flow between the s
strate and the substrate holder a small bore is made in
holder below the substrate. To obtain a good thermal con
only small helium flows are necessary, less than 5 s
~standard cm3 s21).

On the upper part of the substrate holder~yoke and stain-
less steel heat resistance! a rf bias can be applied with a r
unit ~RF Power Products RF-5S!. This unit consists of a
power supply and a matching network to obtain a maxim
power transfer to the load, i.e., the aluminium substr
holder. The maximal power that can be applied is 300
Measuring of the rf voltage on the substrate is perform
with a high-voltage probe~Fluke PM9100!.

III. DIAGNOSTICS

A. Infrared interferometry

Infrared interferometry is a technique which uses the
terference features of infrared light reflected from a mate
in which multiple reflections have occurred.23 In this article
two applications of infrared interferometry will be used. O
application is the determination of the temperature o
double polished silicon substrate. The other is thein situ
study of the etching and deposition process of thina-C:H
films on a single side polished silicon substrate. In both ca
the total reflected intensity is measured as a function of ti
At an angle of about 70° normal to the substrate monoch
matic infrared light of a Melles Griot HeNe lase
(l051.523 mm! is incident on the substrate. The total r
flected light intensity from the substrate is measured wit
photodiode.

For the determination of the substrate temperature
method proposed by Donnellyet al.24 has been followed. A
double polished silicon substrate has been heated or co
and as a function of time the reflected infrared intensity
been measured. The multiple reflection features depend
the refractive index and thickness of the silicon. Especia
the refractive index value changes in the third decimal w
small temperature variations, which influences the reflec
infrared intensity significantly. From the measured reflec
infrared intensity the temperature of the silicon has been
termined as a function of time. To account for the nonline
ity in the temperature dependence of the refractive in
over the applied temperature interval~200–600 K!, a calibra-
tion has been performed.

To study the deposition and etching process with int
ferometry, ana-C:H film has been deposited on or etch
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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from a single side polished silicon substrate. The interfere
features now arrive from multiple reflections in thea-C:H
material. The substrate temperature has been kept con
and the measured reflected infrared intensity, therefore
dependent on the film thickness only. This allows the de
mination of the film thickness as a function of time.

B. Ex situ film characterization

The depositeda-C:H films on glass and crystalline sili
con have been analyzedex situwith infrared spectroscopy
With a Biorad FTS-15/80 Fourier transform infrared spe
trometer, the transmission of incident infrared light has be
measured in the wavenumber interval from 400 to 50
cm21. In the measured transmission spectra, multiple refl
tion features are clearly observed which are fully determin
by the infrared refractive index and thickness of the mater
Via a fitting procedure both properties have been determi
from the measured spectra. A detailed description of the
frared spectroscopy measurements and the subsequent a
sis via fitting has been presented elsewhere.15 From the de-
termined thickness the growth rate of the films has be
obtained.

IV. SUBSTRATE TEMPERATURE

The effect on the substrate temperature when switch
on an argon plasma~arc current: 48 A; argon flow: 100 scc/s
vessel pressure: 25 Pa! has been studied with interferometr
As an example the effect on the substrate temperatur
shown in Figure 2~a! for a yoke temperature of 323 K. Whe
the plasma is switched on the infrared reflected inten
changes indicating a temperature increase due to pla
heating. In Figure 2~b! this intensity variation has been tran
lated into a temperature change. It is observed that the t
perature increases by about 10 K. The time in which
temperature is within 1/e310 K is less than 10 s. The alu
minium holder obtains nearly the same temperature as
substrate (DT,2 K!. On the other hand, the yoke temper
ture does not change when the plasma is ignited. The t
perature gradient between the substrate and the yoke re
sents the heat transport from the substrate to the yoke w
originates from the plasma. It is found that the temperat
increase for the given plasma condition is rather independ
of the chosen yoke temperature, which itself is independ
of the applied plasma. The substrate temperature incre
by about 1062 K. When the arc current is varied the ob
served temperature increment changes a little but this is
within the given error margin.

From the results above, it is concluded that the heli
flow between the various solids results in a good therm
contact as the substrate temperature is only slightly chan
by an incident argon plasma and this change is known
reproducible. The temperature of the substrate can be
controlled. The effect on the substrate temperature of adm
ing a deposition precursor cannot be measured via inter
ometry, as deposition ofa-C:H also implies multiple reflec-
tions in this material which influence the reflected lig
2645Gielen et al.

IP license or copyright, see http://jap.aip.org/jap/copyright.jsp



FIG. 2. The time-dependent effect of starting an argon plasma on the measured reflected infrared intensity~a! and the substrate temperature~b!.
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intensity next to the temperature variation. However,
temperature of the aluminium holder is well coupled to t
substrate temperature, and does not change by more tha
on the time scale of the deposition which is of the order o
min. This shows that the substrate temperature is cons
within the error margin during deposition, and the actu
substrate temperature is easily determined from the y
temperature via the relation

Tsubstrate5Tyoke1D ~1!

with Tsubstratethe substrate temperature andTyoke the yoke
temperature.D is a constant and gives the difference b
tween the yoke and substrate temperature which is appr
mately 10 K.

V. RESULTS

A. Deposition of a-C:H and the influence of substrate
temperature and growth rate

With the thermostration method described in the pre
ous section, the influence of the substrate temperature on
film deposition process has been studied. The films h
been deposited on glass substrates of 2.532.5 cm2 which
have been cleaned via the procedure described in Ref. 1
this reference also the deposition procedure has been
scribed in detail. During the deposition experiments t
plasma parameters have been varied: the arc current an
admixed acetylene flow. Both parameters have been ch
such that either critical loading or underloading conditio
are present.14,16 An overview of these parameter settings
given in Table I. In Table I critical loading refers to th
parameter setting where the ion flow emanating from the

TABLE I. The applied arc current and admixed acetylene flow during
deposition ofa-C:H.

Arc current~A! Acetylene flow~scc/s!
Critical loading/

underloading

22 4.7 Critical loading
48 4.7 Underloading
48 10.0 Critical loading
66 15.0 Critical loading
87 20.0 Underloading
2646 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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approximately equals the injected acetylene flow. Underlo
ing refers to settings for which the acetylene flow is sma
than the ion flow. It is demonstrated in Refs. 14 and 16 t
in case of critical loading the best films in terms of hardne
and refractive index are produced. The deposited films h
a typical thickness of about 1.5mm and in general adher
well to the substrate. For each plasma setting condition
substrate temperature has been varied from 223 to 573
Via ex situinfrared spectroscopy the infrared refractive ind
and thickness of the films have been obtained.

In Figure 3~a! the infrared refractive index is presente
as a function of the substrate temperature for the vari
plasma settings. The critically loaded films at 48 A arc c
rent have a higher refractive index than the underloa
films at 48 A for all temperatures, which confirms earli
observations14 and demonstrates that this is a temperat
independent fact. For the lowest arc current, i.e., 22 A,
refractive index is found to be independent of the substr
temperature. For the other deposition conditions the refr
tive index exhibits more or less an increasing trend with
increasing substrate temperature. In the underloaded 4
case the refractive index saturates from about 360 K. T
critically loaded 48 A case seems to have a maximum
about 500 K. The trend in the critically loaded 66 A case
not quite clear. Finally, the underloaded 87 A case exhibi
weak maximum between 400 and 500 K. The general tr
in the refractive index seems increasing with temperat
increase with a slight indication for a maximum value arou
500 K. An extensive comparison with literature data is d
ficult as there is not much data available on the subst
temperature dependence of the refractive index. Von Keu
et al.25 found a refractive index which is rather constant f
several temperature regimes. At certain temperature
change occurs; a higher refractive index is observed at hig
temperatures. This observation is not in agreement with
findings.

In Figure 3~b! the growth rate of the deposited films
presented as a function of the substrate temperature. Fo
plasma settings a clear decrease in the deposition rate is
served with increasing substrate temperature. This decr
can be up to 50% over a temperature range of 350 K. T
decrease of growth rate is accompanied by an increasing
fractive index @Figure 3~a!# and, thus, increasing materia

e

Gielen et al.
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given
FIG. 3. The infrared refractive index~a! and the growth rate~b! of thea-C:H films as a function of the substrate temperature. The deposition settings are
in Table. I.
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density. However, the effect of this density variation on t
growth rate is 4% at maximum, and cannot explain the
served growth rate variation of 50% with substrate tempe
ture variation. Temperature dependenta-C:H deposition ex-
periments with an expanding thermal plasma seeded
methane by Kerstenet al., several years ago also revealed
decrease in deposition rate with substrate tempera
increment.26 However, compared to the present results
decrease was much stronger, i.e., the deposition rate
creased by more than 15 nm/s when the temperature rose
than 30 K. The present depositions from an argon/acety
plasma reveal a similar decrease but for temperature in
ments exceeding 200 K. An explanation for this difference
currently not available, but it could be due to different dep
sition mechanisms involved when using methane or an
proper substrate temperature measurement by Ker
et al.27

Comparison of the temperature dependence on
growth rate with literature data concerning other plas
deposition techniques confirms our observations, that a
strate temperature increase results in a lower deposition
However, in general the absolute decrease is much lowe
our case. Plancket al.28 attribute this negative temperatu
dependence to the chemical erosion of the films by ato
hydrogen and carbon self-sputtering. The latter cannot b
explanation in our case as no substrate bias has been ap
which implies no energetic ion bombardment and, thus,
sputtering. Mo¨ller and Von Keudell11,25,29proposed a mode
for the deposition ofa-C:H which explains that growth oc
curs from an adsorbed layer by ion stitching of radicals i
the growing film. The adsorbed density of the various ra
cals in this adsorbed layer is temperature dependent, an
elevated substrate temperatures enhanced desorption lea
depletion of the adsorbed layer and, thus, to lower deposi
rates. Mantzariset al.30 have modeled the growth rate als
via an adsorbed layer model. They show that the deposi
rate decreases drastically with increasing substrate temp
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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ture which again is due to a strong increase in desorption
neutral particles from the adsorbed layer. Recently, v
Keudell et al.31 have done temperature dependenta-C:H
deposition studies in which the growth has been monitorein
situ with HeNe ellipsometry. Again, they find a decreasi
growth rate at elevated substrate temperatures. They exp
this decrease via a temperature dependent hydrogen ind
erosion process in combination with a temperature indep
dent deposition process. Opposite to earlier models11,25,29

they conclude that an adsorbed layer does not necess
exist. On the effect of thermally activated etching with h
drogen we will comment below. So far, the observed d
crease in deposition rate with increasing substrate temp
ture is only in qualitative agreement with the availab
literature data but in absolute sense not; we observe a sm
temperature dependence. Further on a possible tenta
mechanism for our deposition process will be discussed.

In previous experiments14 it has been observed that
clear correlation exists between the refractive index of
depositeda-C:H material and the deposition rate: the refra
tive index increases at higher deposition rate. These fi
have been deposited with poor substrate temperature con
For the current deposition experiments at various subst
temperatures, the refractive index is presented as a func
of growth rate in Figure 4~a!. For each individual substrat
temperature the refractive index of the material increa
with increasing growth rate. The results presented in Ref
also have been plotted in Figure 4~a!. The refractive index
for the films deposited with good substrate temperature c
trol exhibits a similar trend, as found for the films without
good substrate temperature control. A perfect match of
latter results to one specific substrate temperature curv
not found, but it seems reasonable to conclude that the
depositions of Ref. 14 have been performed at substrate
peratures well above 450 K. This is much higher than
earlier assumed temperatures below 375 K. This assump
was based on the presence ofsp1CH bonds in the films;
2647Gielen et al.
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FIG. 4. The refractive index vs the growth rate at constant substrate temperature~a! and vs the substrate temperature at constant growth rate~b!. The
deposition settings are given in Table I.
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Dischler concluded that the presence of these bonds imp
a substrate temperature during deposition below 375 K.32

The trends in Figure 4~a! clearly show that the refractive
index of the depositeda-C:H increases with increasing sub
strate temperature and with increasing deposition rate.
latter seems in contradiction with the results from Figure
which exhibit that at elevated substrate temperatures
deposition rates decrease while the refractive index
creases. However, these trends are observed for indivi
deposition settings, i.e., arc current and acetylene flow
tings, while the trends in Figure 4~a! are not related to indi-
vidual deposition settings, anymore. From the refractive
dex as a function of growth rate curves in Figure 4~a!; the
refractive index at constant growth rate is determined a
function of the substrate temperature by means of interp
tion. This has been done for three deposition rates: 22,
and 40 nm/s. The result is shown in Figure 4~b!. As expected
from Figure 4~a!, the refractive index increases with the su
strate temperature with a saturation behavior at elevated
peratures. But from Figure 4~a! it is also obvious that a
higher growth rate leads to a higher refractive index.

To conclude: the quality ofa-C:H in terms of refractive
index is dependent on both the applied substrate tempera
2648 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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during deposition and the obtained deposition rate. Inc
ment of each individual parameter leads to better films.

B. Deposition and etching of a-C:H studied in situ
with interferometry

An in situ study of the deposition ofa-C:H films would
reveal only the time dependence of the deposition proc
On single side polished silicona-C:H films have been grown
and the deposition process has been monitoredin situ with
infrared interferometry. The substrate temperature is k
constant at 523 K and the refractive index (n) is assumed to
be independent of the film thickness. This implies that
reflected infrared intensity during deposition is a direct m
sure of the film thickness if the refractive index is know
The thickness (d) is obtained from the fringe numberm as a
function of time and is given by

d5
l0

2An22sin2 u
m ~2!

with u the angle of incidence of the laser beam normal to
film surface:m5 l 10.5 for minima andm5 l for maxima in
the reflected intensity withl an integer starting at 0. For thre
e
s.
FIG. 5. The extreme values in the reflected infrared intensity as a function of time during~a! the deposition ofa-C:H on silicon at constant substrat
temperature;~b! the etching ofa-C:H on silicon at constant substrate temperature; and~c! the etching ofa-C:H on silicon at various substrate temperature
Gielen et al.
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plasma conditions ana-C:H film has been deposited. In Fig
ure 5~a! the fringe number is given as a function of time.
linear fit to the data points reveals that they are equidist
This implies that the film growth is homogeneous in tim
From infrared absorption spectroscopy, the refractive indi
of the deposited films are known@cf. Figure 3~a!#. The ap-
plied infrared light in interferometry~1.523mm is equal to
6566 cm21) is not in the interval used in the spectrosco
experiments. Nevertheless, the error made by the use o
refractive indices from Figure 3~a! will be negligible as the
infrared refractive index ofa-C:H depends only weakly on
the wavenumber. The growth rate of each film is determin
from the slope in Figure 5~a! applying Eq.~2!. A steeper
slope implies a higher deposition rate. For the respec
refractive indices of 1.89, 1.93, and 2.00 the calcula
growth rate is 15, 23, and 43 nm/s. These results are in g
agreement with the rates obtained from infrared absorp
spectroscopy.

Subsequent to each deposition, the films have b
etched with an argon/hydrogen plasma~argon flow: 100
scc/s; arc current: 48 A; hydrogen flow: 10 scc/s! at a con-
stant substrate temperature of 523 K. The process is
monitored with infrared interferometry. In Figure 5~b! the
extreme values in the reflected infrared intensity are p
sented as a function of time. The negative slope indicate
decreasing film thickness; a steeper slope implies faster e
ing. A linear fit to the measured extrema reveals that, jus
the deposition ofa-C:H, the hydrogen induced etching o
curs at constant rates. The etch rate is found to decrease
increasing refractive index of the depositeda-C:H. For a
refractive index of 1.89, 1.93, and 2.00 the respective e
rates are 0.58, 0.42, and 0.30 nm/s.

The hydrogen induced erosion of carbon is suggeste
occur via the formation of CH3 ~methyl! groups which des-
orb from the surface.31,33 The decrease in etch rate for mat
rial with higher refractive indices, thus harder material, c
be explained in our case by an increase in the numbe
sp2C5C bonds and a lowering of the hydrogen content
the material@cf. ~Ref. 15!#. On one handsp2C5C bonds
must be transformed intosp3C–C bonds which are hydroge
nated and finally desorb. On the other hand more hydro
means that more hydrogenatedsp3 groups are already
present and, thus facilitate the etching of these groups
additional atomic hydrogen. During the etching process o
hard film one part of the hydrogen flux is used to transfer
sp2C5C into sp3C–C bonds, and the other part is used
hydrogenation of the latter bonds into methyl groups wh
desorb.31,33 Hard-diamondlikea-C:H, therefore, is etched
more slowly than soft-polymerlikea-C:H under equal etch
ing conditions; the former contains moresp2C5C bonds and
less hydrogen.

From Figure 3~b! it has been demonstrated that t
growth rate decreases at increasing substrate tempera
Several authors have been cited and they all suggest tha
is due to a thermally activated desorption or erosion proc
Von Keudell et al.31 even show that in their case the d
crease in deposition rate is totally due to an increasing e
rate by atomic hydrogen, while the deposition rate does
change with substrate temperature. Their deposition rates
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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quite low, less than 1 nm/s. To check whether in our c
etching by atomic hydrogen is responsible for the decreas
deposition rate hydrogen induced etching experiments h
been performed at various substrate temperatures. The
ing process is monitored with infrared interferometry. F
substrate temperatures of 543, 553, 563, and 573 K ana-C:H
film has been deposited at an arc current of 48 A and
acetylene flow of 4.7 scc/s. Under these conditions the
fractive index is known to be constant at 1.89@cf. Figure
3~a!#. The deposited film thickness is approximately 1.2mm.
After each deposition the film has been etched at its resp
tive substrate temperature with an argon/hydrogen pla
~argon flow: 100 scc/s; arc current: 48 A; hydrogen flow:
scc/s!. The fringe number versus etching time is given
Figure 5~c!. The etch rates are found to increase with
creasing substrate temperature from about 0.2 to 0.6 nm
the temperature range from 543 to 573 K. In Figure 6
etch rate is given as a function of the inverse substrate t
perature in an Arrhenius plot. From this plot the activati
energy of the hydrogen induced etching process is de
mined to be about 0.43 eV. This is in agreement with
activation energy for atomic hydrogen etching obtained
von Keudell et al.31 The absolute etch rates are higher
observed by von Keudellet al.,31 but this is due to a highe
atomic hydrogen flux towards the substrate in our case.

The typically observed etch rates for our films, thus a
on the order of 1 nm/s at the highest substrate temperatu
about 573 K at an admixed hydrogen flow of 10 scc/s.
lower temperatures the etch rates strongly decrease. F
considerations of energy and phase space, it is inferred
the dissociation of C2H2 by means of argon ions and ele
trons mainly creates C2H radicals and H atoms17,34,35 @note
that electrons have only a temperature of approximately
eV ~Ref. 22! and therefore, are incapable of dissociation
C2H2#:

Ar11C2H2→Ar 1 C2H2
1, ~2a!

C2H2
11e→C2H1H. ~2b!

At the surface these hydrogen atoms may etch while
C2H radicals infer deposition. If we describe the depositi
process according to Von Keudellet al.,31 the decrease in

FIG. 6. The etch rate as a function of the substrate temperature presen
an Arrhenius plot.
2649Gielen et al.
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deposition rate is totally due to an increase in hydrogen
duced etching. This implies that an Arrhenius plot of t
deposition rates of Figure 3~b! has to reveal the activatio
energy for hydrogen erosion. The average calculated ac
tion energy is about 16 meV. This is more than 25 times l
than the 0.43 eV obtained from the experiments. Theref
it is concluded that only thermally induced hydrogen etch
cannot explain the observed decrease in deposition rate
temperature increment. There seems to be a weak temp
ture dependent process which results in the observed
crease in deposition rate. This subject will be discussed
low.

C. Influence of an energetic ion bombardment on
a-C:H film deposition

To study whether an energetic ion bombardment in
ences the deposition process ofa-C:H material by means o
an expanding thermal argon plasma, a preliminary exp
ment has been performed with the application of an ad
tional rf bias on the substrate during deposition. For t
deposition conditions~the underloaded and critically loade
48 A arc current cases! a-C:H material has been deposite
on crystalline silicon~argon flow: 100 scc/s; vessel pressu
25 Pa!. The applied rf power has been varied from 0 to 1
W. This results in a negative bias in front of the substrate
to 120 V. The deposited films have been analyzedex situ
with infrared spectroscopy. In both the critically loaded a
the underloaded deposition cases no dramatic change
been observed in the depositeda-C:H material under varia-
tion of the applied rf bias; the refractive index is consta
within the error margins. It should be noted here, that at
typical ion density of 1017–1018 m23 and electron tempera
ture of approximately 0.2 eV, the Child–Langmuir shea
thickness close to the substrate is much smaller~0.02 cm!
than the mean free path for ions~2 cm! at a pressure of 0.25
mbar and a gas temperature of 0.2 eV.

For the critically loaded case this is not surprising.
Ref. 17 it has been demonstrated that the ion density half
the expansion in this case has decreased until 10% of
initial density which is equivalent to about 231018 m23.
When the plasma arrives at the substrate the density
have decreased even more. With a thermal velocity of
argon ions of about 1400 m/s@the ion temperature is abou
0.3 eV ~Ref. 22!#, an upper limit of the argon ion flux to
wards the substrate is calculated to be 331021 m22 s21. The
density of C2H radicals is calculated on the basis of a min
mal dissociation degree of 70% which is about 531019 m
23.34 With a thermal velocity of about 1700 m/s the flux of

2H radicals towards the substrate is about 931022 m22 s21.
The flux of radicals contributing to growth towards the gro
ing film is at least by more than an order of magnitude hig
than the ion flux. This could explain why an additional
bias only has marginal influence on the particle fluxes
wards the substrate and, thus on the deposition process

In the underloaded case one might expect a larger in
ence of an ion bombardment as the ion flux ('131022

m22 s21) towards the substrate is comparable in magnitu
to the C2H flux ('331022 m22 s21). However, the ion flux
mainly consists of argon ions.17,34 The penetration depth o
2650 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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these ions into the material is rather small due to their h
atomic mass.36 This implies that subsurface reorganizatio
reactions cannot occur. The ion bombardment only affe
the surface conditions which obviously seems not to resu
major property changes. This could suggest that an adso
layer is not present.

From these first experiments, it has to be concluded
an additional rf substrate bias during plasma beam depos
of a-C:H material does not influence the film properties o
posite to findings with other deposition techniques. But
only two deposition conditions have been studied, it is n
essary to perform an extensive study into the effect of
additional rf bias in the near future. For the moment t
influence of an energetic ion bombardment is considered
unimportant for the deposition of diamondlikea-C:H by
means of an expanding thermal plasma.

VI. TENTATIVE MODEL FOR THE DEPOSITION OF
a-C:H

Until recently our deposition results were explained
terms of the amount of input energy which is available p
deposited carbon particle. This leads to the introduction
the inverse energy coefficient.16 It was found that thea-C:H
material quality improves~higher hardness and refractive in
dex, lower optical band gap, and hydrogen content! when the
amount of input energy per deposited carbon parti
decreases.37,38 A disadvantage of connecting the mater
properties and the deposition process to the inverse en
coefficient is that this description does not account for
plasma chemistry, the substrate conditions, and the plas
surface reactions. Only a relation between the arc plas
input parameters and the final film parameters is given
Ref. 16 it has been demonstrated that the dependence o
inverse energy coefficient can be translated into a dep
dence on the deposition rate, which is a deposition prop
rather than a plasma input parameter; it accounts for the
of growing particles towards the growing film. From Figu
4 it has been shown that not only the growth rate determi
the deposited material properties but also the substrate
perature. These observations imply that the inverse ene
coefficient on itself is not sufficient to describe the depo
tion process, as the substrate conditions are of importanc
the film properties independent of the plasma compositi
The description of the deposition process on the basis
plasma input parameters only, thus is not allowed. Below
first speculative ideas are presented on the deposition pro
by means of an expanding thermal argon plasma fed w
acetylene taking into account both the plasma composit
in terms of the deposition rate, and the substrate conditio
in terms of the substrate temperature. A tentative deposi
model is proposed which is based on six plasma-surface
actions which are considered to be dominant.

Previously, the following facts have bee
demonstrated:14–16,34First, diamondlikea-C:H can be depos-
ited from an expanding argon/acetylene plasma which
dominated by radicals. Second, during the deposition proc
no significant contribution of temperature induced hydrog
etching is present; and third, preliminary deposition expe
Gielen et al.
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ments with an additional substrate bias have revealed tha
additional ion bombardment of the growing film surface do
not influence the final film properties. Most models for t
plasma deposition ofa-C:H material, which have been pre
sented in literature infer the presence of an energetic
bombardment of the growing film surface to obtain diamon
like a-C:H. These models, therefore, cannot be used to
scribe the deposition process from an expanding plasma

Recently, Von Keudell36 has proposed an alternativ
mechanism for the deposition ofa-C:H. To his opinion not
only the energetic ion bombardment of the film surface
important but also the creation and preservation of so-ca
‘‘active sites:’’ the dangling bonds at the film surface whe
a radical can chemisorb. The ion bombardment has two
fects during deposition: it displaces hydrogen atoms from
film surface creating the necessary active sites and it indu
subsurface reorganization to a certain depth. The latter
cesses are not possible without an energetic ion bomb
ment. On the other hand, the creation of active sites at
surface can also occur without an ion bombardment. V
Keudell et al.31 proposed that in their electron cyclotro
resonance~ECR! deposition process with acetylene as dep
sition monomer the dominant deposition radical is C2H. If
this radical chemisorbs on a dangling bond, the triple carb
to-carbon bond may reduce into a double bond resulting
new dangling bonds. In this process the deposition o
C2H radical does not decrease the active site density and
film growth can continue. This process of chemisorption
C2H radicals occurs without the necessity of an energetic
bombardment. The approach of describing the growth
terms of active sites on the growing film surface will be us
in the proposed model, which is described below.

In Refs. 34 and 35 it has been demonstrated that
interaction of argon ions and electrons with acetylene in
expansion zone of an expanding thermal argon plas
mainly results in the formation of ethynyl~C2H! radicals and
hydrogen atoms. It should be stressed here that we spec
on the dominant presence of C2H and H as the main product
produced by dissociating C2H2 by means of argon ions an
electrons@Eqs.~2!#, and that these two particles are the on
particles which interact at the growing film surface. For si
plicity, the contribution of other particles in the depositio
process is, therefore, neglected in the following tentat
deposition model.

The model for the description of the deposition ofa-C:H
from an expanding thermal plasma has to account for
following observations, which link the material properties
terms of the infrared refractive index, hydrogen conte
sp2/sp3 ratio, the deposition rate, the substrate tempera
and plasma input parameters:

~1! The deposition rate decreases with increasing subs
temperature for constant plasma settings@Figure 3~b!#.

~2! The infrared refractive index increases with increas
deposition rate for a constant substrate temperature@Fig-
ure 4~a!#.

~3! The infrared refractive index increases with increas
substrate temperature for a constant deposition rate@Fig-
ure 4~b!#.
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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~4! The hydrogen content of the material decreases wit
increasing growth rate at a constant substrat
temperature.16

~5! The ratio of sp2 bonded carbon sites andsp3 bonded
carbon sites increases with increasing deposition rate f
a constant substrate temperature.14,15

As stated, the only particles which are assumed to pa
ticipate in the deposition process are the C2H radical and the
H atom. It is assumed that only interactions on impact occu
this implies so-called ‘‘direct incorporation.’’ In Figure 7~a!
schematic overview is given of the six plasma-surface rea
tions which are used for the modelling. Three surface quan
tities are considered: the fraction of active sites~dangling
bonds! qDB , the fraction ofsp2 sitesqsp2, and the fraction
of hydrogenated sitesqH . The total potential density of sur-
face sitesn0 can be estimated from the film density and is for
a-C:H material about 431019 m22. The change of the vari-
ous surface quantities as a function of time in general can b
given by

n0

dq

dt
5GPq, ~3!

in which q is the fraction of the regarding surface quantity,
G the incoming flux of the concerning plasma species, andP
its interaction probability. In the next paragraphs the variou
surface reactions will be discussed.

First, there is the incorporation of C2H radicals into the
film @Figure 7~a!#. When a C2H radical from an incident
C2H radical flux (GC2H) meets an active site it can chemi-
sorb. This process has a bonding probabilityPC2H . The cre-
ation of the new C–C bond on the surface is an exotherm
process in which about 4 eV is released. The energy is us
to break the triple bond into a double bond. This proces
needs less than 3 eV. At the same time, one of the forme
dangling bonds reconstructs with the surface, either by bon
ing to a neighboring dangling bond or by replacing a hydro
gen atom. The net result of the C2H incorporation in the film

FIG. 7. Overview of the plasma-surface reactions.
2651Gielen et al.
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is the loss of one active site and the production of onesp2

bond. This process is one of the growth steps as no etc
of carbon atoms occurs.

Second, asp2 site can be transformed into asp3 site
~so-called hydrogenation! by the interaction with an H atom
@Figure 7~b!# or a C2H radical @Figure 7~c!#. In case of hy-
drogen the incoming H atom breaks the double bond i
two dangling bonds and chemisorbs to one of them. T
hydrogen fraction in the film then increases. This proc
depends on the available H particle flux (GH) and the hydro-
genation probabilityPH,h. The net result is the creation o
one dangling bond and one hydrogenated site and the lo
one sp2 bond. In case of interaction with C2H, the C2H
radical breaks the double bond into two single bonds an
bond to one of them. The triple bond of the ethynyl is br
ken, too, and one of the formed active sites is bond to
surface in a similar way as the direct incorporation of eth
nyl. The net result is the creation of one dangling bond,
loss of onesp2 bond and the insertion of one C2H particle.
This process is proportional to the incoming C2H flux and
the hydrogenation probabilityPC2H,h and implies film growth
as no etching occurs. Both hydrogenation by H and C2H lead
to the formation ofsp3CHx bonds.

Third, there is the abstraction of hydrogen from the s
face. This can either occur by H atoms@Figure 7~d!# or
C2H radicals@Figure 7~e!#. In both cases one dangling bon
is created. The respective abstraction probabilities are g
ic
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by PH,a and PC2H,a. The processes are proportional to t
regarding incoming particle fluxes.

Fourth, hydrogen passivation occurs@Figure 7~f!#. This
process results in the loss of one dangling bond. It is prop
tional to the passivation probabilityPH,p and the incoming
hydrogen flux.

Each of the processes given above results in the gai
loss of dangling bonds,sp2 sites and hydrogenated sites. F
each of these sites a balance equation can be derived
the plasma-surface interactions for the regarding fraction
a stationary situation which is the case during film grow
the fraction of each site is constant. It can be demonstra
that only the incorporation of C2H and the hydrogenation
reactions lead to the incorporation of hydrogen in the fil
the passivation and abstraction reactions are in bala
which implies that the net flux of incorporated hydrogen
equal to the net removal of hydrogen by these reactions

The growth rate of the films is proportional to the flux
incoming C2H radicals on one side, and the direct incorp
ration of C2H radicals and the hydrogenation by C2H radi-
cals on the other side

R}GC2H~PC2HqDB1PC2H,hqsp2!. ~4!

Solving the balance equations and substitution of the
tained fraction of dangling bonds andsp2 sites in this equa-
tion for the growth rate reveal
R}GC2H

2PC2H,h1yPH,h

PC2H,h1yPH,h

1

1

PC2H
1~PC2H,h1yPH,h!1y

PH,p

PC2H
~PC2H,a1yPH,a!

. ~5!
pro-
be
f
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en
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The quantityy represents the ratio of the incoming atom
hydrogen flux and C2H flux.

With this expression observation one can be explain
the growth rate decreases with increasing substrate temp
ture at constant plasma settings. The latter condition imp
that the quantityy does not vary. It is proposed that th
sticking probability of the C2H radical is the temperatur
dependent quantity in Eq.~5!, i.e., PC 2H decreases with in-

creasing substrate temperature. All other quantities are
sumed to be temperature independent. A decreasing stic
probability of C2H radicals increases the denominator of E
~5!, which implies a decrease of the deposition rate. With
assumptions on the temperature dependence of the va
quantities above also the other four observations can be
plained qualitatively.

When the substrate temperature is kept constant an
crement of the deposition rate only can be achieved by
creasingy. This follows from the results in Refs. 14, 34, an
35: an increase of the deposition rate is equivalent to shif
the plasma settings from underloading to critical loadin
which implies that the number of enhanced dissociation
actions decreases, and thus the relative presence of hydr
d:
ra-
s

s-
ng
.
e
us
x-

n-
e-

g
,
-

gen

to C2H decreases; this decrease ofy is also observed from
preliminary reabsorption measurements of the hydrogen
duction under variation of the acetylene admixture. It can
demonstrated that a decrease ofy leads to an increase o
qDB andqsp2 and a decrease ofqH . At a constant substrate
temperature the following can be concluded for the mate
properties with increasing deposition rate: thesp2 content,
and thussp2/sp3 ratio of the film increases~observation 5!,
the hydrogen content decreases~observation 4!. Both the in-
crease ofsp2/sp3 ratio and the decrease of the hydrog
content result in a higher refractive index~observation 2!.
The variation of the properties under variation of the dep
sition rate at constant substrate temperature, thus are un
stood.

Regarding the substrate temperature dependence at
stant deposition rate, from this model the following can
stated: an increasing substrate temperature results in a
creasing deposition rate. To keep the deposition rate cons
the plasma composition has to be changed:y has to decrease
The effect of decreasingy is known: the refractive index
increases which explains observation 3.

In thea-C:H material also a small amount ofsp1 bonds
Gielen et al.
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is present at lower temperatures which disappears at elev
temperatures. This suggests that a second temperature d
dent process is present: the transformation ofsp1 into sp2

bonds. This process also explains an increase in mat
quality at elevated temperatures: polymerlikesp1 bonds are
transformed into diamondlikesp2 bonds. A third process
that may depend on the substrate temperature is the c
linking of the C2H radical, when it bonds to an active site
hydrogenates asp2 bond@cf. Figure 7~a! and 7~c!#. At higher
temperatures the cross-linking increases leading to better
terial.

It is concluded that the tentative model depicted abo
allows the qualitative description of the observed depend
cies between the material quality, growth rate, and subst
temperature. The assumption that the sticking probability
the C2H radical is the only temperature dependent prope
seems to be sufficient for the current description. It is
claimed that the presented collection of plasma-surface r
tions with their proposed temperature dependencies is c
plete but for the moment they satisfy. A quantitative check
the proposed model has not yet been possible due to the
of numerical data on the various reaction probabilities.

VII. CONCLUSIONS

The effect of substrate conditions on the plasma be
deposition ofa-C:H has been studied. Therefore, a new s
strate holder has been designed. Temperature control o
substrate is obtained via an active control of the yoke te
perature in combination with the injection of a small heliu
gas flow between the solids of concern. The substrate t
perature is known at an accuracy of 2 K independent of the
plasma settings.

Amorphous hydrogenated carbon films have been de
ited at various plasma settings under variation of the s
strate temperature. It has been found that the substrate
perature influences the deposition process but less dram
as is known from literature. For one plasma setting
a-C:H refractive index increases while the deposition r
decreases with substrate temperature. Further analysi
veals that the material properties in terms of the infra
refractive index depend on two deposition parameters:
growth rate and the substrate temperature. Increment of
parameters results ina-C:H with a higher refractive index
and thus better material.

An in situ study has revealed that the growth and etch
processes with an expanding thermal plasma are hom
neous at constant plasma settings: during the deposi
etching of ana-C:H film the deposition/etching rate is con
stant in time. Furthermore, it has been found that hydro
etching of thea-C:H cannot explain the observed decrease
deposition rate with increasing substrate temperature.
measured rate for hydrogen etching is less than 1 nm/s c
pared to a decrease in deposition rate up to 20 nm/s. O
thermally activated etching processes are also rather unli
as the activation energy for this process only needs to
about 16 meV.

Preliminary experiments have been performed with
application of an additional substrate bias during the dep
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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tion process. Although, biases up to 120 V have been app
no influence on the depositeda-C:H material has been
found.

A first tentative model has been presented for the plas
beam deposition ofa-C:H without the need for an additiona
substrate bias. The basis for this model consists of the
ation and destruction of active sites, i.e., dangling bonds.
species involved are the C2H radical and the H atom. For th
temperature dependence the sticking probability of C2H is
considered to be variable. The presented model allows
qualitative explanation of the observed deposition results
der substrate temperature and deposition rate variation.
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