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Nanotopography Engineering on Homopolymeric

Surfaces Using Cold Plasma Generated Charges

Sorin O. Manolache,*1 Klinsmann A. Gutierrez,2 Charles D. Hall2

Summary: Cold plasma as source for charged particles was used to induce nano-

topographies on homopolymeric surfaces (nylon 12, PMMA, PMA, etc.). Hydrogen and

helium plasmas were successfully used for surface nanoengineering of polymers

using inductively coupled or atmospheric pressure non-equilibrium barrier discharge

reactors. AFM analyses reveal the presence of nanotopographies on the treated

surfaces. Physical factors control the process below the Tg and chemical factors

dominate the process above Tg. Pyrolysis GC/MS analyses have been performed in

order to obtain more information about the plasma processes. Cold plasma chemical

processes, including charges effects are discussed as tools that open-up new ways for

nanoengineering of the polymers’ surfaces with specific functionalities and / or

topography. Future nanomanufacturing techniques can generate anti-scratch, super-

hydrophobic or superhydrophilic properties on surface of every day use polymeric

products by simple and convenient plasma enhanced processes.
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Introduction

Miniaturization in the electronics indus-

try,[1] the study of biomolecule immobiliza-

tion and tissue engineering in biotech

applications, MEMS transition to nanofab-

rication,[2] optoelectronic devices, conduct-

ing polymer/organic material devices, and

materials with extreme properties (super-

hydrophilic, superhydrophobic, superoleo-

philic, etc.)[3–5] all require substrates with

specific nanotopographies.

Many studies have demonstrated that

nanotopographies (nano-grains, -pores,

-particles, -ridges or -valleys) stimulate

more possible responses from cells com-

pared with conventional (nanosmooth)

surface topographies[6]; however, the rela-
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tive influence of nanotopography versus

chemistry on cell response has not been

well understand. Biotech applications have

identified the importance of harmonization

of nanotopography of substrate and the 3D

shape of biomolecules (enzyme, proteins,

RNA, DNA, etc.) or cells and tissues.[6–9]

Investigations show that cells respond

strongly to island-type nanotopography

(cell types observed include endothelial

cells, fibroblasts, osteoblasts, leukocytes

and platelets); responses include differ-

ences in adhesion, growth, gene expression

and morphology.[8–12] Extremely fine

separation of DNA can be achieved using

nanopatterned surfaces.[13]

Block copolymers[14–21] or mixtures of

polymers[9,22] have been used as starting

materials for the generation of nanopat-

terned and nanotopography controlled

surfaces, to withstand environmental

changes such as temperature, solvents,

reactive chemical etching, absorption, etc.

The nanotechniques for manufacturing

nanopattern and nanotopography range

from extremely simple ones such as rubbing
, Weinheim wileyonlinelibrary.com
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the substrate[23] or Langmuir-Blodgett

films,[24] up to modified AFM (electrostatic

nanolithography[25]) or TEM (carbother-

mal reduction)[26] analytical instrument

operation. Self-assembling nanotechni-

ques[27–30] are used to generate masks for

selective processing of the surface (e.g.,

etching) or in the direct generation of

nanotopography-containing substrates.

Reactive chemical generation of nanotopo-

graphy[31] and nanoparticle-induced nano-

patterns[32] have also been used for bioap-

plications.

Various methods have been designed for

nanotopography generation,[7–8] including

extreme UV interference lithography

(EUV-IL), soft-lithography techniques

(e.g., replica molding (RM) and microcon-

tact printing (mCP)), nanoimprint lithogra-

phy (NIL), nanosphere lithography (NSL)

(e.g., colloid lithography or block-copoly-

mer micelle lithography), the nanostencil

technique, direct-writing techniques (e-

beam lithography (EBL)), focused ion-

beam lithography (FIBL), dip-pen nano-

lithography (DPN), etc. However, these

techniques are time consuming (i.e., requir-

ing many steps), restricted to certain kind of

materials,[14] and provide limited size/shape

control of the nanostructures on the surface.

The use of large-scale production and/or

cheap materials in new and more demand-

ing fields or in the improvement of current

state-of-the-art properties requires nano-

manufacturing techniques that can modify

the surface of the final objects. Super-

hydrophilic/superhydrophobic properties

provide a good example: nanotopography

must be present in order to get beyond the

normal hydrophilicity range of the materi-

als.[33–34] Investigations have been done in

controlling surface roughness[35–36] at the

nanoscale, chemical generation of nano-

patterns using fatty-acids,[37] polyphospha-

zenes[38] or conducting polymers,[39] and

nanotopography induced by nanoparti-

cles.[40] Superhydrophobic cotton[41] and

biomimetic nanosurfaces[42] have been

reported. However, all the studied methods

use multi-step processes and/or special

composition layers and/or substrates.
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Cold plasmas have been used as a step in

nanotopographies / nanopatterns manufac-

turing,[15,43–46] especially in reactive ion

etching of predeposited or self-assembled

patterned masks into a surface.[1–2,27–30,47–48]

Recent reports investigate the direct use of

plasma for nanopatterning of silicone-

based and nanocomposite materials,[49]

for producing self-assembled layers of

special polymers on surfaces,[47] and for

directly producing micro- and nano-topo-

graphy on PP, PET, PMMA, PTFE sur-

faces.[50–56] However, plasma literature

reports changes, including those at the

nanoscale, of the topography of treated or

exposed substrates. The main hypothesis

suggests material dependent selective etch-

ing of self-assembled nanodomains, thin

film / macromolecules stretching, etc.

Unfortunately, this excludes a possible

solution for many commercially-available

polymers. A systematic study is necessary

to acquire basic knowledge about the

mechanism in order to establish the theo-

retical and practical industrial tools in order

to nanomanufacture surfaces without che-

mical restrictions related to their composi-

tion.

Previous findings from our research[57]

indicate that cold plasma techniques may

be used as a tool for nanoengineering of the

polymer and inorganic surfaces with spe-

cific functionalities and topography. This

paper present recent data showing the

nanotopography effects of charges injected

by plasma environment into polymeric

surfaces in correlation to mobility of the

macromolecular chains.
Experimental Part

Materials

Argon, helium and hydrogen supplied by

Airgas Inc. (Radnor, PA), were used as the

plasma gases for decontamination of the

plasma reactor before experiments and as

well as treatment gases. Nylon 12, poly

(methyl methacrylate) (PMMA) and poly

(methyl acrylate) (PMA) were purchased

from Scientific Polymer Products, Inc. SP2
, Weinheim www.ms-journal.de
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(Omtario, NY) as pelettes or solution.

Samples were spincoated onto 12 mm

diameter stainless-steel mirror-polished

discs from 3% w/w cresol (Nylon 12),

dichloromethane (PMMA) and toluene

(PMA) solutions; samples were heated at

608C for 24 hours under vacuum for

removal of the solvents. Sensors for etching

/ deposition monitor were also coated with

thin polymeric layers by dipping into

solutions, followed by drying for 24 hours

under vacuum oven conditions.

Surface Plasma Treatment

Surface treatment of polymeric substrates

was carried out by argon, helium or

hydrogen plasma in a PlasmaTherm 790

Series Plasma Enhanced Chemical Vapor

Deposition System (Oerlikon Corporate,

Pfäfficon, Switzerland), an inductively

coupled (25 cm diameter sample holder;

ceramic walls, 30 cm internal diameter;

mass flow and pressure controlled; compu-

ter controlled process with multiple steps)

cylindrical reactor. The reactor is equipped

with a 13.56 MHz radio frequency (RF2)

and a 2 MHZ bias (RF1) power supplies.

All the treatment parameters are moni-

tored, controlled and logged by the com-

puter software. Plasma experiments were

preceded by a 10-min hydrogen plasma

(400 W RF2, 200 W RF1, 10 mTorr) clean-

ing procedure to remove possible contami-

nants from earlier plasma reactions. In a
Figure 1.

Images of an atmospheric pressure non-equilibrium p

deposited on metalic substrates in ambient light (left

frequency: 26.3 kHz; voltage: 20 kV.
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typical experiment, after the substrates

were placed on the sample holder, the

reactor was evacuated to a base pressure

level of 10�4–10�5 Torr. RF2 was set to

200 W for all processes and only RF1 was

varied for different biases applied to the

polymeric surface; in this way the local heat

on the surface of the sample was minimized.

At the end of the process, the reactor was

vented by filling with nitrogen and the

samples were stored for further analysis.

Atmospheric pressure plasma modifica-

tion of polymeric substrates has been done

using a glass tubular reactor (inside dia-

meter: 6 mm; outside diameter: 10 mm)

with external ring copper electrodes

(Figure 1) and powered at resonance

(frequency: 26.3 kHz; voltage: 15 –

25 kV). Helium was used as plasma envir-

onment at a flow rate of 4 slm.

Metallic surfaces have been protected

with dielectric (acrylic material) in order to

reduce the loss of plasma generated charges

to environment. Helium plasma flow has

been directed to the polymeric surface of

the sample.

Thickness Monitor

A STM – 100 / MF thickness monitor

instrument (Sycon Instruments, Inc.; Syr-

acuse, NY) have been used to monitor in

real time the global changes of the poly-

meric layers. Polymeric layers were depos-

ited by dipping the 6 MHz quartz crystals
lasma reactor for treatment of thin polymeric films

) and dark conditions; helium flow rate: 4 slm; RF

, Weinheim www.ms-journal.de



Figure 2.

AFM images of nylon 12 samples after hydrogen plasma treatment for 10 min; treatment temperature: 378C; bias

voltage: 180 V (left) and 100 V (right).
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into of the polymer solution and evaporat-

ing the solvent under vacuum oven condi-

tions for 24 hours. The polymeric layers

were exposed to plasma environment in

order to evaluate the global changes of the

layers; thickness have been recorded using

a LabView virtual instrument with a D/A

card / PC system at 20 samples / s for at least

2 minutes; etching rates have been com-

puted as slope of the recorded curves.

Topographical Analysis

Surface morphologies of unmodified and

plasma treated surfaces were evaluated by

atomic force microscopy (AFM) using a

PicoScan instrument (Molecular Imaging,

actual Agilent Technologies, Inc.) operated

at 2 lines/s and 6� 6mm.

Chemical Analysis

Chemical structural information on

untreated and plasma treated samples

was obtained using pyrolysis GC/MS ana-

lysis. Nylon 12 or PMMA film was depos-

ited on the pyrolyzer quartz tube from 5%

solution in cresol or, respectively, dichlor-

omethane. Both tubes and discs samples

were treated in the plasma reactor using the

selected parameters. The untreated and

plasma treated coated tubes were pyro-

lyzed using a Pyroprobe 2000 equipment

(CDS Analytical, Inc., Oxford, PA) at
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA
4008C, 6008C, 8008C and 10008C for 10 s

and with the pyrolyzing chamber at 2508C.

The gas products formed during the

pyrolysis were identified and quantified

using Gas Chromatography / Mass Spectro-

metry (GC-MS) technique (HP 5973 Mass

Selective Detector and HP 6890 Series GC

Systems by Agilent Technologies Co.,

formerly Hewlett-Packard Co.) employing

the following experimental parameters:

capillary column: HP-PLOT Q 30.0 m�
320.00mm ID� 0.2mm thick HP 19091P-

Q04; carrier gas: chromatographic helium

99.9999% purity; constant flow: 2.3 ml/min;

split inlet at 3008C; split ratio 10:1; oven at

308C for 3 min, then 208C/min to 1108C,

158C/min to 1708C and 108C/min to 2608C,

final time: 30 min; post run heating at 2608C
for 5 min; MSD transfer line heater tem-

perature: 2808C; ionization chamber tem-

perature: 2308C; quadrupole temperature:

1508C; MSD mode: scan; MSD recorded

range: 10 – 600 amu; solvent delay time: 0.
Results and Discussion

Previous results[57] were indicating the bias

voltage (the accelerating voltage for charged

particles into surfaces exposed to plasma) as

a main factor for generation of nanotopo-
, Weinheim www.ms-journal.de
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graphies on homopolymeric surfaces

exposed to electrical discharges. The bias

voltage effects were modified by the macro-

molecular mobility (treatment temperature

in respect to glass transition – Tg – of the

polymer). However, the previous investiga-

tions were using various materials with

different Tg plasma-modified at room tem-

perature; the chemical composition of the

material can change the chemistry of the

plasma interaction with the exposed surfaces

even on simple systems. Consequently, we

selected for this study polymers with Tg close

to room temperature (nylon 12: 378C; PMA:

58C) to be exposed to plasma interactions at

various temperatures in respect to Tg.
Figure 3.

AFM images of nylon 12 samples after hydrogen plasma tr

and 518C (right); bias voltage: 45 V (top) and 157 V.
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A design of experiments (DoE) with

Design Expert 7 (Stat-Easy Inc., Minnea-

polis, MN) was used to minimize the number

of experiments; bias (20 – 180 V) and

treatment temperature (17 - 578C) were

selected as parameters for hydrogen plasma

treatment of nylon 12 (Tg 378C). Hydrogen

plasma produced by an inductively coupled

installation was used as a source of charged

particles that were accelerated by different

bias voltages and injected into polymeric

nylon 12 surfaces at various temperatures.

Figure 3 presents the nanotopographies

generated after 10 min hydrogen plasma

treatment at Tg; it can be noticed that

extreme bias voltages (180 V) are produ-
eatment for 10 min; treatment temperature: 238C (left)

, Weinheim www.ms-journal.de
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cing large conical-shape structures, while

lower voltages (100 V) are generating

extremely small features.

Nanotopographies generated on nylon

12 (Figure 3) at treatment temperature

below Tg show small features (100 nm or

smaller) developed on top of long range

wavy surfaces (left side images). Treat-

ments performed at temperature exceding

Tg were producing only waving surfaces

(wrinkles) at much larger scale (right side

images) due to the increased mobility of the

macromolecules exposed to plasma envir-

onment and charged particles.

Computation performed with CAChe

software (Fujitsu Limited) show very small

effects on molecule configurations exposed
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Figure 4.

Pyrolysis GC/MS chromatograms of hydrogen-plasma tre

on quartz tubes and the main chemical compounds.
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to electrical field comparable to the one

created by the bias voltage used in these

experiments. However, ions created on the

molecular chains can produce dramatic

changes in 3D-configuration under these

environments.

Investigation of chemical modifications

of nylon 12 after hydrogen plasma treat-

ments have been performed using pyrolysis

GC/MS techniques of films deposited on

quartz tubes. Typical chromatograms and

main chemical compounds are presented in

Figure 4.

Quantitative analyses of the pyrolysis

compounds at 8008C followed by GC/MS

have been performed for propene, acetal-

dehyde, i-butene, butadiene, acetonitrile,
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Figure 5.

The surface response of 1-pentene and 1-decene quantities (% v/v in total volatile compounds) generated by

pyrolysis GC/MS.
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3-propen-1-nitrile, 1-pentene, 1-hexene,

benzen, 1-heptene, toluene, 1-octene,

xylene, styrene, 1-nonene, benzonitrile, i-

propenyl-benzen, 1-decene, etc. Fast ther-

mal degradation (10 s at 8008C) of macro-

molecules is sensitive to the modifications

produced in chemical structure; however,

plasma environment affects only a thin

surface layer[58–60] of the material that

coexists with the unmodified bulk polymer.

The quartz tubes have been coated with a

very thin layer in order to minimize the

contribution of bulk unmodified polymer in

plasma treated samples.
Figure 6.

AFM images of helium atmospheric pressure non-eq

conditions: A -98C for 3 min; B 198C for 3 min; C 58C for

Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA
Plasma experiments done on photore-

sists[58–60] (polymethacrylates) show an

1 – 2 nm modified layer on the surface

enriched in carbon (amorphous diamond-

like carbon – DLC) and an 100 nm layer

where the fragmentation and/or crosslink-

ing of the macromolecules dominate. The

nanotopography changes and the stability

of nanofeatures is affected by the mobility

of the macromolecular chains; nylon 12 has

long aliphatic flexible part that can be

dramatically affected by crosslinking and

chain fragmentation / degradation / branch-

ing.
uilibrium plasma treated PMA samples; treatment

2 min; D 198C for 9 min.

, Weinheim www.ms-journal.de
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Plasma treatment produces free radicals

that stabilize by cross-linking (high fluence

of ions from plasma[58]) or macromolecular

fragmentation / reattachment of small

branches. As a result pyrolysis GC/MS

show branched compounds and less linear

alkenes during fast thermal degradation;

the unmodified nylon 12 have better chance

to produce alkenes (from 1-propene up to

1-decene; 1-undecene and 1-dodecene are

missing due to decarbonylsation, nitriles

and other compounds release from the ends

of mers (Scheme 1)).
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The regressions for 1-alkenes (contour

diagrams in Figure 5 for 1-pentene and 1-

decene) show domains at high bias voltage /

low treatment temperature and low bias

voltage / high treatment temperature (dark

blue area) were the release of alkenes is
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decreased. However, the nanofeatures

(Figures 2 and 3) are produced on surface

of nylon 12 especially at high bias voltage /

low treatment temperature; both the che-

mical compositions of polymer and plasma

environment control the complex process

of nanotopography modification.

The PMA (Tg: 58C) represent also a

good candidate to investigate the tem-

perature influence near Tg for nanotopo-

graphy generation after plasma treatment.

Samples deposited on mirror-finished

stainless-steel and having the temperature
controlled by a 70 W thermoelectric device

have been exposed to a helium atmo-

spheric pressure non-equilibrium plasma.

Figure 6 present typical nanotopographies

generated by plasma exposure at various

temperatures.
, Weinheim www.ms-journal.de



Figure 7.

AFM images of helium atmospheric pressure non-equilibrium plasma treated PMMA samples after 200 nm

etching; A – 2 nm/s for 98 s; B – 3 nm/s for 65 s.
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It can be noted similar waving surfaces

(micron size wrinkles; Figure 6, B and D)

generated during helium plasma exposure

at temperature (198C) higher than Tg.

Lower treatment temperatures than Tg

are producing nanofeatures smaller than

100 nm (Figure 6A) on the material surface.

Treatments performed at Tg result in

surfaces dominated by larger nanofeatures

(over 100 nm) organized in micron size

wrinkles (Figure 6 C).

Hypothesis such as selective etching of

amorphous versus crystalline domains do

not explain totally different nanotopogra-

phies generated on similar polymeric sur-

faces by different plasma environments.

Etching / sputtering PMMA surfaces

using a helium atmospheric pressure non

equilibrium plasma have been performed at

various etching rates. Figure 7 present

topographies generated after 200 nm etch-

ing of the PMMA layer deposited on a

quartz sensor for thickness monitoring

and on a mirror finished stainless-steel. It

can be noted totally different nanotopo-

graphies generated at different currents

through the discharge (different charges

transported from plasma environment to

the walls, including the samples).
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA
Conclusion

It has been shown that various nanotopo-

graphies can be successfully generated on

the plasma-treated homogenous polymeric

substrates. Charged particles delivered by

plasma to exposed polymeric substrates are

playing an important role for the nanoto-

pography modification. Both chemical and

physical factors are controlling the nano-

topographies generated into polymers.

Pyrolysis GC/MS data suggests that slight

modifications of the polymers have been

produced even on the environments with

reduced chemical reactivity.
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