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A simple, direct route to preparation of surface-immobilized hydrogel films is described. Specifically,
low-pressure RF pulsed plasma polymerization of 1-amino-2-propanol and 2-(ethylamino)ethanol
monomers produced thin hydrogel films deposited on substrates located in the plasma reactor. The
successful syntheses were carried out under plasma conditions that not only yield the hydrogel but are
also sufficiently energetic to produce films strongly grafted to the substrates. The polymer films obtained
exhibit the thermoresponsive property of hydrogels, as shown by film color change with temperature.
Additional evidence for the phase-transition properties of these films was obtained using water contact
angle and capillary rise measurements. The plasma-polymerization approach provides an unusually simple
route to synthesizing hydrogels in which the films are pinhole free and have easily controlled thickness.
An important added advantage, particularly for applications involving biomaterials, is the conformal
property of the plasma generated polymer films. The results obtained suggest that this approach should
be applicable to a variety of other monomers and, on the basis of differences observed with the present
two monomers, suggest synthesis of films that exhibit a range of phase-transition temperatures.

Introduction To date, a variety of compounds have been utilized in

Hydrogels are three-dimensional hydrophilic polymeric synthesis of hydrogels. Examples of monomers employed
i i _i i 3-16
structures able to absorb large quantities of water. They arefor this purpose includdl-isopropylacrylamide (NIPAM),

) N - vinyl alcohol®17 ethylene glycol®1® and N-vinylpyrroli-
synthesized by polymenzaﬂop of hydrophilic MONOMETs. The done? Of these compounds, hydrogels made from NIPAM,
extent of the reversible swelling and deswelling property of

N including some involving incorporation of comonomé&rs3
these materials is known to depend on the nature of both . . . .
. . S have been extensively studied for their thermoresponsive
intermolecular and intramolecular crosslinking, as well as behavior near phvsiological temperature. These thermore-
the degree of hydrogen bonding in the polymer network. sponsive h drope?/s exhigbit haseptransitio.ns when subjected
Increasingly, these hydrogels are being utilized in a variety P ydrog P )

.S . . . o to an alteration in the environmental temperature. For
of applications including drug releasé, biosensors, ” tissue ; . .
engineering1° and pH sensors:?2 example, poly-NIPAM is hydrophilic below-30 °C and

becomes hydrophobic above35 °C. The reported phase-
transition temperature for NIPAM is 3132 °C 2426 VVarious
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approaches have been employed to immobilize these thin R

films on solid surfaces. These techniques include electron Transducer ’r RS
beam irradiatior/?® photoinitiated grafting;?>3° use of L ey E
activated and functionalized substrate® and plasma [
polymerizationt314.33-35 ﬂ

The prior plasma generated films, noted above, involved
the use of NIPAM monomer. In the present paper, we report

successful extension of the plasma polymerization approach r Substrate

to synthesis of hydrogel films from other monomers. For T

this purpose, we selected low-molecular-weight and thus N S g

relatively volatile monomers containing both amine and

hydroxyl functionalities. A variable duty cycle pulsed plasma Oscilloscope Amplifier || ;::::‘:tgr - G:nu::tor ‘

was employed to control the film compositions obtained — o
during the plasma polymerizatiodsUnder pulsed condi- lr:elglé:grl. Schematic diagram of the bell-shaped RF plasma polymerization

tions, both the degree of film cross-linking and extent of
retention of the monomer functional groups in the resultant
plasma films can be controlled, to a relatively high degree.
In the present case, our goal was to identify deposition Preparation of the Hydrogel Films. The 1A2P and 2EAE
conditions that would provide a compromise between the monomers were obtained from Sigma-Aldrich, St. Louis, MO, and
degree of polymer cross-linking and retention of the hydroxyl had a stated purity 6f98%. Prior to film deposition, the monomers
and amine groups and thus the extent of hydrogen bondingwere repeatedly freezghawed to remove dissolved gases. Mono-

in the films. The compromise mentioned reflects the fact mer vapors were subjected to a radio frequency (RF) plasma glow
that under pulsed plasma conditions, higher duty cycles discharge, at room temperature, in a bell-shaped reactor chamber
promote increased polymer cross-linking but at the expense(Figure 1). Polished Si wafers were used as substrate for XPS
of retention of monomer structufe.A second important studieg and water contact angle measurements; ATR crystals, made
consideration in this work was to generate hydrogel films rom Si wafers, were employed for the ATR-FTIR spectroscopic
under conditions such that the films were strongly bonded studies’”:38 All Si wafers were sonicated vylth acetone, methanol,
to the substrate supports so as to exhibit sufficient adhesionand hexane t(_) cl_ean the wafer surfaces prior to use. After substrates
and abrasion resistance for use in future applications. Thus were placed inside the reactor, a background pressure of 6 mtorr

both of th Is i ved d d ful adi ‘'was achieved for each run. Oxygen plasma at a 100 W average
oth of these goals involved study and careful adjustment power input was employed to remove any carbonaceous residue

of plasma parameters, particularly the average power iI"pljt'left on the substrates. Monomer vapor was introduced into the

This paper describes a successful, single-step, plasmareactor chamber and an RF glow discharge was maintained at 130
polymerization synthetic route to prepare uniform, conformal mtorr pressure at a 150 W peak power input. Three different power
thin films of thermoresponsive hydrogels from the monomers input conditions were employed, namely, pulsed discharges at 10/
1-amino-2-propanol (1A2P) and 2-(ethylamino)ethanol 30 and 10/10ty/ts, ms) duty cycles, plus runs using a continuous
(2EAE). In each case, the films exhibit rapid moisture uptake wave (CW) operational mode. All samples were prepared using
and the thermoresponsive behavior characteristic of somethe 150 W power input. It was observed that the polymer film
hydrogels. The film compositions were characterized by thickness obtained under the 10/30 and 10/10 conditions varied
ATR-FTIR and XPS spectroscopy, and physical properties Iine_arly with deposition time. This was not trug for the CW film§,
were determined using temperature-dependent contact anglé"h'Ch r_evealed g_dec_rease in the rate of film formation with
and capillary rise measurements? increasing deposition times.

Experimental Section

Characterization of Plasma-Polymerized Films.The 1A2P
(25) McPhee, W.; Tam, K. C.: Pelton, . Colloid Interface Sci1993 polymer films were characterized by ATR-FTIR and XPS spec-
156, 24. troscopies, water contact angle measurement, and capillary rise
(26) Matsuo, E. S.; Tanaka, 3. Chem. Physl988 89, 1695. _ experiments. The ATR-FTIR spectral analyses were carried out
@n E'_e;%mg{?’lg "Féfgnmé?;hﬁ‘zg&hggrgl}é;" Kretschmer, K.; Kuckiing, using a Bruker Equinox 55 FT-IR spectrophotometer. The XPS
(28) Alexandre, E.; Schmitt, B.; Boudjema, K.; Merrill, E. W.; Lutz, P. J.  spectra were obtained using a Perkin-Elmer PSI 5000 series

Macromol. Biosci.2004 4, 639. _ instrument equipped with an X-ray source monochromator. A
(29) Waber, L. M.; He, J.; Bradley, B.; Haskins, K.; Anseth, K Agta

Biomater.2006 2, 1. Rame-Hart sessile drop goniometer, with a small heater and
(30) Liang, L.; Feng, X.; Liu, J.; Rieke, P. C.; Fryxell, G. Bacromol- thermocouple attachment, was used to measure the contact angles

ecules1998 31, 7845. ) of the films over a temperature range of-280 °C. Capillary rise
(81 génfggwa’ H.; Yamamoto, K.; Matsushima, Afal. Chem.1996 measurements were employed to examine the hydrophilic/hydro-
(32) Go, H.; Sudo, Y.; Hosoya, K.; Ikegami, T.; Tanaka,Ahal. Chem. phOblC transition behavior of the thin films with temperature. Glass

1998 70, 4086. ) ) ) capillaries, 1.5x 50 mm in size, were used for this purpose.
(33) 558?23?28?8’7?'; Beyerlein, D.; Nitschke, M.; Wernerl.@ngmuir Ultrapure water was used for the contact angle and capillary rise
(34) Tamirisa, P. A.; Koskinen, J.; Hess, D. Whin Solid Films2006 measurements.

15 2618.

(35) 5Bu?|ett§ l\él3 A,; Talib, R. A.; Short, R. D.; McArthur, S. L.; Shard, A.

G. Surf. Interface Anal2006 38, 1109. (37) Chyan, O. M. R.; Chen, J. J.; Xu, F.; Wu,Ahal. Chem1997, 69,
(36) Timmons, R. B.; Griggs, A. JPulsed Plasma Polymerizatidhs 2434.

Polymer Plasma Films, Biederman, H., Ed., Imperial College Press, (38) Muller, M.; Rieser, T.; Lunkwitz, K.; Meier-Haack, NMlacromol. Rapid
2004 p. 217. Commun.1999 20, 607.
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Figure 3. Energy efficiency plot for formation of 1A2P films as a function
of plasma duty cycles. Efficiency is expressed in terms of film thickness
per joule of power input.
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The initial studies focused on the 1A2P monomer and the

following results were obtained. 0.8
Energy Efficiency of Film Formation under Pulsed and
CW Conditions. It was observed that the polymer film 0.6 -

thickness obtained under the 10/30 and 10/10 conditions
varied linearly with deposition time. This was not true for
the CW films, which revealed a decrease in the rate of film
formation with increasing deposition times. The decreasing
rate with time under CW conditions presumably arises from
an increasing contribution from film ablation at the relatively
high power employed, an observation that has been made in 0.0
numerous prior plasma-polymerization studies. The variations
in film thickness with deposition times are shown in Figure
2. From these data, the energy efficiency of film formation
was calculated for each duty cycle and the results are shown 000 3500 3000 2500 2000 1500 1000
in Figure 3, revealing a clear increase in efficiency with W a
. . avenumber cm
decreasmg duty cycle. This resu“’_ comparable_ to that Figure 4. ATR-FTIR spectra of plasma-polymerized 1A2P films deposited
observed in other pulsed-plasma studies, has been interpretegnder (a) 10/30 ms; (b) 10/10 ms; (c) CW conditions. Spectra A, B, C, and
as evidence for significant film formation during plasma off D shown for each duty cycle represent the sequence as-deposited and after
times36 2, 5, and 10 min of dry Npurge.

ATR-FTIR Characterization. ATR-FTIR spectra of conditions. FT-IR spectra of each film (thicknes200 nm)
1A2P films were studied as a function of exposure time to of the initially prepared moisture saturated plasma films were
purging by a stream of dry nitrogen. These spectra were obtained, followed by spectra recorded after 2, 5, and 10
recorded after the films had been exposed to the atmosphereanin of dry nitrogen gas purging. As shown in Figure 4,
sufficiently long to equilibrate with respect to moisture sequential changes in absorption peak intensities were
adsorption. The resulting spectra are shown in Figurecda  observed with increasingJypurging times. Peak assignments
for films synthesized under the two pulsed plasma and CW for these spectra are as follows: (a) the region from 3600 to

0.4 4

024 .

Absorbance
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Table 1. Percent Atomic Composition of Plasma-Polymerized 1A2P

Films Produced by Varying Plasma Conditions ] 10/30
plasma condition %C %N % O
10/30 70.7 17.6 11.7
10/10 70.4 17.2 12.4
Ccw 75.6 13.7 10.7

~3000 cnt! (N—H and O-H stretching modes); (b) 2970
cm ! (—CHz asymmetric stretch); (c) 2930 crh(—CH,—
asymmetric stretch, (d) 2866 cfn(—CHs symmetric stretch);
(e) 2240 cm?® (—C=N stretch); (f) 2180 cm! (—N=C
stretch); (g)~1650 cnm! (amide G=0 stretch). Atmospheric
absorptions from C@and HO were eliminated by recording ol s -
a background spectrum on an uncoated ATR crystal, which 292 200 288 286 284 282
was then subtracted from each of the polymer film absorp-
tions. As shown in Figure 4, substantial decreases in peak
intensities were observed in both the 36@GBD0O0 cnTt and
below 1700 cm? region with increasing purge times.

XPS Characterization. The atomic compositions of the
films produced under the different deposition conditions are
shown in Table 1. The high-resolution C(1S) XPS spectra
of films obtained from the 1A2P monomer are shown in
Figure 5, arranged in order of increasing plasma duty cycle
employed during deposition, reading top to bottom. As shown
in this figure, there is a significant decrease in the relative
contribution of higher binding energy C(1S) peaks as the
plasma duty cycle employed was decreased. Analyses of the
deconvoluted C(1S) spectra, shown in Table 2, provides a " : :
more quantitative measure of the relative increase in the 292 290 288 286 284 282
higher binding energy peaks. The peak centered at 284.6 eV Binding energy (eV)
represents carbon atoms not bonded to heterogeneous atoms
in this case, neither nitrogen nor oxygen. Other peak
assignments are to-€N at 285.5 eV, C-O plus G=N at
286.3 eV, and NC=0 at 287.8 eV. The progressive
increase in the peak at 284.6 eV as the plasma duty cycle is
increased is indicative of the increase in polymer cross-
linking with increasing average power input. The peak
assignments shown in Table 2 are in accord with known
functional-group binding energi€g.

Contact Angle and Capillary Rise Measurements.
Static, sessile drop water contact angle measurements were
recorded at temperatures ranging from 20 t6¢60or 1A2P
films deposited at the three aforementioned plasma duty
cycles. The results of these measurements are shown in
Figure 6. Notable differences in contact angles, and their . _ _
temperature dependence, are clearly apparent. The low£ Qe Hov essiion S ey pramleson specie o or fime
temperature contact angles increased significantly with higher
power input, ranging from 45for the 10/30 sample, to 85 Table 2. Percent Carbon Surface Functionalities from
for the 10/10 sample, to a value of%6r the film deposited High-resolution XPS C(1s) Spectra of Different 1A2P Films
under CW conditions. The increasing film hydrophobicity, ~ plasma C-H C-N C—O/C=N N-C=
with increasing power input during film formation, is jn _condiion  2846ev  285.5evV ~ 286.3ev  287.8ev
accord with the XPS results that reveal a progressive decrease 18;?8 %-g ig-? %-g o
in heteroatom content, and thus less polar groups, in the film  cw 60.2 13.9 15.6 10.2
sequence 10/30, 10/10, CW. More significantly, a dramatic
increase in contact angle is observed for the 10/30 film, with jn fiim wettabilities were observed with increased temper-
a sharp change in wettability occurring over the temperature gtyre for the other two films. A constant time period (30 s)
interval from 30 to 35C. In contrast, no measurable change \yas employed for each individual measurement to permit

: : : : equilibration of the film with the sessile drop and, at the
(39) ?ﬁ:rgi?gﬁt(jE%@E;b?gg{;b?%lﬁ\m\}v)ﬁ;? ggé%g"ﬁﬁ%@gﬁ same time, to minimize evaporation of water at higher
1992. temperature.

Relative Intensity

Relative Intensity

Relative Intensity

292 290 288 286 284 282
Binding energy (eV)
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weight of swollen films was measured after the moisture on
their surfaces was carefully wiped with a tissue paper.
Swelling ratios (SR) were calculated using SRWyWj,
whereWs and Wy are the weights of the swollen and dry
i - - - - 1A2P films#° The swelling ratio results are summarized in
/ Table 3.
EER i L Plasma Polymerization of 2-(Ethylamino) Ethanol
Monomer. To further test the generality of hydrogel film
synthesis via plasma polymerization, we extended this study
to include a limited number of experiments with a second
monomer. For this purpose, polymer films were generated
using 2-(ethylamino) ethanol (2EAE) monomer. The 2EAE
monomer contains structural features{N and O-H
groups) in common with the 1A2P compound. The 2EAE
experiments included both pulsed and CW runs, under the
same deposition conditions employed with the 1A2P mono-
Figure 6. Static contact angle measurements as a function of temperature mer, namely, pulsed runs at 10/30 and 10/10 ms on/off ratios
for plasma-polymerized 1A2P films produced under 10/30, 10/10 ms pulsed, g CW, all runs carried out at 150 W peak RF power. These
and CW modes. . . . .
films were also characterized using ATR-FTIR and static

The differences in surface wettabilities of the films noted Waler contact angle measurements.

in the contact angle measurements were confirmed by the The IR spectra observed were essentla_lly identical to those
capillary rise measurements. Figure 7 shows the variation©btained from the 1A2P compound, with respect to the
in heights of water column rise in capillaries coated with @bsorption bands. Although the same absorption bands are
the three different 1LA2P plasma polymers. These measure-observed with both monomers, the intensities of the high
ments were made with the capillary tubes immersed in water Wavenumber 3500 to 3100 crhipeaks, relative to the peak

in a petridish. As shown in Figure 7, the rise heights clearly centered around 1600 cr were significantly higher in the
show the increased film hydrophobicity as the plasma duty ¢as€ of 1A2P than in the 2EAE films. As in the case of the
cycle employed during deposition is increased. Additionally, 1A2P films, the 2EAE films exhibited the spontaneous
although the 10/10 and CW films exhibit virtually no change @PSorption of water, as evidenced by the decreased absorption
in rise height when measurements are made atGOthe |n_the high Wavenumbe_r region with purging of the sampl_es
10/30 film shows a sharp drop (i.e., increased hydrophobic- With dry No. As shown in Table 4, the relative decrease in
ity) at this higher temperature. The 6.5 mm decrease in the high wavenumber absorption intensity, as a function of

capillary rise height level observed is consistent with the the plasma deposition conditions with purging, is in the order
sharp increase in water contact angle for this film with 10/30> 10/10> CW, the same sequence as observed with

increasing temperature, as shown in Figure 6. the 1A2P compound. The measurement_of the temperature-
dependent water contact angles, shown in Figure 9, reveal a
dramatic change in surface wettability for the 10/30 sample
but no notable change for the 10/10 and CW samples.
Although this same trend was also observed with the 1A2P,
the ~55 °C transition temperature observed with the 2EAE
is significantly higher than that obtained for the 1A2P films.

—— CW - -8~ - 10110 —a&— 10/30

65

60 + +

—

S ———— S

50 A

‘Water Contact Angle

45 4= —am —1

40 T T T T T T
20 25 30 35 40 45 50 54 60

Temperature (C)

Finally, it is interesting to note that a distinctive color
change is observed for the 10/30 films but not for the other
two films. The color change for the 10/30 samples occur
shortly after the samples are removed from the plasma
reactor. An example of this color change is shown in Figure
8 for samples deposited on polished silicon substrate. The
bright colors shown result from interference effects due to ) .
reflection from the polished Si substrate. It is though that Discussion
the color changes arise from water absorbed thickness change The films generated from the two monomers employed
and not from a change in refractive index. The polymer films, ; tnis study exhibited similar properties in terms of IR
deposited on a transparent substrate, were light yellow in spectra and surface energy changes upon warming. Both sets
color. The actual color changes observed depend on the film ¢ polymer films exhibited a pronounced tendency toward
thicknesg but th_ey allways occur spontaneously, over a shortspomaneous atmospheric water adsorption, which is subse-
time period, with simple exposure of the sample to the q,eny readily released upon exposure to a flow of dsy N
atmosphere. This color change is completely reversible with A more quantitative measurement of the variation in extent
respect to repeated heating and cooling. It is significant to ¢ \yater adsorption with duty cycle changes was obtained
note that no such color change was observed with samples,y measurement of the weight gain by the films, with and
of films produced under the 10/10 and CW conditions.  ithout adsorbed water. The weight changes observed for
_Swelling Studies of 1-Amino-2-propanol Films.1A2P  the 1A2P films are shown in Table 4, in which the swelling
films of 1 um thickness were deposited on tared PET cover ratig is significantly higher for the 10/30 film than the other

slips of 22x 60 mm size and weighed after exposure to the o samples. The IR absorption peak frequencies observed
atmosphere to permit water adsorption. Subsequently, each

fllm W_aS pla_ce_d in a petri dish and immersed with 20 mL of (40) Mandracchia, D.; Pitarresi, G.; Palumbo, F. S.; Carlisi, B.; Giammona,
deionized distilled water at room temperature for 48 h. The G. Biomacromolecule€004 5, 1973.
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Figure 7. Capillary rise experiment of (1) uncoated capillary, (2) capillary coated with 1A2P (10/30), (3) capillary coated with 1A2P (10/10), (4) capillary
coated with 1A2P (CW) at 20 and 4C.
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:
At 20°C
65
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Figure 8. Color of plasma-polymerized 1A2P (10/30) film at 20 and 80 o 45 | I
°C. & 1
=
Table 3. Comparison of Swelling Ratio of 1A2P Films Polymerized We——4— ¢ —0—+—0 — 4
at Different Plasma Conditions
plasma conditions (ms/ms) swelling ratMgqW;) 35 T T ' S
10/30 28.0L 22 20 30 40 50 60 70
10/10 12.5+3.2 Temperature (C)
Cw 75+13

Figure 9. Contact angle measurements with variation of temperature for

Table 4. Comparison of Change in Relative Absorbance of the plasma polymerized 2EAE films produced under 10/30, 10/10 pulsed, and

3600-3100 cnt! Peaks after Dry N, Purge, All Polymer Films

Deposited at 150 W Peak Power CW modes.
plasma condition Aabsorbance that of the 1A2P. Presumably, the higher transition temper-
duty cycle average power (W) T1A2P | 2EAE ature exhibited by the 2EAE film reflects the somewhat
10/30 375 0.44 017 higher cross-linking, and thus the aforementioned le£3 H
10/10 75 0.33 0.14 adsorption, in this film compared to the 1A2P sample.
cw 150 0.18 0.08 The results obtained in this study provide strong confirma-

are essentially identical with both monomers, although there tion of the utility of the plasma polymerization technique as
is some difference in the relative band intensities and the a viable approach to synthesis of hydrogel films. Prior work
magnitude of water adsorbed upon exposure to air. The extentin the area of hydrogel synthesis via plasma polymerizations
of spontaneous water adsorption is considerably more has focused on NIPAM, including a recent thorough study
pronounced with films from the 1A2P monomer relative to of the effects of power input and reaction temperatures on
those from 2EAE, as revealed in Table 4. the composition and thermal responsive behavior of polymer
A second important distinction between the 1A2P and films produced® The present study identifies two new
2EAE films, as shown by a comparison of Figures 6 and 9, monomers that provide hydrogel films under appropriate
is the temperature difference required for the hydrophilic to plasma conditions. It differs from the NIPAM work in that
hydrophobic phase transition for the 2EAE film relative to the volatility of the monomers eliminates the need for heating
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of the monomer or the reactor chamber. As demonstratedachieving a true thermoresponsive hydrogel state via the
in the present study, in common with the NIPAM work, the plasma-polymerization route. At the same time, given the
production of films that exhibit thermoresponsive hydrogel relatively minor variations in atomic compositions (Table
behavior is strongly dependent on the plasma conditions 1), it is clear that the film properties are determined by the
employed. With both monomers, the characteristic hydrogel relative amounts of functional groups present, shown in Table
property of a phase transition with temperature change is 2. It is interesting to note that the thermoresponsive hydrogel
observed only at the lowest average power inputs employed.properties are observed for only one of the three samples
Attempts to produce hydrogel films at even lower average with each monomer. Clearly, the present results suggest that
power inputs were unsuccessful in that those films exhibited changes in molecular structure can produce very significant
significant solubility in water, even at room temperature. film behavior with respect to the thermally induced hydro-
Overall the picture which emerges from this investigation is philic to hydrophobic phase transitions.
that with judicious control of the plasma deposition param-  Finally, it seems reasonable to speculate that the film
eters, in this case the plasma duty cycles, it is possible tochemistry control provided by the variable duty cycle pulsed
produce films that possess significant H-bonding to exhibit plasma technique should provide opportunities to generate
hydrogel properties and at the same time are sufficiently hydrogel films from many other monomers. In particular,
cross-linked to be insoluble in water. For example, the films given the different phase-transition temperatures observed
used in the present study have exhibited long-term stabilitiesin the present work, identification of other monomers may
with respect to immersion in aqueous solutions as well as towell provide a spectrum of hydrogels with transition tem-
repetitive cycling between wet and dry states. peratures covering a wide range of values. We hope to
The film chemistry variations observed with changes in explore this concept in more detail in subsequent studies.
plasma duty cycles are consistent with many prior studies
of film chemistry control, covering a wide range of mono- Conclusion
mers, made available by the variable duty cycle pulsed
plasma approach. As revealed by the XPS, IR, and water A new class of monomers has been used to prepare
contact angle measurements, a decrease in plasma duty cycllasma-polymerized hydrogel films. Molecular structure of
provides an increased retention of the heteroatoms of thethe films has been characterized by ATR-FTIR and XPS
monomers in the polymer films, and thus the degree of SPectroscopies. Variable duty cycle pulsed plasma polym-
polarity in these polymers. The increased retention of €rization has been shown to be an effective route for
monomer structure in the polymer films with decreasing controll_mg moisture uptake and thermoresponsive behavior
plasma duty cycles is believed to arise from the increased©f the films.
importance of film formation under plasma off times, as
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this film chemistry control is of pivotal importance in CM0630688



