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Abstract Low frequency (100 kHz) discharge in Ar-H2 and CH3SiCl3-Ar-H2 mixtures

was studied to obtain information on the processes involved in plasma deposition of

SixCy:H films from CH3SiCl3-Ar-H2 plasma once the properties of Ar-H2 plasma are

known. The plasmas were studied using optical emission spectroscopy. The addition of

small amounts of nitrogen to the plasma mixtures also permitted the use of an actinometry

technique. First, plasma parameters (electron density and temperature) and actinometric

concentrations of atomic hydrogen in an argon–hydrogen plasma were investigated as a

function of the hydrogen content in the feed. Second, the emission intensities of Si, Si?,

CH, H, Ar and Ar? species produced in the CH3SiCl3-Ar-H2 discharge were analysed as a

function of time following the introduction of CH3SiCl3 (methyltrichlorosilane, MTCS) to

the argon–hydrogen plasmas with various proportions of the feed gasses. The results reveal

a rapid decay of the Si-excited state number density versus time, while those of Si? and CH

fell off more slowly. The emission of atomic silicon was believed to be a result of electron

impact dissociative and excitation processes occurring in the bulk of the discharge,

whereas the Si? and CH seemed to originate mainly from products of sputtering of the

growing film surface. The fragmentation of the MTCS associated with HCl formation and

enhanced atomic hydrogen production as a result of HCl dissociation are proposed.

Variations in the radical densities of H and CH3 were determined using an actinometry

technique. The results indicate a significant role for H2 in gas-phase reactions occurring in

the CH3SiCl3-Ar-H2 plasma, as well as in gas-surface interactions, leading to competition

between deposition and chemical sputtering of already deposited material.
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Introduction

Films based on hydrogenated silicon carbide, SixCy:H, are characterised by exceptional

optical, electrical and thermal properties [1], giving them a wide range of practical

application. The films are usually prepared by chemical vapour deposition or by plasma

assisted chemical vapour deposition (PACVD) techniques operating with silane and

methane gas mixures [2, 3]. A promising alternative to silane, as an explosive gas, is the

use of volatile chlorine-containing organosilicon compounds containing both silicon and

carbon. Methyltrichlorosilane (CH3SiCl3, MTCS) belongs to this class of precursor. MTCS

is the most chemically reactive compound among the chloroalkylosilanes. It is relatively

cheap and inexplosive. The further advantage of using MTCS is its high room-temperature

vapour pressure (17.9 kPa), which makes it easy to use in vapour deposition processes. Its

disadvantage as a precursor in the deposition processes is its large chlorine content, the

build-up of which in films can deteriorate their quality. In such a case, addition of hydrogen

to the plasma is beneficial because of its scavenger role on halogen atoms.

An important contribution to the developing technology of preparing SixCy:H coatings

by PACVD from MTCS diluted in hydrogen was made by a group of Ukrainian researchers

[4–8]. They used a non-standard plasmochemical installation with a high frequency

(40.7 MHz) plasma generator. Their studies concentrated on the major technological

parameters and their effects on microstructure [4–6] and chemical composition [5] and

hence on the electronic [4, 5], tribological [7, 8] and mechanical [6] properties of the

deposit. Among other things, it was established that the ratio of the MTCS and H2 con-

centrations strongly affected the film structures [4]. They found that the carbon content in

the deposit decreased as the MTCS flow rate and the negative potential on the substrate

increased [5, 6]. The carbon content was also reduced with increasing discharge power [5].

They suggested that the growing surface is saturated by silicon-based species as a result of

etching out weakly bonded CHx radicals [5].

Various techniques for film analysis and optical emission spectroscopy (OES) for

plasma investigation were applied by Kaneko et al. [9, 10] to study the growth mechanism

of a-SiC:H films produced in a PACVD process using MTCS and H2 (RF of 13.56 MHz).

They observed OES signals from H and H2 and very weak signals from SiCl2 emission that

increased in intensity with the power plasma density (or electron density). The atomic ratio

of Si:C in the films was found to be higher at higher power densities. The conclusion of

Kaneko et al. [9] was that competition between decomposition of SiCl3 and CH3 was

responsible for the film composition.

To the best of the authors’ knowledge, with the exception of the cited results of the OES

studies of Kaneko et al., no attempt has been made so far to obtain information on the gas

phase species in this deposit system. It is evident that more complete knowledge of the

discharge chemistry is necessary in order to develop existing applications and optimise the

properties and structure of the deposits generated from the decomposition of MTCS in the

plasma. The present study is related to this research problem. In the following research,

OES was used to investigate the natures and densities of species formed by a low-fre-

quency discharge in a mixture of CH3SiCl3, H2, Ar and N2. Methyltrichlorosilane and

hydrogen were the reactive compounds. Argon acted as a dilution gas, and N2 was present

only in a small proportion to allow for quantitative optical emission spectroscopy (acti-

nometry) of the discharge. The total pressure was constant. The H2 amount in the gas feed

was chosen as the experimental variable. Depending on the concentration of hydrogen

added in the gas feed, modifications of the plasma reactivity and the plasma surface

interaction were to be expected.
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OES is an in situ nonintrusive technique for the detection of electronically excited

atoms, ions and di- or triatomic molecules. These excited species decay and emit light at

characteristic wavelengths. The intensities of the emitting spectral per se do not normally

allow for conclusions to be drawn about the number densities of particles in their ground

states unless the excitation and competing quenching mechanisms are known. However, if

a number of assumptions are fulfilled [11–14], emission features can be applied to

determine relative changes in the ground state concentration [X] of various species of

interest, X, in the plasma source by using a simple actinometric equation [11]:

X½ � ¼ k IX=IAð Þ ð1Þ

where k is a constant and IX and IA are the emission intensities of the species, X, and of the

actinometer (probe gas), which has a constant concentration in the plasma. Strictly

speaking, the actinometric procedure may be only applied under the following conditions:

the electronic excitation from the electron impacts and the decay of the excited species by

photoemission can be established; the threshold energies, Eth, for excitation to the state

responsible for the emission is the same in both X and A; and the excitation efficiencies of

the two species have a similar dependence on the plasma parameters. In practice, all of

these requirements are rarely met because of the lack of choice of actinometers. Argon is

usually used as an actinometer (k = 750 nm, Eth = 13,5 eV), but argon was the major

carrier gas in our study. Consequently, in the present study, N2 was employed as an

actinometer. The threshold energy for the N2(C3P) excited state is 11.2 eV, which is

reasonably close to that of the species of interest in discharges such as H (Eth * 12 eV)

and CH (*11 eV).

This work is composed of two main parts. In the first part, we focus on simpler glow

discharge plasmas of the Ar-H2 mixture before addressing, in the second part, the more

complex issues associated with the introduction of methyltrichlorosilane to the argon–

hydrogen plasma.

The optical emission spectrum of an Ar-H2 plasma was used to examine some of the

elemental processes affecting the populations of excited species in the plasma and for

estimating the variations of the plasma parameters (electron density, electron temperature)

as functions of the operating conditions (argon/hydrogen ratio, discharge current). In

particular, the validity of the basic assumptions of N2 actinometry for H-atoms is analysed.

In the second part of the work we examine the concentrations of the excited species, the

concentrations of atomic hydrogen and the CH3 radical (as determined by actinometry),

and electron density as a function of H2 content in an MTCS-Ar-H2 plasma and experi-

mental time ratio.

Experimental

The experimental setup used was that described in detail elsewhere [15]. Two flat steel

electrodes with different diameters (20 and 16 mm) were connected to a mid-frequency

(100 kHz) power supply operating in constant-current mode (maximum power density

about 50 W/cm2). The distance between the electrodes was about 15 mm. The smaller,

powered electrode was covered with a plate that tightly enclosed the walls of the electrode.

The plate was made of Armco-steel and was replaced after each of the experiments with a

CH3SiCl3-Ar-H2 mixture. After each series of runs, all inner reactor surfaces were cleaned.

Methyltrichlorosilane (Aldrich made, 99.9% purity) vapour was admitted into the Ar-H2
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mixture from a glass container sealed by a Teflon needle valve. Argon and hydrogen flows

were adjusted by needle valves and flowmeters (ERG 50). Nitrogen was fed through a

calibrated flowmeter (Tylan General). The total pressure was measured with a Compact

FullRange gauge (Pfeiffer PKR 251). The set up was equipped with a liquid-nitrogen trap,

which prevented the reflux of unused gases from entering the reaction chamber.

During the experiments with an argon–hydrogen plasma (without of MTCS), the total

pressure in the chamber was set to 665 Pa (5 Torr). The pressure of N2 (actinometer gas)

was about 3% of the total pressure. The partial pressure of hydrogen in the mixture (pH2/

(pH2 ? pAr)), hereafter x(H2), and the discharge current were independently changed. The

x(H2) was varied over the range of 0.09–0.45. The current was 70, 100 or 120 mA.

The experiments with the CH3SiCl3-Ar-H2 (?N2) mixture were carried out with the

total pressure of an argon–hydrogen(?nitrogen) mixture controlled at 665 Pa (± 1%) and

with the x(H2) set at 0.1, 0.2 or 0.4. When the gas and pressure conditions were at the

desired set points, the discharge was ignited, and the MTCS was then delivered into the

reaction chamber. The pressure in the chamber initially increased uncontrollably because

the precursor feed rate at the initial stage was high (as a result of the pressure difference

between the chamber and the container at the beginning of the experiment). The pressure

decreased to a constant level after a few minutes. Throughout this study, the mean MTCS

flow was about 0.015 g min-1 (estimated gravimetrically) which resulted in a stable total

pressure in the reactor of 732 Pa (5.5 Torr) after about 5 min following the introduction of

MTCS to the reactor.

In the case of experiments with MTCS, we restricted our measurements to one level of

discharge current, namely 100 mA. The reason for this was the low level of optical

emission at 70 mA and the instability of the discharge under a discharge current of

120 mA.

Emission spectroscopy measurements were performed perpendicularly to the discharge

axis through a quartz window at the end of a lateral tube. A positive lens imaged the most

luminous discharge region, close to the powered electrode, onto the monochromator slit

(50 lm). A Bentham M-300 h scanning monochromator equipped with a 1800-groove/mm

grating (dyspersion of 1.8 nm/mm, spectral resolution 0.15 nm) and a Hamamatsu DH-3

photomultiplier was used. To estimate the electron number density (from Stark broadening

of Hb line), the experimental profile of the Hb line was measured in the second order using

a high resolution PGS-2 spectrograph.

The spectra of an argon–hydrogen plasma were recorded in the spectral range from 450

to 820 nm. In the case of experiments with MTCS, the spectra were taken at a few short

wavelength intervals to minimise the measurement times. Differences in the sensitivity of

the recording system over a wide range of wavelengths were corrected by measuring the

intensity of a tungsten ribbon lamp (Bentham CL2) with a Protection Engineering

certificate.

Results and Discussion

Ar-H2 Plasma System

The emission spectrum of the glow discharge in the argon/hydrogen mixture consisted of

atomic and ionic lines of argon, lines of hydrogen and a few lines belonging to the

spectrum of molecular hydrogen. Figure 1 shows typical spectrum of the Ar-H2 plasma in

the 650–760-nm wavelength region. After nitrogen (actinometer) was introduced, bands of
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N2, N2
? and NH molecules appeared. Some of the Ar I, Ar II, and H lines and N2 bands

were selected for diagnostics of the plasma. Their characteristics are given in Table 1.

Three independent runs of the OES measurements for hydrogen amounts, x(H2),

ranging from 0.09 to 0.45 were performed. The discharge was then operated at a constant

total pressure of 665 Pa and 100 mA. The error in reproducibility of the emission mea-

surements was less than 5%. Figure 2 presents the dependencies of emission intensities of

atomic hydrogen, Ar I, Ar II and N2 versus x(H2). One can see that, as expected, the

emission intensities of the Ha line increased with the amount of H2 feed. The increase was

a factor of 2.5, for an increase in x(H2) of a factor of 5.

As the percentage of argon decreased with increasing x(H2), the intensity of the

750.4–nm line of Ar I line also decreased in Fig. 2, but the argon ion emission (Ar II),

surprisingly, exhibited very small changes even as the amount of argon was changed

substantially.

The emission intensities of the 380.5 –nm (0,2) bandhead of the second positive system

(SPS) of N2 (C3P ? B3P) decreased with increasing x(H2), as shown in Fig. 2. The

375.5 –nm (1–3) bandhead intensity (not shown) had exactly the same behaviour as the

380.5 nm emission. As the actinometer concentration was constant during the experiments,

the changes in emission intensities of the SPS of N2 illustrate an influence of the increased

H2 partial pressure on the excitation efficiency of the electronically excited state C3P of

N2, which is discussed below.

Main Excitation Channels

The range of possible elemental processes and chemical reactions that can occur in the

discharge of the ternary Ar-H2-N2 mixtures is very large. The OES data cannot clearly

distinguish among all possible ways to produce the optical emission. In the following

interpretation of the OES results and in the consideration of the applicability of nitrogen as

an actinometer for H-atom density, only reactions that appear dominant on the basis of the

literature data are considered. Recombination and quenching processes are not discussed.

Regarding atomic hydrogen emission, the major mechanisms of production and exci-

tation of H atoms believed to be present in low-pressure glow discharge devices are:
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Table 1 Spectroscopic data of
optical transitions measured [16,
17]

a The threshold energy for CH
considering various excitation
processes

Species Wavelength (nm) Transitions Threshold
energy (eV)

H 486.1 4d–2p 12.74

656.3 3d–2p 12.09

Ar (Ar I) 675.3 4d3–2p10 14.74

687.1 4d5–2p10 14.71

693.8 4d5–2p10 14,69

696.5 2p2–1s5 13.32

706.7 2p3–1s5 13.29

710.7 3p5–2p8 14.84

714.7 2p4–1s5 13.28

720.7 3s2–2p3 15.01

727.3 2p2–1s4 13.33

731.2 3s4–2p7 14.85

731.6 3s2–2p2 15.02

735.3 4d4–2p8 14.84

738.4 2p3–1s4 13.30

750.4 2p1–1s2 13.47

751.5 2p5–1s4 13.27

811.5 2p9–1s5 13.07

Ar?(Ar II) 459.0 4p–4s 21.12

Si (Si I) 288.2 3p4s–3p2 5.08

Si? (Si II) 634.7 4p–4s 10.07

N2 375.5 C3P ? B3P (1 - 3) 11.5

380.5 C3P ? B3P (0 - 2) 11.2

CH 431.4 A2D ? X2P (0 - 0) 2.9; * 11a
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Fig. 2 Dependence of emission
intensities of selected spectral
lines and bands on H2 amounts in
an Ar-H2 plasma. Discharge
current 100 mA. The solid lines
result from software smoothing
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H2 þ e! H�2ðb3RÞ ! Hþ Hþ e rmax� 1:4� 10�16 cm2 around 15 eV ð2Þ

Hþ e! H� n ¼ 3ð Þ þ e Eth ¼ 12:09 eV; rmax� 10�16 cm2 around 40 eV ð3Þ

H2 þ e! H� n ¼ 3ð Þ þ Hþ e Eth ¼ 19 eV; rmax� 10�18 cm2 around 70 eV ð4Þ

where the star (*) symbol denotes electronic excitation states that result in optical emission.

The cross section (rmax) data and the threshold energies Eth are cited from Ref. [18].

In an argon–hydrogen glow discharge, other possible channels for formation of excited

hydrogen atoms H* are connected with the argon metastable species, Arm, and the Ar? ions

according to the following reactions:

Arm þ H2 ! Arþ H�2 ! Arþ Hþ H k� 10�10 cm3 s�1 ð5Þ

Arm þ H! ArH� ! Arþ H� n ¼ 2ð Þ k� 2 x 10�10 cm3s�1 ð6Þ

Arþ þ H2 ! ArHþ þ H k� 10�9 cm3s�1 ð7Þ

ArHþ þ e! Arþ H� n ¼ 2ð Þ k� 10�7cm3 s�1 ð8Þ

The reaction rate coefficients (k) are from Ref. [18].

Based on the literature, the direct influence of the argon species on the dissociation of

H2 via reaction (5) and (7) is expected; however, the excitation of hydrogen atoms is

probably mainly due to the direct electron impact excitation process (reaction (3)) and the

electron impact dissociative excitation (reaction (4)) in decreasing order of importance [14,

19, 20]. From Ref. [14], the dissociative excitation process becomes competitive with the

direct electron impact at a high electron temperature (see also Eth and rmax for reaction

(4)).

The emission from argon atoms is determined predominantly by direct electron impact

excitation from the ground state:

Arþ e ¼ Ar� þ e; ð9Þ

and/or by excitation of the atoms in metastable levels:

Arm þ e ¼ Ar� þ e: ð10Þ

The metastable atoms can be also ionised by electron collisions, which can be a source of

argon ions in the plasma:

Arm þ e ¼ Arþ þ eþ e: ð11Þ
The emitting states of Ar? are produced by a two-step process, the first of which is

ionization. Alternatively, these excited states can be produced from the single-step electron

impact ionization and excitation of ground state Ar.

For the discharge conditions under study, when one considers the production of the

N2(C3P) radiative state, the following most efficient reactions should be taken into

account:

N2 þ e! N2ðC3PÞ þ e Eth� 11 eV; rmax� 0:5 x 10�16 cm2 around 15 eV ð12Þ

where the rmax and Eth are cited from Ref. [21], and

N2 þ Arm ! N2ðC3PÞ þ Ar k ¼ 6:6 x 10�11 cm3 s�1 ð13Þ

where the rate coefficient k is cited from [22].
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The relative contribution of processes (12) and (13) to the population of the N2(C3P)

state is crucial for the validity of the N2 actinometry procedure. For actinometry to be valid,

certain electronically excited states of the actinometer and the species to be interested

should be dominantly produced through direct electron-impact excitation of the corre-

sponding ground state atoms (or molecules). In order to gain some insight into the

importance of the processes involving the argon metastable atoms, we have analysed the

emissions arising from the excited levels, which differ in efficiency of excitation out of the

metastable levels of argon (Arm ? e ? Ar* ? e). The Ar I lines at 750.4 and 751.5 nm

have relatively small electron cross-section for excitation from the metastables

(rmax \ 0.73 9 10-16 cm2 and rmax * 0.44 9 10-16 cm2, respectively [23]). The Ar I

696.5 nm and Ar I 811.5 nm emissions arise from the levels most efficiently populated out

of the metastable levels (rmax * 8.6 9 10-16 cm2 and rmax * 25 9 10-16 cm2, respec-

tively [23]). Figure 3 shows intensity ratios of the Ar I lines at 696, 751 and 811 nm to the

intensity of the 750 nm line, as a function of x(H2). It can be seen that the ratio I751/I750 does

not essentially change, whereas the I811/I750 and I696/I750 ratios fall with increasing x(H2).

This indicates that stepwise excitation through metastable levels causes differences in the

behaviour of the argon lines. The results in Fig. 3 suggest that an increase in x(H2) cor-

responds with a decrease in the relative contribution of the metastable states of argon in the

plasma processes. This contribution is reduced, apparently, due to the depletion of argon

metastables via reaction (5) and (6), as has been reported in Refs. [18–20].

Referring back to N2 emissions, population of the N2(C3P) state via the reaction (13)

cannot be excluded, but that contribution should considerably decrease with increasing

hydrogen concentration.

Evolutions of the Plasma Parameters and Emission of the Actinometer

In an effort to derive information about the electron number density (Ne) in the plasma

system studied, we used the full-width at half-maximum (FWHM) of the Hb line and the

Griem formula [24]. The FWHM was calculated from a Lorentzian fit of the line peak. The

absolute electron density values gained here can have large errors, but at this point, we are

only interested in the qualitative effects. The standard deviation of the Ne determination

was about 5%. It was found that as the x(H2) increased, the Ne decreased. This result is
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consistent with the numerical investigations of an argon–hydrogen discharges [18, 20]. The

effect of discharge current was also investigated. The increasing discharge current, over the

range 70–120 mA, increased the electron density almost linearly. A summary of the Ne

values is presented in Fig. 4 for plasmas of differing argon/hydrogen ratios.

Figure 5 shows how the electron number density alters the emission of the actinometer,

depending on the hydrogen amount in an Ar-H2 discharge. The intensity of the (0,2)

vibrational band of N2 (k = 380 nm) is plotted versus Ne. The data points are for the three

values of x(H2) and the discharge currents (70, 100 and 120 mA). As can be seen, we

found two distinct linear correlations: one for the plasmas at x(H2) = 0.1 and x(H2) = 0.2,

and the other for hydrogen-rich plasma at x(H2) = 0.4. These results are consistent with

conditions in which electron impact excitation plays a predominant role as an excitation

mechanism for the molecular nitrogen (reaction (12)). The existence of the two distinct

slopes in Fig. 5 may be the result of considerable differences between the hydrogen-rich

plasma and the plasmas at x(H2) = 0.1 and x(H2) = 0.2 in the electron temperature (the

energy of electrons) responsible for the excitation process.

To obtain information concerning the tendencies of variations of the electron temper-

ature, Te, under the conditions studied here and to understand the results in Fig. 5, we have

determined the excitation temperature (Texc) of atomic argon from a Boltzmann plot of the

ln(Ik/gkAki) versus the energy of level Ek, where I, k, gk, and Aki are the intensity,

wavelength, statistical weight, and transition probabilities from the k-level, respectively

[24]. The 13 Ar I lines (675.3; 687.1; 693.8; 696.5; 706.7; 710.8; 714.7; 720.7; 727.3;

731.2; 731.6; 735.3; 738.4 nm) were measured to plot the Boltzmann diagram. The nec-

essary parameters of gk and Aki for the lines were taken from the NIST database [17].

Figure 6 shows examples of the Boltzmann plot corresponding to the experiments carried

out. The results of the Texc calculation for the conditions in Fig. 5 are given in Table 2.

From the data in Table 2, the discharge current, which influenced Ne, did not change or

only slightly changed Texc. However, as can be seen, the values of Texc for x(H2) = 0.4 are

higher than the nearly equal one obtained at x(H2) = 0.1 and 0.2. Owing to the high

excitation thresholds of the Ar I lines considered here (13–15 eV, see Table 1), changes in

the excitation temperature evaluated in this experiment can be linked to changes in the

electron temperature of the hot electrons (electrons at the tail of the non-Maxwellian
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electron energy distribution function). Such an approach has been used for studying

microwave plasma used for growing diamonds (pressure above 15 Torr) [14]. If this

approach is accepted, the obtained Texc suggests an expansion of the electron energy

distribution function (EEDF) towards higher energies as the H2 portion in the plasma

increases up to 40%. Consequently, the electron-impact excitation efficiency towards N2
*
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Table 2 The excitation temperatures with their uncertainties (in K) derived from argon lines

Current (mA) x(H2) = 0.4 x(H2) = 0.2 x(H2) = 0.1

70 14700 ± 1800 11400 ± 1400 11400 ± 1400

100 14000 ± 1600 11800 ± 1500 11600 ± 1500

120 14000 ± 1400 11900 ± 1600 12000 ± 1500
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(Eth * 11 eV) is reduced, which may explain the low intensity of the N2 (C3P ? B3P)

emission at x(H2) = 0.4, as shown in Fig. 5.

Actinometric Determination of the Atomic Hydrogen Concentration

Considering the above analysis, there is strong evidence that the emission of N2 measured

here is highly sensitive to changes in electron density (Ne) and temperature (Te), and it can

play the role of an actinometer, sensing changes in electron-impact excitation efficiency for

excitation thresholds at about 11 eV. The emitting states of N2 (C3P, v0 = 0) and H

(n = 3) are close in threshold energy (11.2 and 12.09 eV, respectively), thereby satisfying

the requirement for actinometric determination of the H-atom. However, in the plasma

under study, the ideal actinometry conditions are rather questionable. The validity of

actinometry may be critical for the following conditions:

• at a high concentration of argon, the possibility of N2(C3P) population via transfer of

internal energy from Arm atoms to the ground state of the nitrogen molecule (reaction

(13)) cannot be excluded;

• at a high concentration of hydrogen, the electron temperature is probably high, and the

possibility of a contribution of the dissociative excitation of H2 to the production of

excited H atoms could produce misleading actinometry results (reaction(4));

• a high contribution of quenching of the excited states by nonradiative processes due to

relatively high pressure under these experimental conditions.

Considering the above limitations, variations (with changing experimental conditions)

in the relative H-atom concentration, [H], as determined from the actinometric dependence

[H] * IH/IN2, will be considered.

Figure 7 shows the relative H-atom concentration as a function of x(H2), at the dis-

charge current 100 mA. The results are derived from the ratios of the Balmer Ha

(Eth = 12.09 eV) and Hb (Eth = 12.74 eV) lines to the N2 transition at 380.5 nm

(Eth = 11.2 eV). It is seen that the ratios both increase with hydrogen amount in the feed in

an identical fashion. An increase of H-atom mole fraction by more than two times as the H2
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portion increases by four times, from x(H2) = 0.09 to 0.36, has been found. Between

x(H2) = 0.36 and 0.45, the increase is more pronounced, but keeping in mind the limi-

tations of validity of actinometry, we consider that the results for x(H2) = 0.45 are

probably overestimated.

In summary, the principal results of this OES investigation on 100-kHz discharge in an

argon–hydrogen mixture at a total pressure of 665 Pa (5 Torr) indicate that:

• an increasing fraction of hydrogen in the feed results in a decrease in the electron

number density;

• as the H2 portion in the plasma increases up to 40%, the number of high-energy

electrons is enhanced;

• it is quite plausible to use nitrogen, i.e., the N2 (C3P ? B3P) emission, as an

actinometer for determining H-atom concentration variations in the plasma;

• the relative H-atom density determined by actinometry continuously increases with

x(H2) for x(H2) = 0.9–0.45.

CH3SiCl3–Ar–H2 Plasma System

The emission spectra of the discharge in methyltrichlorosilane-argon–hydrogen mixtures

consisted of Ar I, Ar II and H lines, as observed before in an argon–hydrogen plasma, and

additionally: Si I lines (251.4; 251.6; 252.4; 252.8; 288.2 nm), Si II lines (634.7 and

637.2 nm) and the CH (A2D–X2P) band at 431.4 nm. An interesting feature to be noticed

in the spectra was significant broadening of the Si II lines. Typical emission spectrum of

the CH3SiCl3–Ar–H2 plasma in the 410–435 nm wavelength range is shown in Fig. 8.

In preliminary experiments, conducted at higher MTCS flows than applied here, the

emission from the SiCl molecule (the main systems B2R–X2P and B2D–X2P) was

detected. The appearance of the C I line (at 247.8 nm) and SiH band (at 414.2 nm) was

expected, but these spectra have not been found.

Intensities of the following emissions, Si I (288.2 nm), Si II (634.7 nm), CH (431.4 nm),

H (486.1 nm, 656.3 nm), Ar I (751.5 nm), Ar II (459.0 nm) and additionally the emission of

N2 (380.5 nm) and N2
? (427.8 nm) coming from the nitrogen that was introduced as an

actinometer, were measured as a function of time following introduction of the MTCS to an

argon–hydrogen plasma. The spectroscopic data of the measured optical transitions are
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shown in Table 1. The spectra were recorded over about 1 h of the experiment conducted

continuously, with a constant value of discharge current of I = 100 mA, for three Ar ? H2

mixture compositions correspond to x(H2) = 0.1, 0.2 and 0.4.

An acquisition of the OES data was stated 8 min after the MTCS was introduced, in

order to avoid the initial plasma disturbance mentioned above, and it was repeated six

times at intervals step of 10 min. Because a single acquisition run took about 2 min,

various wavelengths were measured at different times (but the same wavelengths were

measured at the same time) from the beginning of the experiment. It is reasonable to

suppose that major changes of the discharge composition due to the introduction of the

MTCS occurred within the initial interval (t \ 8 min), which unfortunately could not be

examined due to the lack of stability of the discharge process. So far, this experimental

problem remains unsolved. The systematic uncertainties in the measurements were esti-

mated to be less than 5%. To improve the legibility of the following figures, the error lines

are not presented.

Emission from the Plasma Gas Species

As a first point, the intensity of the actinometer emission at 380.5 nm is reported in Fig. 9

as a function of time of the experiments at x(H2) = 0.1, 0.2 and 0.4. Independent of the

feed gas composition, a decrease in the N2 intensity can be observed in about the first

20 min, followed by a relatively slow decay or by saturation in the intensity.

Figure 9 depicts the dependence on x(H2) as observed earlier for the Ar-H2 plasma: a

decrease in intensity with the hydrogen dilution. However, compared with the results in

Fig. 2 for the Ar-H2 plasma, in the case of the MTCS-Ar-H2 plasma there is a greater

difference in relative intensities of the N2 emission at x(H2) = 0.1 and x(H2) = 0.2.

If it is assumed that the actinometry technique remains valid in the mixtures with MTCS

addition, then Fig. 9 gives an idea of the extent of changes in the plasma activity due to the

addition of MTCS and to the time of the experiment. The changes in the monitoring OES

signal of N2 should be related to changes in electron density and/or electron temperature.

In order to investigate this question further, the Texc and Ne were estimated, as previously
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for an Ar-H2 plasma. The results are collected in Fig. 10a and b. In these figures, the data at

t = 0 are for an argon–hydrogen (?N2) plasma (without MTCS). It can be seen that the

Texc and the electron density both decreased as the MTCS was injected into an argon–

hydrogen discharge. The Texc values seemed to vary further with time, while the Ne kept

almost a constant value (taking into account the error of about 5%).

The results for Texc indicate that the decomposition process of the MTCS molecule

involved a cooling effect of the electron temperature, which is generally consistent with the

findings of others authors [25, 26]. It should be remembered that in plasmas with low

electron temperature, the number of electrons above the excitation threshold, that is usually

about 10 eV or higher, increases exponentially with the Te. Therefore, small changes of Te

can cause important changes in the densities of excited species.

Considering the reason for a decrease of the electron density due to the MTCS addition,

the following reaction should be taken into account:

SiClx þ e! SiClx�1 þ Cl�; where x ¼ 1� 3: ð14Þ

As discussed by Mogensen et al. [27] for the PACVD of TiN from the dc TiCl4/Ar/H2/

N2 plasma, the large electron affinity (3.61 eV) of Cl, makes it very probable that Cl

immobilises free electrons by dissociative attachment and, consequently, that reactions like

(14) have a considerable effect on the density of electrons. The SiCl3 radical in reaction

(14) is obviously the product of dissociation of MTCS in the plasma (Si–C bond is the

weakest in the MTCS molecule [28]). The dissociation is most probably caused by:

– collisions of MTCS with electrons

CH3SiCl3 þ e! CH3 þ SiCl3 þ e; ð15Þ

– eventually by collisions with argon metastables [29]

CH3SiCl3 þ Arm ! CH3 þ SiCl3 þ Ar ð16Þ
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Figure 11a and b show variations in the emission intensities of the Ar I and Ar II

spectral lines, respectively, versus time of the experiments at x(H2) = 0.1, 0.2 and 0.4. As

can be seen, at the largest quantity of Ar in the gas feed (x(H2) = 0.1), these lines show

exponential-like decreases in intensity with time. At x(H2) = 0.2 as well as x(H2) = 0.4,

the evolution of intensities of the Ar I and Ar II are comparatively very small.

The time dependence of the Ha emission for the three mixtures studied is reported in

Fig. 12a. One can see that at x(H2) = 0.4, the Ha intensity decreased with time, while at

x(H2) = 0.2 an initial enhancement in the intensity followed by a slow decay was found.

As a result, during experiments with MTCS, the more intense emission of the Ha was

observed at x(H2) = 0.2 compared to that at x(H2) = 0.4. The same behaviour was

observed for the Hb line. The relevant dependencies of the Ha line intensity normalized to

the intensity of the N2 emission, i.e. actinometric densities of atomic hydrogen, are shown
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in Fig. 12b. As expected, the value of the I(Ha)/I(N2) ratio increased with the amount of H2

in the feed. At x(H2) = 0.1, the ratio decreased slowly with time. For the mixtures con-

taining 20 and 40% of H2, an increase of the I(Ha)/I(N2) ratio up to a maximum value after

20–30 min from the beginning of the experiments was observed. These latter results were

intriguing.

Unlike in an argon–hydrogen plasma, the data on Fig. 12b may be unreliable regarding

the relative concentration of H atoms present in the plasma, since the dissociative exci-

tation of hydrogen atoms out of the MTCS or its fragments could cause misleading acti-

nometry results. Our experiments do not obtain information on this question, but we refer

to the results obtained by Welzel and co-workers [30]. They have found that if H2 is

introduced together with Si(CH3)4, Ar and N2 to the ECR plasma source, the dissociation

of H2 is dominant for the production of hydrogen atoms. For this reason, we reject the

possibility of excited H production from CH3SiCl3 dissociation and assume that the results

in Fig. 12b represent the H-atomic density variations, showing a real excess atomic

hydrogen generation during our experiments with MTCS/Ar/H2 mixture when hydrogen

amount x(H2) was 0.2 and 0.4.

The results in Fig. 12b are reminiscent of previous actinometric studies of atomic

hydrogen concentration in diamond PACVD using H2/Ar/CCl2F2 or H2/Ar/CCl4 mixtures

[31, 32]. Their authors reported enhanced atomic hydrogen production with halocarbons in

the plasma. For 5% CCl2F2 in the feed, an increase of around 200% in the atomic hydrogen

concentration was obtained and it has been suggested that the dissociation process of the

halocarbons associated with HCl and/or HF formation followed by the dissociative-

attachment process e ? HCl ? H ? Cl- and e ? HF ? H ? F- is responsible for the

increase of the atomic hydrogen concentration. It is possible that the HCl dissociation also

contributes to our results. Exhaust gas analysis confirmed the presence of HCl in our

plasma reactor. Therefore, if this was the case in our experiment, an increase in hydrogen

atom concentration can be related to a sequence of events such as:

1. dissociation of CH3SiCl3 into CH3 and SiCl3 (reaction (15) and (16))

2. reaction between H2 and SiClx (x = 1–3) radical with the production of SiClx-1, HCl

and additional H atom

SiClx þ H2 ! SiClx�1 þ HClþ H ð17Þ

3. electron-impact dissociation of HCl molecule, e.g.,

eþ HCl! Hþ Cl� ð18Þ
In this mechanism, the H-atom density depends strongly on the H2 concentration in the

feed. Six atoms of H may be formed per MTCS molecule (and three H2 molecules). We

think that the above mechanism explains the experimental results of Fig. 12b.

Si, Si? and CH Emission Analysis

Figure 13 illustrates the evolution of the emission intensity of the Si I spectrum with

experimental time for the three mixtures studied. The emission from silicon atoms was

observed to decrease rapidly with time. It is interesting that the emission was the most

intensive when x(H2) was 0.2, suggesting that there may be an optimum value of the H2

concentration in the feed gas with a subsequent high plasma activity to produce excited

silicon atoms in the plasma.
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The results in Fig. 13 can be accounted for by assuming that the Si emission is affected

predominantly by the partial pressure of the MTCS, but controlled mainly by electron

density and temperature, with hydrogen playing an important role in the fragmentation of

the SiClx radicals, according to reaction (17). The higher Ne and energy not only allows an

enhanced dissociation of the MTCS in general (reaction (15)), but additionally promotes

the dissociation down to a small fragmentation pattern and the silicon atom (reaction (14)).

Silicon atoms originated in this way can be excited by collisions with electrons

(Eth * 5 eV).

There is no good actinometer for the low-energy electron-impact excitation of such

species as silicon atom. However, we can reasonably assume that the concentration of

silicon atoms in their ground state decreased with time in a similar way to the observed

emission intensities of the Si I. Therefore, at the initial stage of the experiments, a high

amount of atomic silicon in the plasma would be expected, but after about 20 min of

continuous experiments, the density of Si in the plasma discharge is reduced to a low

concentration. This decrease is likely due to increased depletion of Si atoms through

homogeneous recombination and wall recombination. With increasing time of experiment,

one would expect that the concentration of radicals adsorbed on the walls available for

recombination would increase, giving a rise in recombination rates.

The emission intensity of ionic silicon (not shown) did not track the emission of atomic

silicon, but followed the behaviour of the CH emission shown in Fig. 14. As can be seen,

the CH emission decreased with time, but not so suddenly as the Si I emission, particularly

in the case of the mixture consisting of 20 and 40% H2.

In Fig. 15, the intensity of CH is plotted against that of Si II. The data shown are for

different x(H2) concentrations and different times of the experiments. As can be seen, there

is a clear correlation between CH (431.4 nm) and Si II (634.7 nm) emission over the wide

range of process conditions covered in these measurements. The relationship can be rep-

resented by one line dependence regardless of different x(H2) values as well as of the time

of the measurement.

The results in Fig. 15 suggest close similarity in the pathways responsible for the CH

and Si? emissions. Considering the CH emission, the major production process of the
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excited CH(A2D) radicals is assumed to be dissociative excitation by electron collision

processes with CH3 as follows:

CH3 þ e! CHðA2DÞ þ H2 þ e Eth� 11 eV ð19Þ

The CH radical can also be directly excited by low energy electrons

CHþ e! CHðA2DÞ þ e Eth� 3 eV ð20Þ
However, process (20) is usually neglected as a source of the CH(A2D) due to the large

destruction rate of CH radicals by radical-molecule reactions, which makes their number

density in the plasma much smaller than that of CH3 [33]. Accordingly, the emission

intensity of CH A2D ? X2P can provide information on the production process of the

CH3 radical, since the intensity is proportional to kCHNe[CH3], where kCH is the excitation

rate constant and [CH3] is the CH3 density. The methyl radicals result from fragmentation

of the MTCS molecule by electron impact and eventually from interactions with Ar atoms
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in metastable states, as mentioned earlier. On the other hand, the CH3 radicals can be lost

by electron impact dissociation, diffusion towards the wall, or radical-molecule reactions.

The contribution of the loss processes to the density of the CH3 is considered to be almost

constant with changes in the composition of the feed gas because the pressure and the

MTCS flow were fixed.

Generally, the above mechanism involving the processes of electron impact fragmen-

tation and excitation, is in agreement with the experimental results shown in Fig. 14, where

the increase in the emission intensity of the CH A2D ? X2P corresponds to increasing Ar

fraction in the plasma feed gas, that is, the electron density (see Fig. 10b) and the Ar

metastables.

The threshold energy for appearance of the CH(A2D) in reaction (19) is not known.

Usually it is approximated as 11 eV, which means that it is close to the threshold energy of

the N2 emission at 380.5 nm, Eth = 11.2 eV. Therefore, according to actinometry, the

emission intensity ratio I(CH)/I(N2) has been treated as proportional to the density of CH3

species in the plasma. The rate of generation of the CH3 radical can be expressed by [CH3]

� k ICH/IN2, where k is constant.

Figure 16 shows the intensity ratio of I(CH)/I(N2) as a function of time of the exper-

iments with the three MTCS/Ar/H2 mixtures studied. Error bars, which are added to the

data when x(H2) = 0.2, reflect one standard deviation from the value due to error in optical

emission intensity measurement. The uncertainty in each of the plotted points was less than

7%. At first sight, the results in Fig. 16 are unexpected because they are quite different

from the dependencies found for the CH emission (Fig. 14). From the data in Fig. 16, it

becomes apparent that the CH3 density increased with higher hydrogen percentages in the

feed. This result can be explained by increased H density in the plasma, which leads to an

enhanced chemical sputtering of already deposited material and returns hydrocarbons to

the discharge. Chemical sputtering is a highly effective erosion mechanism that must be

considered when growing film that is simultaneously exposed to flux of energetic ions and

of reactive neutrals. It was observed that the erosion rate of C:H films by low-energy Ar?

ions is drastically enhanced if atomic hydrogen is also incident on the film surface, e.g.

[34]. The mechanism of the chemical sputtering is assumed to be the formation of stable

volatile products such as CH4 that diffuse to the surface and desorb. The dissociation of
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these molecules can add to the CH3 produced from MTCS, giving the results determined

here by actinometry.

The fact that the Si II emission exhibited a very similar profile and behaviour to that of

CH emission strongly suggested that the process of chemical sputtering significantly

contributes to the production of Si? ions. It seems likely that the Si? emission observed

here is associated with a secondary ionization, i.e., ionization of Si atoms or silicon

containing species ejected from the cathode surface. The probability of ion ejection could

be extremely low, as ions are inevitably attracted back to the surface. Therefore, the Si ions

are created (Eion = 8.2 eV) and excited (Eth = 10–12 eV) in the plasma. It is noteworthy

that the threshold energies for the Si II and CH emissions observed here are very close,

10.1 eV and about 11 eV, respectively. In other words, the excited states of Si? and CH

can be produced by electrons of similar energy, which can be important for the correlation

between the emissions of these two excited species.

Concluding Remarks

An identification of the elementary reaction mechanisms in reactive plasmas used for

PACVD processes is extremely difficult, if not impossible, as the number of possible gas

phase reactions and processes on the growing film surface is too great. In this work, the

production of active species in the CH3SiCl3-Ar-H2 low frequency discharge has been

analysed by optical emission spectroscopy and actinometry. The intensities of the optical

spectra of Si I, Si II, CH, H, Ar I and Ar II are reported as a function of time following the

introduction of CH3SiCl3 to the argon–hydrogen plasmas with various proportions of the

feed gasses. The results show that plasmas with different concentrations of the excited

species were generated at different times during the experimental measurements. These

variations would influence the homogeneity of film growth in the discharge.

It is important to note that varying the H2 content in the CH3SiCl3-Ar-H2 source gas

mixtures caused significant changes in the intensities of the Si, Si? and CH optical

emissions. An analysis of the results indicates that the relative density of silicon atoms in

the plasma is controlled mainly by the plasma activity (the electron number density and the

shape of the EEDF), and that the Si? and CH densities are coupled to products of sput-

tering of the growing film surface. Valuable and practical information regarding the

competition between the deposition and chemical sputtering of already deposited material

may then be inferred from measurements of the Si II or CH spectra, and the results can be

used to optimize the PACVD process.

At the present time, the available data do not allow us to have a more advance dis-

cussion on a deposition model of films made from the decomposition of methyltri-

chlorosilane/argon/hydrogen mixtures in a low frequency plasma device. We leave this

matter for future discussion when more experimental data will be available.
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