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The present investigation of cyclopropylamine (CPA) pl
asma polymerization in pulsed and
continuous wave radio frequency (RF) discharges leads to the proposition of conditions at
which amine-rich films exhibit a good stability in contact with water. The analyses reveal

complex structure of CPA plasma polymers containing
hydrocarbon chains, primary and secondary amines,
nitriles and possibly imines. The decomposition of the
monomer in plasma is progressing with the composite
parameter W/F (RF power over monomer flow rate) but,
in pulsed discharges, it is possible to deposit the films
with N/C ratio above 0.24 using higher monomer flow
rate. At the optimized monomer flow rate the 280nm
thick film exhibits only 20% thickness loss after 48h
immersion in water and still contains about 5 at% of the
NHx environment.
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ad to unstable functionalization of a thin

layer with rather short duration. It has been
1. Introduction

The deposition of stable amine-rich thin films has attracted

attentionofnumerous researchers due to its greatpotential

applications, such as biomolecule immobilization,[1]micro-

filtration membranes,[2] enzyme electrodes,[3] adhesion

enhancement,[4] or biosensor development.[5] The simplest

technique of amine grafting relies on plasma treatment

in nitrogen or ammonia discharges.[6] However, these
techniques le

near surface

observed that the grafted groups almost disappeared after

several days of ageing in air, and the composition of the

surface became comparable with the untreated layer.[7] In

contrary, the deposition of plasma polymers can enhance

the stability of the surface and reduce theaging effect.[1] For

many years, allylamine has been the monomer of choice

thanks to the presence of vinyl groups that enable free

radical polymerization of this amine compound. However,

allylamine is a highly toxic flammable chemical compound

witha lethal dose LD50 equal to 35mgkg�1.[8]Moreover, the

amine-rich plasma polymerized allylamine thin films

showed a significant decrease in nitrogen concentration

(N/C decreasing from 0.22 to 0.06)[9,10] and film thickness

lossup to90%after the immersion inwater.[11] The stability

can be improved by an increase of plasma power at the

expense of amine concentration in the films.[12]

The application of amine-rich thin films for cell adhesion

enhancement or biosensing requires high stability of

the layer in aqueous media and prevention of trapped

toxic molecules. Therefore, substituents of the allylamine
1DOI: 10.1002/ppap.201300177
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Figure 1. Chemical sketch of CPA.
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monomer are highly required. Recently, it was found that

copolymerization of acetylene and ammonia or ammonia

and ethylene leads to the deposition of stable amine

coatings (thickness loss �15%) bearing around 5 at% of

amine groups, if ahighflowrate of C2H4orC2H2 is used.
[6,13]

Nevertheless, in order to obtain even higher concentration

of the amine groups, a high flow rate of ammonia is

necessary and the coatings deposited in these conditions

suffer from thickness loss (up to 70%) after an immersion in

water. By plasma polymerization of n-heptylamine it is

possible to deposit sufficiently stable (thickness loss�15%)

amine coatings but the concentration of amine groups and

nitrogen in such films is significantly lower compared to

the allylamine plasma polymers (N/C� 0.12).[14] Another

promising technique for the amine-rich coating deposition

is the plasma polymerization of the isomer of allylamine,

cyclopropylamine (CPA). As reported, a low pressure

inductively coupled plasma (ICP) polymerization of CPA

led to a higher amine deposition efficiency compared to

allylamine plasma polymerized layers.[15] Although CPA is

non-toxic and has a high vapor pressure of 32 kPa at 25 8C,
the investigation of CPA plasma polymerization has been

quite limited and no tests regarding the CPA plasma layer

stability are available.

Beside the problems with the stability of amine films in

water, a degradation of surface amine groups occurs during

storage, i.e., during the period between the preparation and

use of the layers. According to the literature, whatever

the method of amine coating deposition is applied, the

amine layers aredegrading rapidly inair.[1]However, itwas

found that the storage of plasma polymerized amine films

in nitrogen atmosphere at �20 8C almost prevents their

degradation.[16]

In this work, the low pressure capacitively coupled

plasma (CCP) polymerization of CPA was studied for wide

rangeof energies (W/F) and stabilityof the resultingplasma

polymers after the immersion in water. According to the

literature, the composite parameter W/F, calculated as the

radio frequency (RF) powerover themonomerflux, strongly

influences the properties of plasma polymers including

their chemical composition and stability.[17–19] The broad

range ofW/F in the present study was achieved by varying

the monomer flow rate and pulsing the RF discharge. The

properties of the pulsed wave (PW) and continuous wave

(CW) plasma polymers are compared because pulsing can

strongly affect the monomer degradation[20,21] or decrease

the compressive stress.[22]
Figure 2. Plasma polymerization set-up.
2. Experimental Section

2.1. Materials

Cyclopropylamine (Figure 1) with a purity of 98% was purchased

from Sigma–Aldrich and used as the monomer for plasma
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polymerization without any further purification. Argon in the

purity of 99.998% was supplied by Messer. Double-side polished

silicon single crystal 111h i (N-type phosphorus doped) substrates

with the resistance 0.5V cm were used for the deposition. All

substrates were cleaned by sonication in the isopropanol (Penta,

99.8%) for 10min.
2.2. Plasma Polymerization Set-Up

The CPA plasma polymers were deposited onto silicon substrates

by using low pressure CCP discharges operating at the

frequency of 13.56MHz. The CCP reactor was a horizontally

mounted glass tube, 8 cm in diameter, closed by two aluminum

electrodes (Figure 2). The perforated grounded electrode enabled

gas feeding whereas the perforated RF electrode was used to

pump the reactor by a rotary pump. The distance between the

grounded and RF electrodes was 18.5 cm. The silicon substrates

were placed on the glass holder 5 cm from the RF electrode in

the height of 4 cm from the bottom of the glass tube. Therefore,

the substrate potential was equal to the floating potential

estimated according to literature[23] as maximum 15V in this

type of discharge.

Prior to the deposition, the substrates were cleaned for 10min

by squared pulsed Ar plasma at on-time power of 20W and

pressure 120 Pa. Different plasma conditions of the deposition,

summarized in Table 1, were tested at the total pressure of 120 Pa.

The flow rate of Ar was set to 28 sccm and regulated by electronic

flow controller Hastings, whereas the flow rate of CPA vapors

was set by a needle valve. For all pulsed plasma conditions, the

pulse repetition function (PRF) and duty cycle (DC) were set to

500Hz and 33%, respectively. Hence, the corresponding plasma

time-ON (TON) and time-OFF (TOFF) were kept equal to 660 and

1340ms, respectively.

The composite parameterW/F and themeanpowerWmeanwere

calculated according to Equation (1) and (2), where W is power

deliveredby theRF generator (Watt), F is thefluxofmonomergiven

in standard liters per second, Vm is the molar volume of the gas
DOI: 10.1002/ppap.201300177
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Table 1. Summary of plasma conditions used for the CPA plasma polymerization.

Monomer flow

rate [sccm]

DC

[%]

On-time

power [W]

Wmean

[W]

W/F

[eV]

Deposition rate

[nms�1]

1 33 20 6.6 88.7 0.2

1 100 20 20 268.8 0.5

0.7 33 20 6.6 126.7 0.3

0.7 100 20 20 384.0 0.3

0.3 33 20 6.6 295.7 0.3

0.3 100 20 20 896.1 0.2

0.1 33 20 6.6 887.1 0.1

0.1 33 30 9.9 1330.6 0.1

Optimization of Cyclopropylamine Plasma Polymerization
(Lmol�1), NA is Avogadro constant and 1.602�10�19 is a modulus

of the electron charge.
Plasma

� 2014
Wmean ¼ W � TON

TON þ TOFF
ð1Þ

W=F ¼ Wmean

F=Vm
� 1

NA
� 1

1:602� 10�19 ð2Þ
Then, the values of W/F are expressed in eV similarly as

described elsewhere.[17] TheW/F valuedoes not represent correctly
the energy invested per monomer molecule because it is not

corrected for power losses outside plasma, the energy absorbed by

Ar atoms[24] and plasma expansion. However,W/F allows relative

comparisonofenergetic conditions for changedmonomerflowrate

and mean RF power because power losses and plasma expansion

were similar in all the conditions used.

The deposition time was adjusted in order to obtain the film

thickness of 280� 30nm except the layers deposited at the

monomerflowrateof 0.1 sccmdue to theextremely lowdeposition

rateat thisparticular condition. The thicknessof thesesampleswas

about of 120nm.
2.3. Optical Emission Spectroscopy

Optical emission spectroscopy (OES) has been carried out using a

Jobin Yvon Horiba FHR1000 spectrometer (Czerny-Turner configu-

ration) with �1m focal length and �2400 groovesmm�1 grating.

An intensified CCD camera (Andor IStar 720) at the exit port of

the spectrometer served as the detector. The specified spectral

resolution is �8pm and the time resolution is in order of

nanoseconds. The relative spectral sensitivity of the spectrometer

was calibrated using a tungsten-halogen lamp in spectral range

from �200 to 750nm.

The optical fiber was placed 10mm from the discharge tube,

perpendicularly to the discharge axis and it collected light above

the sample holder. The overview spectra were recorded with

integration time adjusted to achieve good data quality in the

areas of Ar I lines (696–739nm) and in the CN band (B2Sþ!X2Sþ,
382–388nm).
Process. Polym. 2014, DOI: 10.1002/ppap.201300177
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2.4. XPS

For the characterization of plasma polymer layers, the Omicron

X-ray source (DAR400) and electron spectrometer (EA125) fitted on

custom built UHV system were used at pass energy of 25 eV and

power of 270W. The analysis area was circular with diameter

approximately1mmandtheelectrons takeoff anglewas set to508.
All measurements reported in this paper were performed directly

at a sample surface without any etching, additional treatment

or manipulation. The quantification was carried out using XPS

MultiQuant software.[25]

The XPS C1s, O1s and N1s signals were fitted by the CasaXPS

software after subtraction of the Shirley-type background. The XPS

datacurvefittingswereperformedinaccordancewiththeavailable

literature on binding energies of different carbon and nitrogen

environments.[26,27] The fitting employed Gaussian–Lorentzian

(G–L) peaks with the fixed G–L percentage 30%. The full width at

half maximum (FWHM) was set to 1.8�0.05 eV for all the peaks.
2.5. Optical Characterization (FT-IR and Ellipsometry)

The ellipsometric dataweremeasured in the spectral region of 0.6–

6.5 eV using a phase modulated Jobin Yvon UVISEL ellipsometer

at angle of incidence equal to 658. The optical data obtained for

as-deposited films on Si and dried films on Si after immersion

in water were fitted by the model of one homogeneous non-

uniform film on Si substrate using a PJDOS dispersion model

for SiO2-like materials,[28] assuming a wedge-shaped non-

uniformity.[29] The following parameters were fitted: thickness,

thickness non-uniformity, and dispersion model parameters

describing the electronic structure.

The very good agreement between the data and the fit achieved

for all the as-deposited films revealed that the assumption of

the homogeneous film in the direction perpendicular to the

substrate was valid. After immersion in water, the films exhibited

defects like surface roughness or inhomogeneity but the determi-

nation of the film thickness using the above mentioned structural

model was still possible with a sufficient precision.

Fourier-transformed IR (FT-IR) spectra were obtained in the

transmission mode using a Bruker Vertex 80v spectrophotometer
3www.plasma-polymers.org
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with accessory for a correct transmittance measurement in the

spectral range from 370 to 7 500 cm�1. The data were collected at

pressure of 2.5mbar with the resolution of 4 cm�1 and 500 scans.

The transmittance of the films on Si substrate was divided by the

transmittance of bare Si substrate and the resulting relative

transmittance was used to calculate the film absorbance[30] that

was subsequently normalized to the film thickness. In this paper,

the FT-IR spectra are shown only in the range from 1490 to

3 650 cm�1 because no significant absorption peaks belonging to

thefilmswere identifiedoutside this rangeandthe identificationof

weak absorption peaks below 1490 cm�1 was difficult due to the

strong absorption peaks in Si that could not be reliably subtracted.
2.6. SEM

The plasma polymer surface imageswere analyzed using the field-

emission scanning electron microscope (FE-SEM) LYRA3 XM,

manufactured by Tescan. The instrument provided an extremely

high contrast during the complex morphology investigation. In

all measurements, the electrons were accelerated by a 2 kV high

voltage and the working distance was fixed at �5mm in order

to minimize the charging effect. Images with resolution of

1 024�1 144 pixels were acquired within �1minute. The SEM

analyses were performed directly at the sample surface without

any conductive coating deposition.
2.7. Stress Measurement

The radii of curvature of the coated and non-coated Si substrates

were measured three times using a Brucker DektakXT-A surface

profilometer. The residual compressive stress of the films was

calculated using Stoney’s equation, as described elsewhere.[31]
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2.8. Tests of Stability of Layers in Water

In order to evaluate the stability of plasma polymers in aqueous

media, the deposited layers were immersed in a deionized water

(volume of �5mL) for 1, 24, and 48h. Immediately after the

immersion, ellipsometryandFT-IRanalyseswereperformed,while

XPS and SEM analyses were carried out 2d after immersion test.
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Figure 3. Normalized absorbance of CPA plasma polymers
deposited at fixed power of 20W in pulsed and continuous
wave modes (PW and CW, respectively) at three different
monomer flow rates, 1.0, 0.7, and 0.3 sccm. The type of the
mode, the W/F and the monomer flow rate are given in the
figure for each spectra. The normalized absorbances are shifted
in order to separate the curves.
3. Results and Discussion

3.1. Influence of Discharge Parameters on Chemistry

of CPA Plasma Polymers

AsCPAplasmapolymerizationhas not yet been thoroughly

studied, all important parameters, such as plasma power,

DC, and monomer flow rate had to be optimized for the

deposition of stable amine-rich layers. Tuning all these

parameters separately may require the testing of a huge

number of samples. As discussed in the Section 1, it is

generally assumed that low pressure plasma polymeriza-

tion can be essentially controlled by W/F. Changes of RF
Plasma Process. Polym. 2014, DOI: 10.1002/ppap.201300177

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

rly View Publication; these are NOT the final pag
power led in our experimental configuration to significant

changes of the discharge character. Therefore, the variation

of W/F in the range from 88 to 1330 eV was achieved

by varying the monomer flow rate and DC. Since thinking

of DC as the parameter influencing the power delivered

into the discharge can cause an oversimplification of the

deposition process, the properties of plasma polymers

prepared in both, CW and PW,modes at a similarW/Fwere

compared.

In general, the polymerization of CPA in CCP led to the

deposition of homogenous and adherent layers. According

to SEM micrographs, the films were smooth and free of

cracks or pinholes. FT-IR analyses revealed that whatever

conditions were used the CPA plasma polymers contained

CHx, NHx, andC������Ngroups (Figure 3). The assignment of the

IR absorption peaks, reported in Table 2, was performed on

the basis of comprehensive IR data.[32,33] The presence of

primary amine groups was confirmed by the presence of

NH2 asymmetric and symmetric stretches accompanied

with the NH2 scissoring band at 3 430, 3 365, and

1 640 cm�1, respectively. The peak at 1 640 cm�1 can also

contain a small contribution of imine function C55N.

Additionally, the presence of amide groups cannot be

completely excluded due to the overlap of amide II band

(C55O stretching) and NH2 scissoring. However, the

characteristic NH bending of amide group at �1550–

1 600 cm�1wasnot clearlyvisibleandXPSanalyses showed

a relatively low content of oxygen (Table 3). Secondary

amines could be also present in the films because the

position of >N—H stretching overlaps with —NH2

symmetric stretching. The structure of the CHx stretching
DOI: 10.1002/ppap.201300177
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Table 2. Identification of the absorption peaks in IR spectra.

Type of vibration

Wave number

[cm�1] Type of vibration

Wave number

[cm�1]

NH2 asym. str. 3 430 C—H2 asym. and C—H str. 2 930

NH2 sym. and NH str. 3 365 CH3 asym. str. 2 965

NH2 sciss. overtone 3 265 CH3 and C—H2 sym. str. 2 870

C������N str. 2 245 C������N— and —N55C55N— str. 2 190

—NH2 sciss. 1 640 C55O str. 1 690

NH bend. (amide) 1 550–16 00 C55N— str. 1 640–1 690

Optimization of Cyclopropylamine Plasma Polymerization
band observed below 3000 cm�1 is complex because this

band consists of CH3, CH2, and possibly CH (tertiary sp3

carbon) stretching. The nitrile (C������N), isonitrile (C������N—)

and/or conjugated imines (—N55C55N—)were identified in

the FT-IR spectra as a double peak at 2 245 and 2 190 cm�1.

It can be seen from Figure 3 that the intensities of the

peaks attributed to the monomer structures (NH2 stretch-

ing and NH2 scissoring) are significantly higher for pulsed

plasmas compared to the CW deposition at the same on-

time power. It evidences that PW conditions lead to higher

retention of themonomer structure. Therefore, the concept

of Wmean as the parameter governing plasma chemical

processescouldbeappliedfor thecomparisonofCWandPW

conditions. Interestingly, the nitrile (C������N) and isonitrile

(C������N—) bands were present in the spectra of all plasma

polymers although CPA contains neither C������N nor C������N—

functionalities.

The FT-IR analyses revealed that the structure of the CHx

stretching band depends on the monomer flow rate. As

shown in Figure 3, the films deposited at 1 sccm of CPA in

both, CWandPW,modes exhibited slightlyhigher intensity
Table 3. The elemental composition of the CPA plasma polymers as

Disch. mode,

W/F [eV]

C [at%] N [at%]

Before After Before A

Immersion in water Immersion in w

PW 88 78 78 20

PW 127 78 77 19

PW 296 78 77 17

PW 887 78 77 16

CW 268 79 63 16

CW 384 80 79 15

CW 896 83 82 11

The duration of the immersion is equal to 48h for PW plasma layers w
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of CH3 than CH2/CH asymmetric stretching peaks, while it

is reversed at 0.7 sccm or lower flow rates. It suggests a

higher cross-linking of the films deposited at lower

monomer flow rates, as these layers contain more

‘‘polymer-propagating’’ —CH2— or >CH— groups com-

pared to the ‘‘polymer-terminating’’ —CH3.

In order to compare changes of the deposition conditions

associated with either pulsing or change of the monomer

flow, the W/F defined by Equation (2) is further used as

the macroscopic parameter describing the influence of

the plasma conditions on the polymer structure. The

ratio ICN/ICH, the area integrated from 2300 to 2 055 cm�1

dividedby thebandarea from3050 to 2 800 cm�1, is shown

in dependence on W/F in Figure 4. It can be seen that

the content of CHx is increasing at the expense of CN

for increased W/F. Therefore, the decomposition of the

monomer into CN groups cannot be explained by a higher

energy input and it is discussed below on the basis of

XPS results and OES of the discharge.

The content of NH2 groups is the fingerprint ofmonomer

retention.Unfortunately, the stretchingofNH2 couldnotbe
deposited (before immersion in water) and after immersion in H2O.

O [at%] Si [at%]

fter Before After Before After

ater Immersion in water Immersion in water

16 2 6

15 3 8

14 5 9

14 6 9

12 5 15 0 10

13 5 8

7 6 11

hile CW layers were immersed for 1 h.

5www.plasma-polymers.org
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clearly separated from NH and, therefore, the whole

stretching band from 3530 to 3 130 cm�1 was integrated

in order to obtain INH. The ratio INH/ICH is shown in

dependence on W/F in Figure 4. The obtained tendency

suggests highermonomer degradationwith increasedW/F
and reveals that PWandCWdepositionswith the sameW/F
are not comparable in the final plasma polymerization

product.

In order to confirm the FT-IR results, the samples were

analyzed by XPS. The analyses revealed that the films also

contain oxygen in the amount from2 to 6 at% (Table 3). The

presence of oxygenwas not detected undoubtedly by FT-IR

because the absorption of OH stretching falls into the same

region as NH2 band. The presence of oxygen is most

probably related to the oxygen uptake after exposure of the

amine layer to air, as itwas reportedbefore.[15] According to

the literature,[1,34] the plasma polymers contain a substan-

tial amount of free radicals that are trapped in the layer

duringplasmapolymerization. The subsequent reactions of

these radicals with oxygen during the exposure to air

induce the incorporation of the oxygen-containing func-

tionalities. The increase of the oxygen concentration with

W/F should be related to the higher amount of trapped free

radicals in the amine layers deposited at higher energy

input.

The in-depth homogeneity of the filmswas tested by the

preparation of a set of filmswith four different thicknesses

(30, 120, 210, and 300nm) deposited in PW mode at W/

F¼ 127 eV using different deposition times. The C, N, and O

concentrations were equal to 78.4� 0.3, 19.6� 0.3, and

2.1� 0.3 at%, respectively, for all four films, i.e., the

variation of the film composition was within the range

of the experimental errors.
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TheN/C ratio decreasedwithW/F as shown in Figure 5. It

confirmed the FT-IR results that the monomer structure is

less retained for higher energy input and that the sameW/F
does not produce similar plasma polymers in CW and PW

modes. The decrease of the N/C ratio is slower for the PW

mode and it is comparable to unpolymerized monomer at

lowW/F. Nevertheless, even approximation of the curve to

W/F equal to 0 cannot produce N/C of 0.33 as in pure

monomer. Indeed, CPA does not undergo classical free

radical polymerization and therefore the propagation

of the polymerization process is not possible without

substantial addition of free radicals by the decomposition

of the monomer. However, the pulsing of the discharge

seems to be a very efficient method to suppress the

degradation of the monomer structure.

The XPS C1s, N1s, and O1s curve fittings revealed the

details with regard to the carbon and nitrogen environ-

ments evolution with W/F. A typical fitting of XPS C1s,

N1s, and O1s signals obtained on CPA plasma polymer

is depicted in Figure 6. In accordance with the FT-IR

results, the N1s signal of all the films was fitted with a

sum of three components corresponding to the main

nitrogen environments, amine group (NHx¼1,2� 399.0 eV),

nitrile group (N������C� 399.7 eV) and amide group (N—

C55O� 400.3 eV). The C1s signal was fitted with a sum of

four components corresponding to hydrocarbons (CHx

� 285.0 eV, used for binding energy calibration), carbon

bonded to amine group (C—NHx� 285.9 eV), carbon of

nitrile group and carbon singly bonded to nitrile group

(—C������N/C—C������N� 286.5 eV), and carbon double bonded to

oxygen (N—C55O/—C55O� 288.0 eV). The oxygen spectra

were fitted with two components, namely: acetal and

ketone groups (O—C—O/—C55O� 532.7 eV) and amide

group (O55C—N� 531.2 eV).
DOI: 10.1002/ppap.201300177
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Figure 6. Fitting of XPS peaks of CPA plasma layer deposited in
PW mode at 20W and 0.7 sccm monomer flow rate: a) C1s peak,
b) N1s peak, and c) O1s peak.

Optimization of Cyclopropylamine Plasma Polymerization
Fitting of the C1s signal by three components, instead of

four described above, was also tested but did not provide

satisfactory agreement with the experimental data for

reasonable values of the binding energies (i.e., deviation

with the literature less than 0.2 eV) and the FWHM<2.0 eV

for each the component. It can be seen from the C1s signal

that the intensity at binding energy around286.5 eV is high

compared to the atomic concentrations of oxygen and

nitrogenand, therefore, it is not possible to fit themeasured
Plasma Process. Polym. 2014, DOI: 10.1002/ppap.201300177
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data by taking into account only C55N and C—O bonds.

Since the FT-IR spectra revealed the presence of nitrile and

amine peaks, the high signal intensity at around 286.5 eV

can be clearly explained by a consideration of C������N and

C—NHx environments of carbon. Additionally, the peak

associated with the C—C������N environment had to be

considereddue toastrongelectron-withdrawingsecondary

effect of nitrile group.[27] However, according to the

literature the BE of C—C������N and C������N groups are equal to

286.3 and 286.7 eV, respectively.[26] Such small difference

in BE is insufficient to separate these two contributions

in the spectra obtained by nonmonochromated XPS

machine. Thus, these two contributions were attributed

to one single peak at 286.5 eV.

The results of the C1s and N1s fitting are summarized

in Table 4 and 5. It can be seen from Table 5 that the

concentration of CHx groups is increasing whereas CN is

decreasing with W/F. This confirms the results of FT-IR

presented in Figure 4. It is important to observe changes of

the NHx concentration independently of other functional

groups. It can bemost easily done by the fitting of N1s peak

because theuncertainty of thefitting is higher in the case of

C1s due to a larger number of the expected peakswith close

BE. It appears from Figure 7 that the PW plasma polymers

bear higher concentration of NHx groups (at%) than the CW

plasmapolymersata similarW/F. TheconcentrationofNHx

for the PW layers fluctuates around 9 at% for low W/F and
than decreases down to 6 at% (Table 4 and Figure 7). In the

case of the CW films, the concentration of N—Hx is around

5.7 at% and the significance of its dependence on W/F is

questionable because of low number of samples. However,

the existence of a maximum for the CW layer prepared

at W/F¼ 384 eV was confirmed by the fitting of C1s and

evolution of the C—NHx concentration withW/F (Table 5).
The concentrationofC55O/N—C55Ocarbonenvironment

(amide, ketone, and acetal groups) is always higher

compared to N—C55O environment (amide group) calcu-

lated from N1s curve fitting and thus we should consider

that two types of carbon environment ketone and acetal

and amide groups are both presented in the plasma

polymer. Furthermore, the O1s curve fitting (Figure 6c)

has also confirmed that two types of oxygen environments:

O—C—O and —C55O and O55C—N are incorporated in the

plasma coatingwith the ratioO—C—O and—C55O/O55C—

N being approximately 40:60. Hence, the CPA plasma

polymers contain several types of ‘‘oxidized’’ carbon that

are probably induced by reactionswith oxygen ormoisture

from the atmosphere.

In conclusion, the combination of two characterization

methods, FT-IR and XPS, provided comprehensive informa-

tion about the chemical structure of CPA plasma polymers

and themethodswere supporting each other. The variation

of themonomer flow rate, i.e., variation of theW/F, affected
the CPA plasma layer chemistry. However, this parameter
7www.plasma-polymers.org
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Table 5. XPS C1s environments of the CPA plasma polymers as deposited (before immersion in H2O) and after immersion in H2O.

Disch. mode,

W/F [eV]

CHx [at%] C—NHx [at%] C—C������N/C������N [at%] C55O and N—C55O [at%]

Before After Before After Before After Before After

Immersion in water Immersion in water Immersion in water Immersion in water

PW 89 41.6 45.3 7.1 4.8 26.1 23.3 3.2 5.3

PW 127 40.0 41.1 8.6 6.2 23.8 22.8 4.5 6.6

PW 296 44.0 42.4 6.2 5.0 23.5 23.2 3.7 6.7

PW 887 50.8 49.9 5.6 5.6 17.1 17.1 4.5 6.3

CW 268 45.7 38.3 4.6 1.2 25.1 15.6 3.6 5.8

CW 384 43.1 50.1 5.4 3.9 25.9 19.6 5.6 5.6

CW 896 67.1 66.1 2.6 2.9 9.7 8.2 3.7 4.9

The duration of the immersion is equal to 48h for PW plasma layers while CW layers were immersed for 1 h.

Table 4. XPS N1s environments in at% of the CPA plasma polymers as deposited (before immersion in H2O) and after immersion in H2O.

Disch. mode,

W/F [eV]

N—Hx [at%] N������C [at%] N—C55O [at%]

Before After Before After Before After

Immersion in water Immersion in water Immersion in water

PW, 88 8.5 5.6 9.5 6.4 1.8 3.6

PW, 127 9.2 4.7 8.3 7.1 1.3 3.9

PW, 296 8.6 4.9 7.7 5.7 0.9 3.3

PW, 887 7.0 4.3 6.4 6.2 2.9 3.3

CW, 268 4.7 1.6 10.5 8.2 1.0 1.2

CW, 384 6.7 4.8 6.7 5.3 1.2 3.0

CW, 896 5.7 2.4 3.3 2.8 2.0 1.8

The duration of the immersion is equal to 48h for PW plasma layers while CW layers were immersed for 1 h.
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does not control it independently of the discharge mode,

CWorPW,because thedischargepulsing ismore efficient at

keeping the monomer structure during plasma polymeri-

zation. Thus, the N/C ratio,NHx and C—NHx environments

as well as the N—H stretching and NHx scissoring

intensities of PW plasma polymers are higher compared

to the layersdeposited inCWdischargeat a similarW/F. It is
interesting to notice that at low W/F the amines are

sacrificed in favor of nitriles. However, at higher W/F, the
concentration of nitriles is also decreasing, which leads to

an overall decrease of the nitrogen concentration in the

layers.
3.2. Optical Emission Spectroscopy of CPA Plasma

A question on the nature of nitrile groups formation arose

in the previous section because the layers contained a
Plasma Process. Polym. 2014, DOI: 10.1002/ppap.201300177
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relativelyhighamountof thesegroupsat lowW/Falthough
the monomer does not have these groups in its original

structure. Thenitrile groups canbe generated in the plasma

volumeand incorporated inthe layersor theycanbe formed

directly at the surface due to the reaction between surface

radicals and the monomer. The OES of CPA discharges was

performed under different plasma conditions in order to

get more insight into the origin of nitrile groups and an

overview of the plasma excited species.

All the emission spectra contained emission of CN (the

violet systemB2Sþ!X2Sþ and the red systemA2P!X2S),

CH (A2D!X2P, 431.3 nm), NH (A3S!X3S, 336nm), Ha

(656.3 nm), and Hb (486.1 nm) that are typically present in

the CH4/N2 and allylamine plasmas.[35,36] The CN emission

dominated the spectra because three intense bands of the

violet system appeared in the regions 358–359, 385–388,

415–422nm, and the bands of the red system were
DOI: 10.1002/ppap.201300177
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Figure 7. Evolution of XPS N1s components with the W/F for the
films deposited in PW and CW discharges.
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Figure 9. Ratio of the intensity of CN emission (388.3 nm) over Ar
line (696.5 nm) as a function of W/F.
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distributed above 500nm.[37] Several Ar atomic lines were

detected, the most intense at 696.5, 706.7, and 738.4 nm.

Nitrogen impuritywas indicatedbyaveryweakbandof the

second positive system C3P!B3P detected at 315.9 and

375.5 nm. The very weak band of the OH system (A2S!
X2P) detected at 306–330nm indicated the presence of

water impurity. A typical spectrum of the CPA glow

discharge is given in Figure 8, here for CW plasma at 20W

and monomer flow rate of 0.3 sccm.

The CN, CH, and NH emission bands and H atomic lines

provides information about the dissociation of the mono-

mer although indirectly through the formation of excited

species. The presence of CN emission shows that nitrile

groups can be formed in the plasma phase. The intensity

of CN band head at 388.3 nm divided by the intensity of Ar

line at 696.5 nm was studied in dependence on the W/F
(Figure 9). In first approximation, this ratio can be used to
Figure 8. Typical OES spectrum obtained from the CPA plasma at
20W, in CW mode and using monomer flow rate of 0.3 sccm.
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estimate changes in the concentration of CN radicals

independently of changes in electron density assumed

the electron energy distribution function is not changing

with the variation of W/F. The ratio of the CN intensity

over Ar (ICN/IAr) is decreasing rapidly with W/F. It is

interesting that the concentration of nitriles in the

plasma is the highest at low W/F. The CN radicals are

products of themonomerdissociation and further chemical

processes in the plasma. The high energy input either does

not favor degradation of CPA into CN or causes further

decomposition of the intermediate CN product.

The comparison of Figure 7 and 9 shows how the behavior

of CN emission correlates with the above reported depen-

dence of the nitrile groups concentration on W/F. An

unexpectedly high N������C concentration was determined for

theCWlayerdepositedatW/F¼ 269eV (Figure7andTable4).

It can imply that theCNradicals formed in theplasmagovern

the incorporation of nitrile groups in the coating, i.e., the

originofthenitrilegroupsreliesontheCPAplasmachemistry.

However, adeeper investigationof theCPAplasmachemistry

and understanding of the chemical pathway including all

dissociation and recombination reactions leading to the

formation of the CN radicals are out of scope of this work.

This work aims to deposit amine-rich films that are stable in

aqueous media and, therefore, the major part of the paper is

focused on the characterization of the films deposited at

different plasma conditions and the investigation of their

interaction with water as given in the next section.
3.3. Stability of Plasma Polymers in Water

3.3.1. Thickness Loss and Morphological Changes

According to the literature, one of the common methods

aimed at the investigation of the layer stability in water is
9www.plasma-polymers.org
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the monitoring of the thickness loss during the immersion

in deionizedwater.[6,13,14] It is considered that this stability

is correlatedwith thenumber of the polar groups presented

in the coating and the thickness loss is increasing with

their concentration. Another important parameter affect-

ing the stability of the plasma layer is the presence of

oligomeric (low molecular weight) constituents in the

polymer structure. These oligomers release rapidly upon a

contact with water. Thus, the CPA plasma polymers were

immersed into the deionized water for three different

durations: 1, 24, and 48h in order to distinguish the

effect of the dissolution of the plasma layer due to affinity

of polar groups toward the water and the possible

influence of the oligomeric constituents.

The thickness residue was calculated as the film

thickness after immersion in water divided by the original

(as-deposited) thickness. This ratio is plotted in Figure 10

in dependence on W/F. A significantly different result

was obtained for the CW film deposited at low W/F
because this film was almost completely removed by

water immersion. The SEM micrographs in Figure 11e

showed debris of the film.

Other filmsweremore stable in water and it can be seen

from Figure 10 that the most significant thickness loss

appearedwithinfirst hour of the layer immersion. Then the

thickness of theCPAplasmapolymers becomesquite stable

and no significant change of the thickness was observed

after 48hof immersion compared to the layer immersed for

24h. If the thickness loss was related to the interaction

between polar groups of plasma polymer and H2O

molecules, then the thickness loss would be dependent

on the concentration of nitrogen, as it was reported before

for acetylene/ammonia plasma deposits.[13] Comparing
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Figure 10. Thickness residue as a function of W/F for PW and
CW films immersed in water for 1, 24, and 48h. The initial film
thickness was 280� 30nm except the PW layers deposited at
the W/F� 887 eV that had thickness of 120nm.

Figure 11. Low (left) and high (right) magnification SEM
micrographs of the layers after 48 h immersion in water. The
W/F and discharge mode are given in the figures, the on-time
power was 20W and the monomer flow rates were: a) 1.0 sccm,
b) 0.7 sccm, c) 0.3 sccm, d) 0.1 sccm, e) 1.0 sccm, and f) 0.3 sccm.
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Figure5and10, itbecomesevident that theevolutionofN/C

ratio and the thickness residue does not support this

hypothesis. The N/C ratio is decreasing importantly with

W/F whereas the thickness residue after 1 h immersion is

almost constant for the plasma polymers synthesized at

W/F¼ 126–1 330 eV. On the other hand, the PW layers

deposited at W/F of 88 and 126 eV have similar N/C but

the thickness residue of the latter is higher by 35%. Hence,

there is no direct correlation between the concentration of

polar groups in CPA plasma polymers and their stability in

water. Therefore, it is proposed that major reason for the

thickness loss is related to the dissolution of the oligomers

in contact with water and hydrolysis of the films. The

chemical analyses of the surfaces after the immersion in

water, reported in the next section, were performed to

support this conclusion.

SEM imaging of the films after immersion in water

helped to understand the differences in behavior of CPA

plasma polymers in contact with water. The as-deposited

filmswere so smooth thatnovisible featureswereobserved

by SEM. Their immersion into water induced significant

changes in the surface morphology as shown in Figure 11.

The appearance of the damage and its extent depended on

the conditions of plasma polymerization.

The coating deposited in PW plasma using 1 sccm of CPA

(and lowestW/F)was swallowedandpartiallydelaminated

(Figure 11a). The layer could delaminate because of the

stress induced during the deposition followed by the loss of

adhesion due to water immersion or because of the stress

induced by the interaction with water. Since XPS did not

detect signal of silicon the latter explanation is more

probable because the delamination did not occur at the

interface between the film and the substrate.

By decreasing themonomerflow rate and, i.e., increasing

W/F, the type of damage in the PW coating was changed

substantially. The delamination of the coating was not

observed for theflow rate of 0.7 sccm, i.e.,W/F¼ 127 eV, but

SEM micrographs (Figure 11b) revealed round-shape

defects with the radius of 10–15mm. At even lower CPA

flow rates, the size of round-shape defects increased. The

SEM micrograph in Figure 11c obviously shows large area

cracks. However, the XPS analyses (Table 3) did not support

the conclusion that these cracks are interfacial cracks

causing a film delamination because no silicon signal was

detected.

Aquitedifferentappearanceoffilmdefectswasobserved

for the CW plasma polymer prepared at high W/F
(Figure 11f). The SEM micrographs show very similar

defects to those observed in compressively stressed

hydrogenated carbon films.[38,39] However, again, XPS did

not revealed the Si2p signal and therefore no delamination

at the substrate-coating interface was observed. Thus, the

cracking occurs inside the film due to the stress release.

Nevertheless, the stress of the as-deposited coating (in this
Plasma Process. Polym. 2014, DOI: 10.1002/ppap.201300177
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condition) is equal to 25� 5MPa, i.e., is relatively low.

Therefore, it seems that the stress is drastically increased

by the interaction with water. Vasilev et al.[14] considered

that the stresses after immersion into the water are

induced by the dissolution of oligomeric constituents

causing shrinkage of the film and as a result formation

of cracks in the surface. According to the published

results, the density and size of the pores decreased with

the applied power, while in the present case the behavior is

more complex, as, e.g., the layer deposited with W/F of

896 eV exhibits a stronger damage compared to the layer

deposited at W/F of 127 eV, where a higher fraction of the

oligomers can be expected. Therefore, the origin of the

stress cannot be caused only by the formation of the voids

induced by the dissolution of low molecular weight

fragments from the plasma polymer. It seems that water

molecules penetrate into the bulk of the film and induce

chemical gradients in the coating, causing the stress and, as

a result, buckling of the coating. The confirmation of this

hypothesis is out of the objectives of this paper.
3.3.2. Chemical Changes Induced by Immersion in Water

As expected from the thickness loss, the FT-IR spectra of the

CWfilmdeposited at 268 eV dramatically changed after 1h

immersion in water. The intensity of the peaks decreased

almost to the level of noise due to the very low film

thickness (below 5nm) but the peaks belonging to CHx

stretching and amide II bandwere still detectable. XPS also

did not indicate a complete delamination/dissolution of

the film because the surface composition could not be

explained as a native silicon oxide with some hydrocarbon

contamination (Table 3).

The CPA plasma polymers, excluding the CW layer

deposited at W/F¼ 268 eV, exhibited common chemical

changes induced by the immersion in water and these

changes are discussed below. A representative example

of FT-IR spectra after 1, 24, and 48h immersion in water

is shown in Figure 12 for the PW layer deposited at

W/F¼ 127 eV. The intensities of the double peak at about

2 200 cm�1 (C������N, C������N—, —N55C55N—), NHx stretching,

and NH2 scissoring peaks decreased after the immersion in

water although the absorbance was normalized to the

thickness of layers. Additionally, the peak at �1 650 cm�1

became very broad or even split into two peaks for the PW

film deposited at W/F¼ 887 eV. It could be caused by an

addition of the amide bands: C55O stretching and NH

bending. Thus, FT-IR shows that the immersion in water

leads not only to the thickness loss but also to the chemical

re-arrangement in the films. It is worth noting that no

particular differences in the spectra were observed when

comparing 24 and 48h of immersion and, therefore, the

layers did not suffer further detectable degradation after

the 24h of immersion.
11www.plasma-polymers.org
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According to XPS results in Table 3, the concentration of

carbon does not changed after immersion in water, as the

variation of 1 at% corresponds to the accuracy of the

measurements. On the other hand, the concentration of

nitrogen was decreased by 3–4 at% for all layers while

the concentration of oxygen was increased by the same 3–

4 at%. Therefore, the substitution of nitrogen by oxygen

occurred during the immersion in the water, e.g., through

the hydrolysis of imines C55NH.

In order to analyze the changes in the functional

composition of the plasma polymers after immersion in

water, theN1sandC1senvironmentsarereported inTable4

and 5. From Table 4, it can be seen that N������C and/or NHx

environments decreased by 2–4 at%. At the same time, the

CPA plasma polymers deposited with W/F up to 384 eV

gained the concentration of amide environment N—C55O

by�2 at%. Therefore, awell-known partial oxidation of the

amine groups occurred. Nevertheless, the concentrations of

NHx and N������C environments decreased more significantly

compared to the increase of the amide groups concentra-

tion. Theadditional processes leading to the loss of nitrogen

during immersion will be discussed in the next section.

Concerning the C1s environments (Table 5), it appears

that the C—NHx, C—C������N/C������N, and C55O/N—C55O were

affected importantly by the contact with water. First of all,

both C—NHx and C—C������N/C������N environments were

decreasing while the C55O/N—C55O component was

significantly increased after immersion. Nevertheless, the

concentration of C55O/N—C55O carbon environment is

always lower compared to the atomic concentration of

oxygen and the difference of 2–3 at% cannot be simply

related to the accuracy of the XPS experiment. Therefore,

around 2 at% of the oxidized carbon environment (most

probably C—O)were not explained by the presentedmodel

of the C1s curve fitting. A separate C—O peak was not
Plasma Process. Polym. 2014, DOI: 10.1002/ppap.201300177
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implemented into the C1s curve fitting because it would

significantly complicate the fitting procedure. Therefore, it

should be kept in mind that after the immersion the C������N
environment is also covering a small part (2–3 at%) of

the C—O environment. In order to explain the possible

phenomena induced by immersion in water, the possible

chemical reactions between CPA plasma polymer and

water molecules are discussed below.
4. Conclusion

The CPA plasma polymers were prepared in capacitively

coupled RFdischarges in continuous andpulsed (DCof 33%)

wavemodes. The FT-IR and XPS analyses revealed complex

structure of these plasma polymers containing hydro-

carbon chains, primary and secondary amines, nitriles, and

possibly imines. The W/F influenced their chemical

structure but it did not control it independently of the

discharge mode. A higher retention of the monomer

structure was obtained for pulsed discharges even though

W/F was similar. Using pulsed discharges, the films with

N/C ratio above 0.24 (the perfect CPA polymer should bear

N/C¼ 0.33) were deposited at higher monomer flow rates

0.7–1.0 sccm. These films contained relatively high amount

of amine groups (NHx up to 9.2 at%) as evidenced by the

fitting of XPS N1s signal. At the optimized monomer flow

rate of 0.7 sccm, the PW film exhibited only 20% thickness

loss after 48h immersion in water. The oxygen concentra-

tion introduced by immersion in water was 4 at% and the

film still contained about 5 at% of the NHx environment at

the surface. The degradation of PWCPA plasma polymers is

lower compared to reported stability test of allylamine

plasma polymers and comparable with the results of the

most stable amine plasma deposits, namely C2H4:NH3

(ratio �2:1) plasma layers.[6,9,11]
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