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Quantum cascade laser absorption spectroscopy was used to measure the absolute concentration of

acetylene in situ during the nanoparticle growth in ArþC2H2 RF plasmas. It is demonstrated that

the nanoparticle growth exhibits a periodical behavior, with the growth cycle period strongly

dependent on the initial acetylene concentration in the chamber. Being 300 s at 7.5% of acetylene

in the gas mixture, the growth cycle period decreases with the acetylene concentration increasing;

the growth eventually disappears when the acetylene concentration exceeds 32%. During the

nanoparticle growth, the acetylene concentration is small and does not exceed 4.2% at radio

frequency (RF) power of 4 W, and 0.5% at RF power of 20 W. An injection of a single acetylene

pulse into the discharge also results in the nanoparticle nucleation and growth. The absorption

spectroscopy technique was found to be very effective for the time-resolved measurement of the

hydrocarbon content in nanoparticle-generating plasmas. VC 2011 American Institute of Physics.

[doi:10.1063/1.3599893]

I. INTRODUCTION

Low-temperature, low-pressure plasmas have been suc-

cessfully used in nanoscale synthesis and processing over

the last few years.1–5 The plasma-grown nanostructures dem-

onstrate numerous unique properties (high degree of crystal-

linity, density, etc.) that cannot be achieved using neutral

gas-based techniques. These properties provide excellent

opportunities for the use of these nanostructures in various

nanoscale devices, such as tips of the atomic force micros-

copy, nano-electronic and optoelectronic devices, photovol-

taic solar cells and others.6,7 For the best use of these

plasma-grown nanostructures, their properties (especially

size, shape, and crystallinity) should be precisely controlled

during the fabrication.8,9 This in turn means that the stages

of nanostructure nucleation and growth should be precisely

monitored directly in the reactor chamber. This is an

extremely hard task since the technological process is usu-

ally conducted in low-pressure plasma discharges that pro-

duce intense light and heat fluxes.

Among other plasma-grown nanostructures, the nano-

dust (nanoparticles grown directly in the plasma bulk) repre-

sent a special interest due to their unique properties and

applications in nanoscale assembly by precise deposition

onto the specific locations using specially shaped electric

fields.10–12 The nucleation and growth of the nanodust grains

in plasmas were observed and studied previously.13–15 Nano-

particle growth is usually a very fast and a complex multi-

stage process which is very difficult to monitor. Most of the

present-day diagnostic techniques still lack reliability and

require further development. For an improved insight in the

plasma-polymerization processes, especially to determine

the key precursors in the carbonaceous dusty plasmas, mass

spectrometry has been successfully used by several research

groups.16–18 Nevertheless, a quantitative mass spectrometry

is a very complex technique.

One of the important tasks is real-time monitoring of the

gas and plasma parameters (pressure, density, chemical com-

position) directly in the discharge where the nanodust nucle-

ates and grows. Besides, these measurements are extremely

complex for the molecular plasmas which are increasingly

used in the nanomaterial synthesis technology due to their

extraordinary reactivity and other favorable characteristics.19

There have been several attempts to describe the plasma

chemistry in nanoparticle-generating hydrocarbon plas-

mas.20–22 A mass spectrometry was used to study the role of

positive ions on the chemistry of RF discharges in acety-

lene.23 For pure acetylene discharge they found positive ions

up to C6H2
þ with the most common being C4H2

þ and

C4H3
þ. Platzner and Marcus studied the neutral gas distribu-

tion in a microwave discharge and discussed the reactions

that initiate dust growth.24 Doyle considered the most impor-

tant reactions in a plasma and compared the results with the

experimentally measured partial pressures of H2 and CnH2,

where n¼ 2, 4, 6 (Ref. 25). There were also attempts to

describe the growth of initial nuclei.26,27 Despite these

numerous efforts, the nanodust nucleation and growth

kinetics is still not clear and requires further investigations.

The commonly used probe technique is cheap and simple,

but it exhibits low accuracy due to the probe effect on the

plasma and strong heating of the probe electrode in the

discharge. In the processes utilizing hydrocarbon and silicon-

organic plasmas, the infrared absorption spectroscopy
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techniques could be successfully used since these molecules

or their constituents are active in the infrared spectral region.

The Fourier transform infrared spectroscopy (FTIR) is a

common and effective method for in situ analysis of CxHy

plasmas, but it still lacks sensitivity in the required nanopar-

ticle size range28 unless a multi-pass arrangement was used

to enhance the FTIR signal sensitivity.29 Another possible

technique is the tunable diode laser absorption spectroscopy

(TDLAS) which is a convenient method for measuring the

concentrations of free radicals, transient molecules and sta-

ble products in the spectral region between 3 and 20 lm. The

TDLAS can also be successfully used to measure neutral gas

temperature30 and to investigate dissociation processes in

low-temperature molecular plasmas.31–33

In this work we have used a compact transportable mea-

surement equipment named “Quantum Cascade Laser Mea-

surement and Control System” (Q-MACS) developed by

Neoplas Control GmbH. This system provides an effective

and reliable real-time plasma diagnostics and process con-

trol. The Q-MACS is based on recent developments in

pulsed quantum cascade lasers (QCLs), and offers new pos-

sibilities for infrared absorption spectroscopy.34–36 The

QCLs are able to emit mid-infrared radiation under near-

room-temperature operation conditions. More details on the

commercially available Q-MACS systems can be found else-

where.37 Here, we have used the Q-MACS systems to mea-

sure the absolute C2H2 concentration directly in the

discharge, in real time, to quantify the kinetics of the nano-

particle nucleation, growth, and precipitation in low-temper-

ature RF plasmas. It is shown that the period of the

nanoparticle formation depends on the plasma discharge

power and the precursor gas concentration. Experiments on

the momentary acetylene injection in the discharge also dem-

onstrate the possibility to control the nanodust formation.

II. EXPERIMENTAL SETUP AND PROCEDURES

The experiments were performed in a specially designed

setup consisting of a vacuum chamber, vacuum pump, gas

supply, and two characterization facilities: laser diode-detec-

tor system for the detection of nanoparticles nucleated and

growing in the plasma, and Q-MACS capable of measuring

the plasma parameters (see Fig. 1). The experiments have

been performed in an asymmetric radio-frequency (RF) dis-

charge at 13.56 MHz. Argon and acetylene were used as a

background gas and a reactive precursor, respectively. All

experiments were conducted at a total pressure of 5.5 Pa.

The acetylene flow was varied between 0 and 1.75 sccm in

different series of measurements. To keep the total pressure

constant, the argon flow was adjusted manually with a needle

valve. The turbo-molecular pump has a throughput of 1

mbar� s�1 at the operating pressure, which means the gas

residence time in order of 1 s for the incoming gas flow rates

and the vessel volume. The RF power was varied in the

range of 4 to 20 W. For these operating conditions, the posi-

tive ion density and particle concentrations of 109 cm�3 and

107 cm�3, respectively, were estimated. These numbers are

in a good agreement with the measurements made in the sim-

ilar experimental setup, at the similar discharge conditions.38

The absolute C2H2 concentration inside the vessel was

measured in situ by Q-MACS. Through a current ramp,

the pulsed QCL (pulse width 12 ns) can be tuned with a rate

of 0.25 cm�1 within a spectral range of 1340 cm�1 to

1344 cm�1, where several spectral lines of the infrared (IR)-

active acetylene molecule are available. The absolute acetylene

molecule concentration in the chamber was measured using

the spectral line 1342.35 cm�1. This absorption line was iden-

tified as the rotational-vibrational transition from the ground

level to the first excited state of the two bending modes

�4þ �5 (J¼ 5! 6) (Ref. 39). To calculate the absolute C2H2

concentration in the vacuum chamber, the passing absorption

signal was analytically fitted and internally compared with

spectral data from the high-resolution transmission molecular

absorption (HITRAN) database.40

The nanoparticles in the plasma were studied using

transmitted light of a 658 nm laser detected by a photodiode

connected to an integrated amplifier. The intensity of the

beam passing through the plasma decreases during the parti-

cle formation due to scattering on their surfaces, thus indicat-

ing the nanodust formation.

III. EXPERIMENTAL RESULTS

In Fig. 2(a), we show a photograph of the plasma region,

where the clouds of nucleated dust particles illuminated by a

laser beam are clearly visible. Moreover, a particle-free

region, commonly known as a void, can be observed

between the two clouds. We have observed that the volume

of the void increased during the dust growth cycle, and the

boundary moved toward the electrode edge. The plasma-

grown dust particles precipitate to the lower electrode after

growing above the upper mass limit resulting in the associ-

ated disturbance of levitation conditions, and can be col-

lected on the electrode surface. In Fig. 2(b), we show a SEM

image of typical carbon nanoparticles collected on the parti-

cle collector.

The simultaneously measured time dependencies of the

total pressure in the vacuum chamber, RF electrode self-bias

voltage, transmitted laser light intensity (which directly

FIG. 1. (Color online) Schematic of the experimental set-up. The laser

diode-based system is used to illuminate the dust and measure the dust den-

sity in the plasma. The Q-MACS system provides information about time-

dependent C2H2 concentration in the plasma.
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corresponds to the density of dust particles in the plasma),

and the absolute concentration of acetylene during the parti-

cle formation process are shown in Fig. 3.

At the beginning of this experiment, the total pressure

was 5.5 Pa and the acetylene concentration was 12%. When

the plasma (RF discharge) was switched on, the self-bias

voltage abruptly dropped down to � 330 V. The total gas

pressure and the absolute C2H2 concentration have also dem-

onstrated a similar behavior, dropping immediately from 5.5

to 5.1 Pa, and from 12% to near zero, respectively. After a

few seconds into the process, the transmitted laser light in-

tensity also started to decrease slowly, thus clearly indicating

the formation of dust particles in the plasma. During the next

170 s, the self-bias voltage and the laser light transmission

decrease continuously, with the pressure slightly increasing

(probably due to the changes in the molecule number density

due to chemical reactions). The concentration of acetylene

was nearly constant at a rather low (0–0.5%) level.

When the laser light transmission reached the minimum,

a sudden jump in all measured signals was observed. Indeed,

the self-bias potential has shown an abrupt drop by approxi-

mately 50 V followed by the rapid recovery to �150 V; the

total pressure in the chamber and acetylene concentration

responded with small, but clearly noticed peaks. After that,

the transmitted light intensity signal increased sharply and

eventually reached the initial level, thus indicating that the

line of laser beam sight is dust-free, due to the dust precipita-

tion onto the electrode surface. A further experiment has

demonstrated that the cycle of dust formation, self-bias

build-up, and transmitted light intensity oscillations continue

repeatedly with a stable period.

A series of measurements of the transmitted light inten-

sity oscillations with different initial acetylene concentra-

tions (from 17.5% to 32%) were performed at a constant RF

power of 10 W. To setup the initial acetylene concentration,

the gas flow ratio of Ar and C2H2 before the plasma ignition

was regulated. The graph of the obtained dependencies is

shown in Fig. 4 This graph shows the oscillating behavior of

the transmitted light (and hence, the dust density) at a con-

centration of 29%. This behavior was seen for acetylene con-

centrations between 17 and 30%. With the acetylene

concentration increasing, the growth cycle duration and the

signal amplitude decrease. The oscillations become more fre-

quent and smooth, and finally, the periodic behavior termi-

nates at the acetylene concentration of about 32%.

Interestingly, even at the high acetylene concentration of

about 32% (not supporting the periodic growth behavior) the

system shows several high-amplitude oscillations, which

later decay after reaching some transmission level. It is also

notable that this equilibrium signal level is significantly

lower than the initial signal. Thus, this indicates that at the

FIG. 2. (Color online) (a) Photo of a dust cloud in the plasma illuminated

by the laser diode. The void (a region free of any particles) is clearly visible

in the center, above the powered electrode; (b) SEM image of the typical

carbon nanoparticles collected on the particle collector. The scale bar in the

inset is 200 nm. FIG. 3. (Color online) Comparison of the measurements of the total pres-

sure, the self-bias voltage at the powered RF electrode, the transmitted laser

light, which corresponds directly with the density of the spontaneously gen-

erated dust particles, and the absolute C2H2 concentration in the experiment.

The observation of all of the different parameters show the same effect in

the periodic behavior in the discharge. The growth cycle period s for all

observed parameters is equal.
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high acetylene concentration the particles grow continuously

in the whole plasma bulk, i.e., including the void area

formed at a lower acetylene concentration.

As it was mentioned above and illustrated in Fig. 3, the

period of the growth cycles is constant under preset plasma

conditions. To better investigate this phenomenon, we have

performed a series of the experiments to determine the corre-

lation of the nanoparticle growth cycle with the RF power

and initial acetylene concentration at a constant total pres-

sure. For this, we have measured the dependence of the

growth cycle duration s on the RF power in a plasma with an

initial acetylene concentration of 17.5% and a total pressure

of 5.5 Pa, with the RF power varied between 4 and 20 W.

The measured dependencies are shown in Fig. 5. With

the RF power increasing, the growth period also increases and

finally saturates at the power of 16 W and higher. It is clear

that the increase of the discharge power results in higher dis-

sociation rates of C2H2, and finally in higher concentrations of

radicals such as C2H. On the other hand, an increase of the

discharge power strongly changes the plasma parameters, and

in particular, increases the electron temperature and electron

density. As a result, the negative potential of the plasma-

nucleated particles will also increase and finally, the flux of

the reactive negative ions (such as C2H–, C4H�, etc.) to the

growing particles will be reduced, eventually resulting in the

decrease of the particles growth rates. Thus, the growth of par-

ticles in the plasma is a complex process that depends on the

production rate of reactive molecules/radicals in the plasma,

as well as the plasma parameters which govern the molecules/

radicals flux to the particles.

One can assume that the dissociation rate change is low in

the above power range, thus the dependence of the cycle dura-

tion on the power is weak. With the initial acetylene concen-

tration increasing, the cycle duration decreases strongly, as a

result of the increase in the molecular flux to the dust particles.

However, when the initial acetylene concentration approaches

30%, the dust growth period saturates at about 50 s.

The time-resolved measurements of the variation of

acetylene concentration during the particle growth cycle

have shown that when the initial concentration is below

20%, a rather small amount (about 0.5% for the initial con-

centration of 12%, as shown in Fig. 3) of acetylene is present

in the plasma, which is still sufficient to initiate the nuclea-

tion and sustain the growth in the cyclic mode. In this case,

quite noticeable peaks (up to 2–3%) of the acetylene density

at the time moments corresponding to the low particle den-

sity herald the onset of the nucleation of new particles and

therefore the commencement of the new growth cycle. Simi-

lar measurements conducted in the process with the initial

acetylene concentration above 20% have shown that a signif-

icant amount of acetylene was present in the plasma during

the whole growth cycle. In this case, the particle growth rate

was higher and hence the growth cycle duration was smaller.

When the initial concentration of acetylene was above 32%,

the oscillating behavior disappeared.

The equilibrium acetylene concentration in the plasma

also depends on the RF power applied to the discharge. In

Fig. 6 we show the acetylene concentration—RF power de-

pendence measured for the initial C2H2 concentration of

17.5% and the total gas pressure of 5.5 Pa. At low powers of

4–10 W, the equilibrium C2H2 concentration is relatively high

(4 to 1%), whereas it falls down to 0.5% at 20 W. This result

supports our opinion that the higher discharge power leads to

the higher dissociation rate of acetylene, and hence, higher

concentration of various radicals and ions in the plasma. This

will, in turn, strongly change the plasma parameters and parti-

cle growth conditions and eventually, result in a slight

increase in the growth cycle duration due to changed condi-

tions of the radicals and ions supply to the growing particles,

as we discussed in details above.

To extend the above described measurements conducted

at a constant acetylene flow, an additional experiment has

been performed with one single pulse of acetylene injected

into the argon discharge. In Fig. 7, the time dependencies of

the total pressure, self-bias voltage of the RF electrode, and

absolute concentration of acetylene are shown. During this

experiment, the RF power and argon gas pressure were 10 W

and 5.6 Pa, respectively.

FIG. 4. (Color online) Laser light transmission signal (photodiode). When

the dust cloud arises, the signal decreases. The growth cycle period

decreases with the initial acetylene concentration until the periodic behavior

extinguishes at the concentration of about 32%.

FIG. 5. (Color online) Dependencies of the growth cycle period on RF

power and initial acetylene concentration. The growth cycle period weakly

depends on the power and strongly depends on the initial acetylene

concentration.
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In this experiment, the acetylene flow during the pulse

was 8 sccm, which corresponds to the absolute concentration

of 17% in a steady-state operation without a plasma. Shortly

after the injection of the C2H2 pulse, the total pressure in the

chamber rises to 6.8 Pa, and the self-bias voltage starts

decreasing thus heralding the commencement of the dust for-

mation process. In 10 s after the acetylene injection, no C2H2

is detected in the discharge. After that, the self-bias voltage

decreases very slowly down to �180 V, indicating that the

dust particles are levitating in the sheath. Finally, after nearly

700 s, the self-bias voltage suddenly drops down to the initial

value due to the precipitation of the remaining dust from the

plasma. After that, the argon discharge appears to be free of

dust. An experiment in an Ar/CH4 discharge with a single

C2H2 pulse has demonstrated a similar behavior: the scat-

tered light intensity was increasing transiently and then

dropped down afterwards.29

IV. DISCUSSION

Let us now discuss some interesting physical phenomena

found in the experiments. The effect of the nanodust forma-

tion on the plasma characteristics was reported.10,41 Our

experiments with the Q-MACS have revealed an important

feature of the temporal self-bias behavior in the nanodust

growth process. Indeed, as shown in Fig. 3, the minimum of

the light transmission – time curve (which corresponds to the

maximum nanodust density in the plasma) corresponds to the

strongly pronounced local down-shot of the self-bias – time

curve, with the down-shot width exactly correlating with the

duration of the transmission signal recovery to the initial

(dust-free) level. It is known that the self-bias potential on the

RF electrode is due to the asymmetry of the discharge, which

results in biasing the electrode due to the electron flux from

the plasma. The presence of a negative peak on the self-bias

curve can be explained by the additional charge transfer

between the dust cloud and the electrode;42 hence, this is an

evidence that the particles in the RF plasma are negatively

charged. However, our estimates of the dust density show that

the dust particle charge is not sufficient to completely explain

the changes in RF signals. We assume that a drastic change in

the discharge heating mode, i.e., transition from the ohmic to

the stochastic heating, occurs in this case and eventually leads

to the change in the power coupling;43,44 nevertheless, further

investigations are required to clarify this issue.

When the outward ion drag force is applied to the par-

ticles and the inward electric force become unbalanced, the

particles then start to precipitate and the void is spread out

over the whole electrode; a new growth cycle can then start.

The dust formation starts spontaneously in the dust-free

region over the powered RF electrode.45–47 Hence, we deter-

mine three different regimes of dust formation depending on

the precursor gas concentration in this plasma type: periodic,

periodic-continuous, and continuous particle growth.

According to the present-day concept, the growth of par-

ticles in low-temperature plasma proceeds as follows.46,48

After the nucleation phase, the proto-particles of a few nano-

meter size coagulate due to charge fluctuations49 and can ag-

glomerate to the size of several tens of nanometers similarly

to the coagulation of neutral aerosols.27 Advanced models

provide self-consistent descriptions considering plasma effects

like polarization of a particle in the vicinity of another particle

FIG. 7. Time dependencies of the RF electrode self-bias voltage, acetylene

concentration, and total pressure in the chamber for an argon plasma with

injected acetylene pulse. The changes in the absolute concentration of C2H2

and total pressure are clearly visible. The self-bias behavior proves the

nucleation and growth on nanodust in a single growth cycle caused by the

acetylene pulse injection. The particles are lost after 750 s, and the self-bias

voltage returns to the initial value.

FIG. 6. Dependence of the absolute acetylene concentration in the discharge

on the RF power. The total pressure (5.5 Pa) and the initial acetylene con-

centration (17.5%) were constant during the experiment. The C2H2 concen-

tration decreases with the RF power increasing.
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which causes an ion flow asymmetry, leading to an effective

attraction between negatively charged particles.50,51 This may

lead to the gas-phase formation of the agglomerates with the

sizes comparable with the sizes of particles collected in our

experiments. The density of such agglomerates is quite low

and is typically in the several thousand per cubic centimeter

range.50,51Furthermore, since larger dust particles have larger

collision cross-sections, they act as a sink for neutral radicals

and positive ions, thus they can grow up to several hundred

nanometers.15 Because of the size-dependent force balance,

the size distribution of the dust particles tends to be quite

monodisperse as proven by SEM measurements and is also

consistent with our results.41

The decrease in the acetylene concentration in the

plasma can be explained by considering the details of the

electron-impact ionization and dissociation. The spontaneous

dust formation in the plasma bulk strongly influences the

plasma parameters, especially the electron density, electron

temperature, plasma impedance and chemical composition.

The dusty plasma region outside the void is characterized by

a low electron density and a high electron temperature.52

The increase of the electron temperature can be explained by

the loss of ions and electrons due to the recombination on

the nanoparticle surfaces, which must be compensated by the

increasing ionization rate in order to maintain the dis-

charge.53,54 Thus, the decrease of acetylene concentration is

due to the strong electron impact dissociation and ionization.

As a result, many species (cations, anions, neutral radicals)

are produced by several reactions, for example:55

C2H2 þ e� ! C2Hþ2 þ 2e� ðIonizationÞ (1)

C2Hþ2 þ C2H2 ! C4Hþ2 þ H2 (2)

C2H2 þ e� ! C2H� þ H ðAttachmentÞ (3)

C2H� þ C2H2 ! C4H� þ H2 (4)

C2H2 þ e� ! C2H þ H þ e� ðDissociationÞ (5)

C2H þ C2H2 ! C4H2 þ H (6)

According to de Bleecker et al., the C2H� anion produced in

Eq. (3) plays an important role in triggering the formation of

carbonaceous nanoparticles.56

IV. CONCLUSIONS

It was demonstrated that quantum cascade laser absorp-

tion spectroscopy (QCLAS) is a very useful tool to measure

the absolute precursor gas concentration in nanoparticle-

generating plasmas. The correlation between the particle

growth period and the absolute acetylene concentration

inside the plasma was measured for different RF powers and

initial acetylene concentrations. It has also been shown that

for absolute concentration of acetylene up to 32%, the parti-

cle growth follows a periodic behavior with decreasing the

growth cycle durations. For higher absolute acetylene con-

centrations a continuous nanoparticle growth without peri-

odic behavior was observed. These results, supported by the

measurements of the self-bias voltage and the changes in

dust density, provide insights on the self-induced phenom-

enon of nanoparticle growth and the periodic behavior of

this process under constant plasma parameters. This is im-

portant for various applications based on the plasma-grown

nanoparticles.
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K. Sung, S. A. Tashkun, J. Tennyson, R. A. Toth, A. C. Vandaele, and

J. Vander Auwera, J. Quant. Spectrosc. Radiat. Transf. 110, 533 (2009).
41J. Berndt, S. Hong, E. Kovacevic, I. Stefanovic, and J. Winter, vacuum 71,

377 (2003).
42S. Dap, D. Lacroix, F. Patisson, R. Hugon, L. de Poucques and J. Boug-

dira, New J. Phys. 12, 093014 (2010).

43M. Tatanova, Yu B. Golubovskii, A. S. Smirnov, G. Seimer, R. Bas-

ner and H. Kersten, Plasma Sources Sci. Technol. 18, 025026

(2009).
44G. Franz and M. Klick, J. Vac. Sci. Technol. A 23, 917 (2005).
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