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PROBING PROPERTIES OF COLD RADIOFREQUENCY PLASMA
WITH POLYMER PROBE
Bormashenko E., Chaniel G., Multanen V., Ramat Gan,
Israel

Abstract: The probe intended for the characterization of cold plasma is introduced. The probe
allows estimation of the Debye length of the cold plasma. The probe is based on the pronounced
modification of surface properties (wettability) of polymer films by cold plasmas. The probe was tested with
the cold radiofrequency inductive air plasma discharge. The Debye length and the concentration of charge
carriers were estimated for various gas pressures. The reported results coincide reasonably with the
corresponding values established by other methods. The probe makes possible measurement of
characteristics of cold plasmas in closed chambers.

1. Introduction.

Cold plasmas, produced by electrical discharges in low-pressure gases, consist of a mixture of
highly reactive species, i.e. ions, radicals, electrons, photons and excited molecules.[7] Their composition
and characteristics strongly depend on device parameters, such as vacuum chamber geometry, gas pressure,
gas flow rate and electrical power input and frequency.[7] However, probing of physical properties of cold
plasmas is a challenging task.[4,5] When the cold plasma is open, such probing may be successfully carried
out with the Langmuir probe.[9] When the cold plasma is enclosed in a chamber the probing procedure
becomes far from to be trivial. At the same time, the precise data concerning the physical properties of
plasma (especially the concentration of charged particles) is crucial for a diversity of applications of cold
plasma, in particular, materials science application of plasmas.

Cold plasma treatment is broadly used for modification of surface properties of polymer
materials.[1,4] The plasma treatment creates a complex mixture of surface functionalities, which influence
surface physical and chemical properties and results in a dramatic change in the wetting behaviour of the
surface.[10-17] Surface modification of polymers by cold plasmas allowed various applications of plasma
for cleaning, printing and coating processes.[1,4,7]

In our paper we introduce the polymer-based probe, exploiting surface functionalization of
polymers by the cold plasma, allowing effective characterization of plasma in closed chambers.

2. The role of a sheath in the interaction of cold plasma with polymer materials.

At the edge of a bounded plasma, a potential exists to contain the more mobile charged species. This
allows the flow of positive and negative carriers to the wall to be balanced. In the usual situation of the
plasma, consisting of equal numbers of positive ions and electrons, the electrons are far more mobile than
the ions. The plasma will therefore be charged positively with the respect to a grounded wall. The non-
neutral potential region between the plasma and the wall is called a sheath.[7] Spatial distributions of charge
carriers and a potential in the vicinity of a sheath are depicted in Fig. 1.

When a polymer sheet (film) is placed into chamber containing a cold plasma, it is also surrounded
by the sheath (polymer sheet works as a wall), as shown schematically in Fig. 2. The thickness of the sheath
is on the order of magnitude of the few Debye lengths of the plasma given by:
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where 7, is the temperature of electrons in units of Volts, e is the charge of electron, n, = n, =n,

is the density of charge carriers far from a wall, depicted in Fig. 1.[1] The experimental establishment of 7,

in a closed chamber containing plasma is a challenging experimental task. We introduce the probe allowing
the estimation of parameters of plasma based on surface effects produced by cold plasma on polymer films.

3. Probe allowing experimental estimation of parameters of cold plasma.

It is well known, that the cold plasma modifies strongly surface properties of organic materials,
resulting in the dramatic change of their wettability.[3,18] It is also generally accepted that the strong
hydrophilization of polymer surfaces by cold plasma is at least partially due to the re-orientation of
hydrophilic groups of polymers towards the solid/air interface, occurring under the cold plasma
treatment.[2,19,22] This re-orientation results in the increase of the dipole-dipole interaction between the
plasma-treated polymer and a liquid, contacting with this polymer.[17,19,20] It is reasonable to attribute the
re-orientation of hydrophilic groups of polymer chains to the collisions of these groups with ions accelerated
by the electric field of a sheath, displayed in Fig. 1. [7] The electrons of the sheath practically do not
transfer energy to much heavier hydrophilic moieties of polymer chains. Thus, it is plausible to suggest that
when the sheath is not formed, and ions are not accelerated by the electric field of the sheath, the influence
of plasma on a polymer will be essentially weakened.

This hints an idea of the plasma probe displayed in Fig. 3. This probe contains the glass slide and
polymer film, placed into the aluminium frame, allowing free access of charged particles into the clearance
separating the polymer and the glass slide. Now we place the probe into the chamber containing the cold

plasma. When the clearance / between the glass slide and polymer is larger than the Debye length 72 > 4, ,

the sheath is formed and polymer will be influenced by ions of the sheath; however, when the condition
h < A, takes place the separation of charge carriers becomes impossible and a sheath will not be formed.

Hence, when the condition / < A, takes place the polymer will not feel the presence of plasma, and its

surface properties will remain the same. Thus, varying the value of the clearance separating the polymer and
the glass slide will allow the rough experimental estimation of the the Debye length A, . Thus, the

concentration of charge carriers may be calculated with Exp. (1).

This hypothesis was experimentally checked with two polymers: polypropylene (PP) and
polyethylene (PE). Extruded PP (thickness 30 wum) and PE (thickness 500 um) films were used in our
experiments. The linear dimensions of both of polymer films were the same, i.e. length — 5 cm, width — 2.5
cm. The probe was introduced into the inductive radiofrequency cold plasma discharge (Harrick PDC-32G).
The parameters of plasma were: air pressure - 27orr, power — 18W. The time span of irradiation was 1min.
The clearance & was varied from 10um to 250um. The simplest possible experimental procedure allowing
detecting of plasma impact on polymer films is the measurement of the apparent water contact
angle.[17,19,20] The measurement of water contact angle was carried out under ambient conditions with a
Ramé—Hart goniometer (model 500), immediately after introducing the probe into the chamber. Drops were
placed at the center of polymer plates exposed to plasma. Fifteen measurements were taken to calculate the
mean apparent water contact angle.

The apparent “as placed”,[21] water contact angle 8 was plotted as a function of the clearance 4, as
shown in Fig. 4. When the clearance /4 was larger than 150 um the apparent contact angle of polymer films
decreased dramatically. Starting from the critical value of /4,~100-120 um the impact of plasma on
polymers was weakened, and when the clearance was less than 50 um, no influence of plasma on wetting
properties of polymers was registered, as demonstrated in Fig. 4. It should be emphasized that the results
were the same for both of polymers used in our investigation, as it is seen from Fig. 4. This means that the
critical value of clearance 4., depends on the properties of the plasma sheath only. Thus, the thickness of the
sheath may be estimated roughly as d~h.~100 um. Thus, for the rough estimation of the concentration of
charge carriers far from a wall n,), we obtain using Exp. (1):
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where A, = % ~ N 5 =30um;T, =1+10V are taken for a sake of estimation of 7). The
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concentration of charge carriers, supplied by Exp. (2), coincides reasonably with the values typical for
inductive cold radiofrequency plasma discharges.[8,9]

Summary.

We introduced simple probe intended for the characterization of cold radiofrequency plasma. The
probe is based on the change of surface properties of polymer films caused by the cold plasma. This change
is mainly due to the formation of plasma sheath surrounding a polymer film. The sheath accelerates ions
colliding with a surface of polymer film. These collisions result in a dramatic change of wettability
(hydrophilization) of polymer films. The proposed probe contains the glass slide and a polymer film, placed
into the aluminum frame, allowing a free access of charged particles into the clearance separating the
polymer and the glass slide. When the clearance between the glass slide and polymer is smaller than the
Debye length, the sheath is not formed within the clearance. Hence, in this case the wettability of polymer
will remain unchanged. This hypothesis was tested experimentally with use of polyethylene and
polypropylene films. Indeed, starting from the certain threshold, minimal value of a clearance, the apparent
water contact angle of polymer remained unchanged. The thickness of the sheath is on the order of
magnitude of few Debye lengths. Thus the Debye length of the plasma was estimated. In our experiments
carried out with inductive radiofrequency cold plasma the Debye length was estimated approximately as 50

um. The concentration of charge carriers was established respectively as: 7, =2-10"° +2-10"m . This

value coincides reasonably with the values of concentrations typical for cold radiofrequency plasma
inductive discharges, established by other methods. It is noteworthy that the probe allows measurement of
characteristics of cold plasma in closed chambers.
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HIATOTOBKA MAMBYTHIX YUHATEJIB BIOJIOT'TI
J10 BIPOBAI’KEHHSI B HABYAJIbHO-BUXOBHWI MPOLEC TPATUIIITHHUX
TA IHHOBALIMHUX METO/IB IIPOBEJEHHS EKCKYPCII
Bysano T.€., I'onyoniok B.O., Tpoxonenko A.P.
Kuie, Ykpaina

Bumoru wacy i po3nodara paaukainsHa peopma CHCTEMH OCBITH B YKpaiHi OPi€EHTYIOTh HHHINTHIX
1 MalfOyTHIX BHKJIaJadiB Ha BiIMOBY BiJ] aBTOPUTAPHOI'O CTUJIIO HABUAHHS HAa KOPUCTh T'YMaHICTUIHOTO
MiAX0y, Ha 3aCTOCYBaHHs MeTOAiB i GopM poOOTH 3 YUYHSMH, IO CHPHUSIOTH PO3BUTKY TBOPYHX 3acaj
0cO0OHUCTOCTI 3 ypaxyBaHHIM iHANWBIAYaIbHUX OCOOIMBOCTEH yUaCHUKIB HaBUaIbHO-BUXOBHOTO MPOLIECY .

Omwiero 3 GopM opranizamii HaBYaIEHOT poOOTH 3 0i0JOTii € eKCKypcii B mpupoxy Ta My3ei. L
¢dopMma mependaueHa 0OoMa YMHHMMHU Tporpamamu 3 Oiosiorii [4, 9] i € 00OB’SI3KOBUMHM IJisl BTUICHHS B
HaBYaJIbHO-BUXOBHHI TPOLIEC.

[IpoTte, Ak mmoOKa3zye aHami3 MPAKTUYHOI [isSUIBHOCTI y4HTeNiB-Oionorii, OaraTopiyHHi TOCBiI
MIPOBEICHHS TIEIaroTiYHOl MPAaKTHKHU CTYICHTIB MalOyTHIX yuuTelniB 6iojorii y mkonax micta Kuesa, mumre
HEe3HayHa KiIBKICTh YUYHTEINiB MPOBOAMUTH Wi eKcKypcii. Lle mosicHIoeThes K 00’ €KTMBHUMH — BiACYyTHICTb
HEOOXiTHUX OO0 €KTIB JUIA CIIOCTEpEKEHHS B Oe3mocepenHiil ONM3BKOCTI BiA MIKOJH, MEpEBaHTAKEHICTh
VYHIB 3 YCIX NpPEIMETiB, yJacTh INKOJISIPIB Y CHOPTUBHHUX CEKIIAX Ta TYpPTKax, IO YHEMOXKJIHBIIOE
MPOBENIEHHS EKCKYpCiii y Mo3aypodHuil 4ac, Tak i Cy0’€KTUBHHMH (aKTopaMH — IACHBHICTIO JESKUX
yuuTeniB Oiomorii.

3aranpHOBIIOMO, IO €KCKYPCis PO3IIHPIOE KPYro3ip YUHIB, PO3BUBAE CIIOCTEPEIKIUBICTD, YMiHHS
0a4ynTH Te, UIO paHillle 30CTaBaNOCs 033 YBArok, BUPOOJISE MPAKTUYHI HABUYKH, BMIHHS OPIEHTYBaHHS B
npocTtopi, Tomo. [2]. Benrke 3HaueHHs €KCKYpCill MOJIATae Yy TOMY, IO LIKOJISIPi 3HAHOMIISTHCS 3 BUAOBUMHU
Ha3BaMH POCJIMH 1 TBapuH, L0 3POCTAIOTh TA MELIKAIOTh y MICLEBOCTI HIKOJHM, Mi3HAIOTH MPaKTHYHE
3HAYCHHS POCIHH i TBAPUH Y €KOCUCTEMI, NI3HAIOTHCS, SKi POCIIMHA € OTPYHHUMH 1 PiTKiCHAMH.

IkinpHa ekcKypeis — popMa HaBYAITbHO-BUXOBHOI POOOTH 3 KJIACOM a0 TPYIOI YYHIB B YMOBax
NPUPOAHOro JaHmmadTy, BUPOOHUITBA, MY3€l0, BUCTaBKH, METa SIKOi - CIIOCTEPEKEHHS I BHUBUCHHS
YUIHSAMH Pi3HOMaHITHUX 00'€KTIB Ta ABHII AificHOCTI. [IpakTHyHe i MeTOMUYIHE OOTPYHTYBAHHS O10JIOTIIHUX
exckypciit pozpoous O. S. I'epa. Bin yka3yBaB Ha HEOOXiIHICT B3a€MO3B'A3KY YPOKY 3 eKcKypciero. [nei O.
4. Tepna po3suBanu BueHi-meroauctu B. B. [Tomoeios, b. €. Paiikos, M. M. Bep3inin, B. M. KopcyHchka,
10. 1. Ilonsucekwii, 1. M. ITonomapsoBa, 1. T. Cypaserina. [8]. I3 cyuacHux y4enux-meromuctiB ['punait
Haranist BormaniBHa y cBoix po0oTax MpHIiyisie 3HAYHY yBary Oprafi3auii i MpoBeAEHHsS EKCKypcid 3
6iomorii. [3].

Ha mouaTkoBHX eTamax 3alpOBaUKEHHS €KCKYPCiH y IIKUJIbHY HNPAaKTHKY BOHM YCBiIOMIIIOBAJIUCH
SIK METOJT HaBYaHHs. 3r0JI0M €KCKYypCis Ha0yJia CTaTyCy caMOCTiHHOT (hOpMH HaBUaHHSI.

Exckypcii B HaBuanbHiil iporpami 3 6ioJorii po3milieHi okpeMuM OJIOKOM Y KiHI[I KOKHOTO KIIacy,
BIJMIOBIIHO YYHTENb MOXKE CaMOCTIMHO Ha CBil pO3CyH BHM3HA4aTH KaleHAApHUN Yac MPOBEACHHS Ii€i
dhopmu pobdotn. Hanpukman, ekckypcito 6 xiacy «Pi3HOMaHITHICTE POCIIHH CBOTO KParo» MOKHA IIPOBECTH
y BepecHi IpH BUBUEHHI TeMU «BCTym», 0 crpusTHME pO3BUTKY MOTHBAIIl yUHIB O BUBUEHHS 0i0JIOTiI.
Ockinpku IKOJISIpI MobauaTh, MO 00’€KTH BUBYEHHS POCTYTh y MICHEBOCTi, A€ BOHHU JKUBYTh, - MalOTh
MPaKTUYHE 3HaueHHA. AOO BECHOIO Mmicis BUBUCHHSA TeMH «Pi3HOMaHITHICTH pociuu». B npoMy BUmagky
yuuTenb Oyme ¢GopMyiIIOBaTH 3aBIaHHS JUIsI YUHIB, CHpPSIMOBaHI Ha y3araJlbHEHHS 1 CHCTEMaTH3aIliio
HaBYAIBHOTO MaTepiany.

Ilpn nmanyBaHHI poOOTHM y KaJeHIAPHO-TEMAaTHYHOMY IUIaHI BYMTENb 3a3Jalierilb BU3HAUa€
TepMiHH TIPOBENEHHS eKCcKypciid. Ha ypokax, mo mepemyioTh eKCKypcCisM, 3HAHOMHUThH YUYHIB i3 TIEBHUMH
MPUPOJAHUMHE SIBUIAMH, SIKI BHBYATHMYTHCS O€3MOCepelHbO B NMpHPOAi. Bumrens mependavae Takox i
3BOPOTHUH 3B'SI30K - BUKOPHUCTAHHS MaTepiaiiB eKCKypCiii Ha HACTYITHHUX ypOKax.

[Ipote He 3aBxkaAM € 3MOra OpraHi3yBaTH IependadeHi MIKIIBHOK IPOrpaMoi0 eKCKypCii
Oe3nocepeqHbO y MPHPOJII YW Ha BHPOOHMITBI. [HKONM TOTOIHI YMOBH HE IO3BOJISIIOTH peallizyBaTd
HaMiueHHH TJIaH 1 MPOBECTH EKCKYpCilo Mo oOpaniii Temi. Ta il ckiIamgHO B JOCHTH KOPOTKHH TepMiH B
pamMKax MIIoXiJHOT eKCKypCii MO3HAHOMHUTHUCS 3 PI3HUMH 00'€KTaMH, IO MPECTABIAIOTh Ty YU iHIITY TEMY,
OCKUTBKHM J1aHi 00'€KTH MOXYThH IepeOyBaTH Ha 3HAYHUX BIICTaHSIX OIWH BiJ OJHOTO, IO BEAE 0 BTOMH
VUYHIB 1 PI3KOTO 3HIKCHHS CIPUHHATTS MaTepiany, BTpaTh iHTepecy. 3a TaKHX YMOB MOXKHAa IPOBECTH
BipTyaJbHY €KCKYpCit0, CTBOPEHY CAMHM BUYHUTEJIEM a00 yUHSAMH ITiJ HOro KepiBHUITBOM [1,5].



