
 

Gas temperature dependence of coagulation onset times for
nanoparticles in low pressure hydrocarbon plasmas
Citation for published version (APA):
Beckers, J., & Kroesen, G. M. W. (2013). Gas temperature dependence of coagulation onset times for
nanoparticles in low pressure hydrocarbon plasmas. Applied Physics Letters, 103(12), 123106. [123106].
https://doi.org/10.1063/1.4821449

DOI:
10.1063/1.4821449

Document status and date:
Published: 01/01/2013

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1063/1.4821449
https://doi.org/10.1063/1.4821449
https://research.tue.nl/en/publications/c311148a-fdb0-4ee3-912c-851540e7f2bc


Gas temperature dependence of coagulation onset times for nanoparticles in low
pressure hydrocarbon plasmas
J. Beckers and G. M. W. Kroesen 
 
Citation: Applied Physics Letters 103, 123106 (2013); doi: 10.1063/1.4821449 
View online: http://dx.doi.org/10.1063/1.4821449 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/103/12?ver=pdfcov 
Published by the AIP Publishing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

131.155.151.137 On: Fri, 08 Nov 2013 12:59:19

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1636384410/x01/AIP-PT/Goodfellow_APLCoverPg_102313/New_Goodfellow_Banner0913.jpeg/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=J.+Beckers&option1=author
http://scitation.aip.org/search?value1=G.+M.+W.+Kroesen&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4821449
http://scitation.aip.org/content/aip/journal/apl/103/12?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov


Gas temperature dependence of coagulation onset times for nanoparticles
in low pressure hydrocarbon plasmas
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Onset times for coagulation of nanoparticles in chemical reactive low pressure Ar/C2H2 and

Ar/CH4 radiofrequency (rf) discharges have been measured as a function of the gas temperature

while either the gas pressure or the gas density was kept constant. As a diagnostic, the phase angle

between rf voltage and rf current was monitored. The results demonstrate, within the temperature

range 25 �C–150 �C, that for both gases coagulation is delayed significantly (by more than a factor

of 10) for increasing temperatures. These results are explained in terms of the temperature

dependence of the Brownian diffusion coefficient. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4821449]

Recent significant developments in nanotechnology,

micro-electronics, and lithography have triggered even more

the attention to nanoparticles which are—under many cir-

cumstances—spontaneously grown in processing plasmas.1

Industrial applications where these plasma-grown particles

contaminate, i.e., complicate, production processes are

those used for etching, for deposition, and for sputtering.

Significantly affected are the billion dollar solar cell and

semi-conductor industries and production facilities for the

fabrication of nanotubes and other nanostructures; in many

of these applications, chemical reactive (hydrocarbon) plas-

mas are utilized. Also in future nuclear fusion devices dust

particles formed by plasma-nucleation of wall material influ-

ence plasma operation negatively.2 For all these issues, it is

essential that fundamental processes responsible for the for-

mation of nanoparticles in plasmas are well understood.

Although the research area regarding plasma chemistry in

silane3–5 and hydrocarbon6–10 discharges has significantly

been developed over the last decades, up to today many

details—and especially the observed significant dependen-

cies on the gas temperature Tg—are still poorly understood.

Generally accepted is the four stage formation path through

which dust particles are formed in reactive plasmas:1 (i) for-

mation of negative ions, (ii) nucleation into protoparticles

(several nanometers in size) with time varying charge, (iii)

coagulation into larger particles (>20 nm) with permanent

charge, and (iv) particle growth by deposition of plasma spe-

cies on the particle’s surface. Here, the coagulation stage is

essential since after coagulation the particles have permanent

negative charge, will be confined in the plasma potential, and

can grow towards sizes where they are harmful for the applica-

tion purpose. It was experimentally observed that nucleation in

low pressure argon-silane discharges significantly delays when

Tg is increased.3,4,11–13 In order to understand this delay, sev-

eral explanations have been proposed. Fridman et al.14 pro-

posed as possible explanation an increased de-excitation of

vibrationally excited precursor molecules at elevated Tg.

Perrin et al.15 explained this effect by reduced electron

attachment rates (at constant pressure) forming less primary

anions. Finally, Warthesen et al.16 proposed a decreased gas

density (at constant pressure) explaining the observed effect.

Bhandarkar et al.17 showed in a comparisonal numerical study

that—although present—none of these processes could

adequately explain the observed delay. Those authors demon-

strated that the temperature dependence of the Brownian diffu-

sion coefficient was the most dominant factor in the nucleation

delay in silane.17 With respect to the gas temperature depend-

ence of nanoparticles formation in silane based plasmas, some

researchers have discussed processes in terms of diffusion

times of protoparticles and their critical density necessary of

coagulation onset.18,19 For Ar/CH4 discharges, the temperature

dependence of the coagulation time has been studied experi-

mentally.10 However, although acetylene containing dis-

charges are used very often and in many applications, no

experimental data on temperature dependent coagulation times

have been published in literature up to today.

In this letter, we present measurements of the coagula-

tion onset time scoagðTgÞ in both Ar/C2H2 and Ar/CH4

discharges and as a function of Tg. In order to differentiate

form gas density effects, scoagðTgÞ was measured for both

configurations: (a) gas pressure pg kept constant and (b) gas

density ng kept constant.

The experiments are performed in a grounded cylindrical

aluminum plasma chamber (140 mm in diameter and 40 mm

in height). The electrically insulated top lid of this vacuum

chamber is of the showerhead type (through which gas is

homogeneously supplied) and powered with a 13.56 MHz

voltage signal. The grounded bottom lid is an aluminium grid

with approximately 80% transparency through which the gas

can escape without friction. Based on the used pressure and

gas flow, it can be assumed that operation is within the laminar

flow regime. The temperature of the plasma chamber can be

set at a desired temperature while the gas mixture is supplied

through a stainless steel tube set at the same temperature.

Detailed information about the rest of the experimental setup

is given in Ref. 10. Since the length-diameter ratio of the tube

is larger than 10, it can safely be assumed that the gas temper-

ature is equal to the set temperature. A Smart PIM radioa)E-mail: j.beckers@tue.nl
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frequency Plasma Impedance Monitor of Scientific Systems

measures with 100 ms time resolution the phase angle uRF

between the rf voltage and rf current. In former studies, we

have already shown that the phase angle is an adequate param-

eter to detect particle growth and—especially—coagulation

onset times.10

Fig. 1 shows a typical measurement of uRF as a function

of time. As is common for capacitively coupled discharges,

values close to 90� are measured. In the figure, the earlier

discussed stages (I-IV) are denoted. On these time-scales,

the increased plasma resistivity due to the formation of

negative ions can hardly be observed. In stage II, these ions

continue to grow, while in stage III, the coagulation process

starts. In this phase, the particles gather permanent charge

due to which free electrons are extracted from the discharge,

altering the plasma towards a more resistive regime. As dis-

cussed, in stage IV, the particles grow further and extract

even more free electrons from the discharge. In stage V, the

particles have grown too large and will be lost from the dis-

charge. From measurements, such as presented in Fig. 1, the

coagulation onset time scoag (transition from stage II to stage

III) can clearly be determined. In Fig. 2, scoag in an Ar/C2H2

discharge is plotted as a function of gas pressure for three

values of the gas temperature. As can be observed from this

figure, both increasing the gas temperature and lowering the

gas pressure delay coagulation.

In order to provide more insight in the temperature

dependence, scoag has been plotted as a function of Tg for

constant gas density and for constant gas pressure for an

Ar/C2H2 and for an Ar/CH4 discharge in Figs. 3 and 4,

respectively. Two main observations can be made from these

figures. First, scoag in the case of argon-methane is signifi-

cantly longer than in the case of argon-acetylene. This has

been observed earlier9 and is explained by the fact that—

even in methane containing plasmas—the formation of pro-

toparticles is initiated by anion formation starting from C2H2

molecules. Where in argon-acetylene, anion formation start

straight away, in argon-methane, the CH4 precursor mole-

cules first have to be transformed into C2H2. This additional

crucial step—of course—delays all the following stages.

Also, it should be noted that in order to initiate dust particle

formation in argon-methane discharges, significantly higher

plasma powers (�50 W) are necessary when compared with

the situation in Ar/C2H2 discharges (�5 W). This, as well, is

in agreement with other studies in literature.9 The second

observation is the fact that scoag is significantly delayed as

function of gas temperature under both constant pressure and

constant density. This applies for both gases.

In order to gain insight in the dependence of scoag upon

Tg, we consider that a certain critical density ncr of protopar-

ticles needs to be reached within time scoag, where it is

assumed that all protoparticles have equal size rcr. From lit-

erature, it appears that rcr and ncr do not depend on tempera-

ture.20 Furthermore, these protoparticles are neutral or have

plus or minus one elementary charge. Just after plasma igni-

tion, the bulk of the protoparticles is neutral.21 While diffus-

ing towards the boundaries of the discharge, these particles

might become positively or negatively charged stochasti-

cally. Diffusion of these small particles through a back-

ground gas can be described well with the concept of

Brownian diffusion. A rough estimation of the diffusion time

FIG. 1. Typical behaviour of uRF as a function of time in an Ar/C2H2 dis-

charge (Ar flow: 7.7 sccm, C2H2 flow: 0.5 sccm, plasma power: �5 W). The

four stages in the particle formation process are consecutively denoted with

I to IV. In stage V, particles have grown too large and are expelled from the

discharge.

FIG. 2. Coagulation onset time in an Ar/C2H2 discharge (Ar flow: 7.7 sccm,

C2H2 flow: 0.5 sccm, plasma power: �5 W) as a function of gas pressure for

three values of the gas temperature.

FIG. 3. Coagulation onset time in an Ar/C2H2 discharge (Ar flow: 7.7 sccm,

C2H2 flow: 0.5 sccm, plasma power: �5 W) as a function of gas temperature

for constant gas pressure (0.5 millibar) and for constant gas density

(1.2� 1022 m�3).
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sdif f ¼
K2

ef f

D
; (1)

with half the spacing (¼20 mm) between the upper and

lower chamber lid taken for the effective diffusion length

Kef f and 85 cm2/s taken for the diffusion coefficient D
gives sdif f ¼ 50 ms, much shorter than time scales discussed

here. Positively charged particles are accelerated by the

outward electric fields and are expelled from the discharge

even faster. Negatively charged particles, however,

become trapped within the discharge. This is indeed dem-

onstrated in the work of Ravi and Girshick,21 where the

density negatively charged particles grows with respect to

the density of neutral particles as discharge time evolves.

When the gas temperature is elevated, the Brownian diffu-

sion coefficient—scaling with Tg
3/2 when the gas pressure

is kept constant—increases as well,17 leading according to

Eq. (1) to a shorter diffusion time and, hence, to a short-

ened particle residence time in the plasma as well. Due to

this shorter residence time, the chance that a particle sto-

chastically becomes negatively charged gets reduced.

Therefore, while the production of particles is assumed

constant, at higher values of Tg, it takes longer to reach ncr,

meaning increased values for scoag as shown in Figs. 3 and

4. This conclusion is supported even more by the fact that

when the gas density is kept constant, the influence of Tg is

much less, but still present. This is explained by the fact

that the Brownian diffusion coefficient dependence on the

gas temperature is much weaker, i.e., D scales with Tg
1/2

under constant gas density.

In conclusion, we have monitored experimentally the

gas temperature dependence of the coagulation onset time in

low pressure Ar/C2H2 rf plasmas. These data are compared

with measurements in comparable Ar/CH4 discharges. For

both gases and under both constant gas density and constant

gas pressure, coagulation times are significantly delayed

although the temperature dependence under constant gas

pressure is much stronger. The observed trends could be

explained in terms of the temperature dependence of the dif-

fusion coefficient for neutral nanoparticles.
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