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ABSTRACT: Dow Cyclotene 4026 surfaces were treated
by downstream ammonia cold plasma with and without
argon plasma pretreatments. The modified polymer surfaces
were characterized by X-ray photoelectron spectroscopy,
Fourier transform infrared-attenuated total reflection, and
atomic force microscopy (AFM). A 2IV

4�1 fractional factorial
design was developed to identify the optimal processing
parameters. Further experimental investigation has also
been conducted to optimize the operating conditions. The
combined results show that the extent of surface amination
of Cyclotene grows with increase of power, pressure, and
temperature of ammonia plasma treatments both with and
without argon plasma pretreatments. For the treatment time
effect, the results indicate that N/C (nitrogen/carbon) ratios
increase with time and then start to slightly decrease at the

�4-min point, which may be tentatively explained by a
competition between the modification process and the deg-
radation process on the polymer surfaces. AFM results sug-
gest that the upper limit of the operating condition to obtain
a desirable surface topography is 175°C. Based on all the
results from Design of Experiment, experimental data, and
AFM analysis, the optimum processing parameters have
been suggested. Finally, the aging effect of aminated sur-
faces is discussed; further investigation of this effect is still
underway. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 97:
2418–2427, 2005
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INTRODUCTION

Polymers have become widely accepted for in vivo and
in vitro medical applications. Many of these materials
have properties that lend themselves well to the man-
ufacture of medical appliances or devices. Moreover,
polymers are easily molded or formed into complex
shapes and bulk physical properties may be selected
from a wide range of parameters such as rigidity and
temperature stability. Unfortunately, fabrication pro-
cedures that require bonding are difficult to achieve,
and biological interface reactions within the body or in
the laboratory can limit their in vivo and in vitro per-
formance.

Plasma preparation of polymer substrates to en-
hance adhesion to the polymer surface is a proven
technology1 that has been used to attach biomolecules
to substrates.2,3 This work has focused on surface ami-
nation using a downstream cold plasma apparatus.

Cyclotene has been widely used in various elec-
tronic packaging applications. This polymer is derived
from B-staged bisbenzocyclobutene chemistry and has
excellent physical, chemical, and electrical properties,4

which include low dielectric constant, good process-
ability, low moisture absorption (� 0.2 wt %), and
good adhesion. However, for the designed optimiza-
tion of the performance of Cyclotene in biomedical
device application, the ability to fabricate specific sur-
face compositions tailored to a particular application,
e.g., providing stable hydrophilic surfaces, protein re-
pelling surfaces, or surfaces suitable for cell culture,
has caused an extensive attention. For example, in
neural implantation application, molecules from the
bioenvironment approach the polymer surface and
experience interfacial forces due to electrostatic inter-
actions. These interfacial forces act across extremely
short distance; thus, only the chemical groups located
within a few Angstroms of the surface of the poly-
meric material exert a significant influence across the
interface toward the environment. So it becomes pos-
sible to optimize the device performance by modify-
ing the interfacial interactions of polymers. Modifying
the surface of a material by cold plasma technique can
improve its biocompatibility without changing its
bulk properties.

In search of the “ideal” polymeric material for mi-
croelectronic device applications, several research-
ers5–7 have reported their work relating to the reliabil-
ity and/or the processability of Cyclotene. These re-
ports have shown that Cyclotene is a high-
performance and reliable material. However,
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informative work relating to Cyclotene surface amina-
tion using cold ammonia plasma is still lacking, and
the investigation of the processing parameter optimi-
zation is even less due to the difficulty of process
reproducibility and the thermal and chemical instabil-
ity of modified Cyclotene surfaces. We have conducted
the ammonia with/without argon plasma treatments on
Cyclotene surfaces and have evaluated their perfor-
mances in cell adhesion and spreading tests.8 This paper
intends to obtain a desirable biocompatible surface that
is stable and contains a controllable density of specific
chemical groups by optimizing the operating conditions
of plasma treatments, so that we can understand the
fundamental biochemical basis for the improved perfor-
mances.

EXPERIMENTAL

A downstream plasma system (schematically shown
in Fig. 1) has been used to create a mixture of photons,
electrons, ions, radicals, and atoms that have the po-
tential to react with the substrate surfaces. For any gas
composition, three simultaneous processes alter the
outer molecular layers of the polymer: ablation,
crosslinking, and activation (create functional groups).
The effect of each depends on the chemical nature of
the gas plasma, the polymer, and the processing pa-
rameters.

Materials

Cyclotene 4026–46 was obtained from Dow Chemical
Company. Gases used for plasma treatment were of

commercial variety (NH3 purity: class 4.5, Matheson
gases; Ar purity: class 5, LIQUID AIR Corp.).

Sample preparation

The sample preparation procedure is the same as in
our previous work.8 Immediately after cleaning, the
sample was placed into a Specialty Coating Systems
Model P-7608D programmable spin coater, and Dow
AP3000 adhesion promoter was dispensed onto the
sample surface using a clean, glass dropper bottle.
After adhesion promoter application, the prewarmed
Dow Cyclotene 4026–46 was dispensed onto the cen-
ter of the sample surface; the spin program used was
as follows: linear ramp to 800 rpm over 10 s; 800 rpm
“spread” for 10 s; linear ramp to 2000 rpm over 10 s;
2000 rpm “spin” for 30 s; linear ramp to 0 rpm over
10 s. A typical postsoft-bake thickness of 13 �m was
achieved using the 2000-rpm spin speed. Finally, the
sample was transferred to a Thermco MB-80 Mini-
brute furnace, where it was purged with N2 at room
temperature for 1 h to drive off all oxygen from the
film; after the 1-h purge, the sample was cured in the
inert atmosphere by rapidly raising the temperature to
250°C for 60 min (full cure for second Cyclotene layer).

Plasma system

The downstream plasma reactor (physical configura-
tion is shown in Fig. 2) consists of a 2.54-GHz plasma
source (ASTEX AX2000), 250-W microwave power
generator, 4� stainless-steel chamber, and the pump-

Figure 1 Schematic of the plasma reaction system.
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ing system (a Pfeiffer/Balzers turbo pump TP180H
backed by an Edwards E2M-18 two-stage mechanical
pump). Typical base pressures are less than 7 � 10�7

Torr. Samples are mechanically mounted on an alu-
minum block. The argon and ammonia gases are in-
troduced into the reactor through the mass flow
meters (PFD-301), respectively. The plasma source is
attached to a port on a 4-inch stainless-steel chamber
by a 1-inch quartz tube. The distance d between the
sample and the center of the discharge is 24 cm. In this
way, all of the samples are downstream treated. Gas
flows are controlled by using mass flow controllers
over the 1�200 sccm range.

The major advantage of this type of system is the
decreased number of excited state neutrals, ion reac-
tions, and sputtering damage on surfaces treated by
plasmas. While the plasma is a very efficient means to
create new functions, this process is limited by the
surface degradation, i.e., the bond breaking under the
action of active species, which induces the loss of
polymer fragments in the gas phase. The degradation
rate is particularly high when the substrate is directly
in the plasma because of the ion and electron bom-
bardments. Therefore, whenever possible, the sub-
strate is set in the flowing afterglow of the discharge to
benefit from the functionalization while decreasing
the degradation.9–12 Moreover, in the flowing after-
glow, the substrate is reached only by long lifetime
neutral species (at least microsecond lifetimes) and
photons, and so only these species are expected to
react with polymer surfaces. Therefore, it is easier to
distinguish the effect of each active species and inter-
pret the obtained results than directly in the plasma
where the number of potentially active species is
much higher and their synergy is not known.

Characterization techniques

Due to the complexity of the possible surface reactions
with plasma treatment, a more comprehensive under-

standing of the surface chemistry requires the use of
several surface-sensitive characterization techniques.
In this study, the surface chemistry of the plasma
aminated Cyclotene film was characterized with a
combination of surface-sensitive spectroscopies: X-ray
photoelectron spectroscopy (XPS), Fourier transform
infrared-attenuated total reflection (FTIR-ATR), and
atomic force microscopy (AFM).

XPS analyses were performed using a monochro-
matic Mg K� X-ray source (240 W). The take-off angle
was 90o. The base pressure was 2 � 10�10 Torr and the
pressure was 10�9 Torr while taking data. The infrared
spectra were measured using a FTIR spectrometer
(Bruker, IFS 66V/S) with the ATR attachment to ob-
tain surface sensitive infrared-spectra. Typically 1024
scans with a resolution of 4 cm�1 were taken and
coadded to get one spectrum. The samples were
brought into contact with one side of the internal
reflection element germanium (Ge) using an adjust-
able spring to ensure approximately the same pres-
sures for all samples. In this paper, in addition to XPS
and FTIR-ATR, the AFM technique was also used to
monitor the surface topography of the modified Cy-
clotene surfaces.

The surface of a polymer used in a medical device
is often the interface between the body and the
device. By controlling the surface properties of the
polymer, the medical device designer can enhance
or inhibit various reactions of the body to the de-
vice. The interaction between the polymer and its
environment depends in large part on surface com-
position and structure. Plasma treatments can pro-
duce the desired surface characteristics and topog-
raphies. Since surface composition and topography
play such an important role in the performance of
the polymer, precise surface characterization can be
a large part in the rapid deployment of new mate-
rials or understanding of problems and behaviors in
existing materials. AFM, with its high-resolution

Figure 2 Schematic of the downstream reactor configuration.
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surface mapping capabilities, can be a key compo-
nent of that characterization.

A NanoScope E MultiMode AFM (Veeco Digital
Instruments, Santa Barbara, CA) and standard AFM
cantilevers (Veeco Digital Instruments) with pyrami-
dal Si3N4 tips were used to image surface structures of
Cyclotene samples. The spring constant of the cantile-
vers employed for imaging was 0.12 Newtons per
meter as reported by the manufacturer. The samples
were imaged in air at room temperature. A 2 � 2 mm
area was scanned at a rate of 4 Hz. The integral and
proportional gain values were set to 2.0 and 3.0, re-
spectively.

Experimental design

In this study, we experimentally investigated the effi-
ciency of surface amination of Cyclotene using ammo-
nia plasma with or without argon plasma pretreat-
ment. A “one variable at a time” approach for exper-
imentation would require a large number of
experiments and yet may not provide a complete pic-
ture. In contrast, design of experiment (DoE) is a sys-
tematic, mathematically sound approach that uses
fewer experiments, requires rigorous but easy-to-use
analytical techniques, and yields more information
such as second- or higher-order interactions. Thus, a
two-level 2IV

4 � 1 fractional factorial (screening) experi-
ment was conducted to identify significant factors and
proper factor settings in the process of Cyclotene sur-
face modification. The factors that may have effects on
the amination of the surface are proposed as follows:
microwave power, chamber pressure, treatment time,
and sample temperature. The response character will
be the efficiency of amination of Cyclotene surface,
which is measured by XPS. The factors and levels are
shown in Table I. This design is well suited for phe-
nomenological modeling of measured responses as a

function of the four factors. Outside of this range, the
limitations were either due to plasma source power
delivery range, plasma stability, mass flow controller
range, and accuracy or due to degradation of polymer.

The efficiency of amination of Cyclotene was mea-
sured by XPS analysis as the principal response.

In this experiment, we are interested in the extent of
Cyclotene surface amination. The extent of amination
is determined by XPS, which is a very sophisticated
instrument to measure the ratio of N/C and binding
energy. Thus, we take the ratio of N/C (efficiency of
amination of Cyclotene) as the response measurement,
which quantitatively represents the extent of amina-
tion of Cyclotene.

Considering all the limitations of surface amination
experiments, we decided to apply a 2IV

4�1 fractional
factorial design with single-replicate, two blocks, and
two center points within each block. Design generator
is D � ABC; block generator is CD � AB. The sum-
mary of this design is shown in Table II.

To minimize unintentional effects, every effort is
made to keep the same intervals between treatment
and XPS analysis. Due to the large amount of time
required on XPS analysis, runs were performed on 2
different test days. Both the XPS analysis and the XPS
operators were blocked in the design.

The result of the experiment will indicate which
main effects and two-factor interactions are signifi-
cant. The linear model provided by Design-Expert
software will be given.

Microwave plasma treatment

Microwave plasma treatment took place at 2.45 GHz
in a system described in the plasma system section.
Gases used for plasma treatment were of commercial
variety (NH3 purity: class 4.5, Matheson gases; Ar
purity: class 5, Liquid Air Corp.). For ammonia

TABLE I
Factors and Levels

(A) Power (W) (B) Pressure (torr) (C) Treatment time (min) (D) Temperature (°C)

Low level (�1) 50 0.2 1 Room temp.
Center point (0) 150 0.4 3 60
High level (1) 250 0.6 5 100

TABLE II
Summary of Design

Experiment design Block description Number of runs

2IV
4�1 design Block 1: 4 � 2

Two blocks XPS analysis (test day 1)
Single replicate Block 2: 4 � 2
Two center points in each block XPS analysis (test day 2)

Total run 12
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plasma treatment, the plasma was maintained at a
power of 50�250 W, a pressure of 0.2�0.6 Torr, a flow
rate of 50�110 sccm, a treatment time of 1�5min, and
a temperature of room temperature � 175°C. For the
case with argon plasma pretreatment, the experiment
was conducted with an argon plasma treatment at a
power of 150 W, a pressure of 0.4 Torr, a flow rate of
35 sccm, a treatment time of 3 min, and a temperature
of 60°C followed by an ammonia plasma treatment
under the above operating conditions. After plasma
treatments, the samples were immediately transferred
to the “smart desiccator” with nitrogen gas flowing
inside so that the possibility of oxidation and water
uptake could be minimized. The samples were then
characterized using XPS, FTIR-ATR, and AFM tech-
niques.

RESULTS AND DISCUSSION

DoE results

For ammonia plasma treatments without argon pre-
treatments, the results of the DoE are summarized in
Table III.

The final equation in terms of actual factors (from
Design-Expert software output) is

N/C ratio � 0.065 � 0.035 � power � 0.014

� pressure � 0.018 � time � 0.023 � temp. � 0.017

� power � pressure � 0.0140 � power � time

� 0.023 � power � temp.

The result implies that we can identify the following
significant factors according to the order of signifi-
cance coefficients: absorbed power, interaction be-
tween power and temperature, temperature, the inter-
action between power and pressure, chamber pres-
sure, treatment time, interaction between power and
time. Our reduced linear model indicates that the

extent of amination improves with increase of ab-
sorbed plasma power, chamber pressure, treatment
time, and sample temperature and also improves with
the increase of the following interaction effects: power
and pressure, power and time, and power and tem-
perature.

For ammonia plasma treatments with argon pre-
treatments, the DoE result is as follows.

The factors and levels are the same as those in Table
I except that argon plasma pretreatments were used
before ammonia plasma surface treatments. Argon
plasma pretreatment conditions were as follows:
power 150 W, pressure 0.4 Torr, treatment time 3 min,
and temperature 60°C. The result of the matrix design
is shown in Table IV.

The final equation in terms of actual factors (from
Design-Expert software output) is

N/C ratio � 0.098 � 0.046 � power � 0.030

� pressure � 0.006 � time � 0.012 � temp. � 0.032

� power � pressure � 0.003 � power � time � 0.012

� power � temp.

The tendency of the N/C ratios with argon pretreat-
ments is the same as that without Ar pretreatments.
However, the N/C ratios are higher with Ar pretreat-
ments than without Ar pretreatments. This may be
explained because argon plasma can modify the poly-
mer surface and create free radials that could then
react with ammonia to produce an aminated surface
more easily. In addition, the order of the extent of
different parameter effects on N/C ratios is different.
For the case with argon pretreatments, the order is as
follows: absorbed power, the interaction between
power and pressure, chamber pressure, temperature,
interaction between power and temperature, treat-
ment time, interaction between power and time.

TABLE III
Result of Matrix Design for Ammonia Plasma Treatments without Ar Pretreatments

Standard order Run order Block A B C D � ABC Response: N/C ratio

4 1 Block 1 1 1 �1 �1 0.057
10 2 Block 1 0 0 0 0 0.040
6 3 Block 1 1 �1 1 �1 0.052
1 4 Block 1 �1 �1 �1 �1 0.026
9 5 Block 1 0 0 0 0 0.043
7 6 Block 1 �1 1 1 �1 0.035
8 7 Block 2 1 1 1 1 0.206

11 8 Block 2 0 0 0 0 0.036
5 9 Block 2 �1 �1 1 1 0.041
3 10 Block 2 �1 1 �1 1 0.018

12 11 Block 2 0 0 0 0 0.050
2 12 Block 2 1 �1 �1 1 0.086
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Detailed investigation of effects of processing
parameters on N-incorporation on Cyclotene
surfaces

Further investigation of the different parameter effects
on N/C ratios on the Cyclotene surface has been car-
ried out. According to the results of DoE above, there
are three significant interaction effects for both ammo-
nia treatments alone and argon pretreatments cases.
These three interaction effects are power � pressure,
power � temperature, and power � time effects.
Based on this result, we especially investigated these
three interaction effects by doing corresponding ex-
periments. The N/C ratios versus chamber pressure,
substrate temperature, and treatment time as a func-
tion of power with and without argon pretreatments
are displayed in Figures 3–5.

Figures 3–5 show that for both cases (ammonia plas-
mas with and without argon plasma pretreatments),

the final N/C ratios increase with increasing power,
operating pressure, and substrate temperature. Tem-
perature is limited by the surface topography and
damageability of the polymer. We observe that the
nitrogen incorporation onto the polymer surface
mainly occurs within the first 4 min for medium and
low power; at high power, this activity occurs within
first 3 min and then a slight decrease of N/C ratio can
be seen. This behavior may be tentatively explained by
a competition between the modification process and
the degradation process on the polymer surface. Un-
der identical processing conditions, the extent of ni-
trogen incorporation onto the polymer with argon
plasma pretreatments is higher than that without ar-
gon plasma pretreatments. This behavior is most
likely due to the CASING (crosslinking via activated
species of inert gases) effect. Several researchers13–16

have reported that argon plasma can cause highly

TABLE IV
Result of Matrix Design of Ammonia Plasma Treatments with Ar Pretreatments

Standard order Run order Block A B C D � ABC Response: N/C ratio

4 1 Block 1 1 1 �1 �1 0.170
10 2 Block 1 0 0 0 0 0.052
6 3 Block 1 1 �1 1 �1 0.071
1 4 Block 1 �1 �1 �1 �1 0.047
9 5 Block 1 0 0 0 0 0.058
7 6 Block 1 �1 1 1 �1 0.056
8 7 Block 2 1 1 1 1 0.237

11 8 Block 2 0 0 0 0 0.049
5 9 Block 2 �1 �1 1 1 0.055
3 10 Block 2 �1 1 �1 1 0.050

12 11 Block 2 0 0 0 0 0.050
2 12 Block 2 1 �1 �1 1 0.099

Figure 3 N/C ratios of the plasma-treated Cyclotene sur-
faces versus chamber pressure as a function of power with
and without Ar pretreatments.

Figure 4 N/C ratios of the plasma-treated Cyclotene sur-
faces versus substrate temperature as a function of power
with and without Ar pretreatments.
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branched and crosslinked structures near the polymer
surface. So it is reasonable to postulate that argon gas
plays a role in modifying the polymer surface and
creating free radicals that could then react with am-
monia to produce an aminated surface more easily.

The O/C ratios can provide some insightful infor-
mation on understanding the reaction mechanisms of
the plasma surface modification process. The O/C
ratios versus chamber pressure, substrate tempera-
ture, and treatment time as a function of power with
and without argon pretreatments are shown in Fig-
ures 6–8.

Figures 6–8 show that oxygen incorporation in-
creases with increasing of power, substrate tempera-
ture, and treatment time, but it is not very much
related with the operating pressure both with and
without Ar pretreatments. The XPS spectra of ammo-
nia (both with and without argon pretreatments)
plasma treated Cyclotene surfaces contain more oxy-
gen than those of untreated Cyclotene surfaces, even
after careful leak testing and thorough evaluation of
the chamber. Samples were transferred through air
before the XPS measurements were made. Radicals

Figure 5 N/C ratios of the plasma-treated Cyclotene sur-
faces versus treatment time as a function of power with and
without Ar pretreatments.

Figure 6 O/C ratios of the plasma-treated Cyclotene sur-
faces versus chamber pressure as a function of power with
and without Ar pretreatments.

Figure 7 O/C ratios of the plasma-treated Cyclotene sur-
faces versus substrate temperature as a function of power
with and without Ar pretreatments.

Figure 8 O/C ratios of the plasma-treated Cyclotene sur-
faces versus treatment time as a function of power with and
without Ar pretreatments.
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created by plasma exposure can, following venting of
the plasma reactor, react with atmospheric oxygen.
The addition of oxygen to carbon-centered radicals is
a very fast process, and oxygen can diffuse rapidly
through a few nanometers of the material probed by
XPS. Gerenser et al.17 reported that substantial post-
treatment oxygen incorporation into polyethylene was
found after 30 s of exposure to the atmosphere.

In addition, the degree of oxygen incorporation for the
case with argon pretreatments is higher than that with-
out Ar pretreatments. This is most likely also due to the
CASING effect, which means that argon gas can create
free radicals that can react with both ammonia and im-
purity gases (including O2) in the vacuum system during
both plasma treatments and postoxidation periods,
therefore causing more oxygen introduction. Further-
more, this effect enhances with plasma treatment time.

Aging effect

Another important phenomenon we observed during
the detailed experimental exploration is the aging ef-
fect of the aminated polymer surfaces. Both N/C ra-
tios and O/C ratios changed over time, which means
that the modified polymer surfaces are unstable and
the treatment effects decrease with time. The extent of
the disappearance of treatment effects on storage var-
ies with different materials and different treatment
gases.18–21 Morra et al.18reported that the O/C ratios
correlated inversely with the extent of hydrophobic
recovery in three plasma-treated hydrocarbon poly-
mers and proposed that a high extent of oxygen in-
corporation into the surface was necessary to prohibit
the hydrophobic recovery. However, this may not ap-
ply to all surface-modified polymer surfaces. Xie et
al.22 found that water plasma-treated fluorinated eth-
ylene propylene (FEP) and polytetrafluoroethylene
(PTFE) surface had very low oxygen concentration
compared with ammonia plasma-treated FEP and
PTFE, respectively. However, the former N/C ratios
did not change with storage time while the latter N/C
ratios decreased on storage. So there must be some
alternative mechanisms for surface evolution. Gen-
genbach et al.22 proposed a surface restructuring the-
ory and explained that modified polymer surfaces
generally are highly mobile and the mobility of poly-
mer chain segments allows surface restructuring to
occur, and this typically leads to a considerable de-
crease over time of the effects on the surfaces by
nondepositing plasma treatments. The detailed aging
effect study in our research group is still underway.

Surface characterization results

XPS results combined with FTIR-ATR spectra showed
that possible species that were introduced by ammo-
nia plasma treatments are amine (C–N), amide (O

� C–N), imine (C � N), and imide (O � C–N-C � O).
The absence of specific Si-N peaks indicated that the
new N-containing species were grafted to C only.

AFM results

Typical AFM images for untreated and plasma treated
with/without argon plasma pretreated Cyclotene sur-
faces are presented in Figure 9. The difference be-
tween the treated and untreated samples is obvious
and suggests that surface modification by ammonia
plasma with and without argon pretreatments pro-
duces fine, bulge-like ridges and additional structure
superimposed on the gentle undulations native to un-
treated Cyclotene film. Also, for the Cyclotene surface
by ammonia plasma treatments with argon plasma
pretreatments, the bulge-like ridges are obviously big-
ger than that with ammonia plasma treatments alone.
Line scans were taken at several random locations
across the areas. Figure 9 displays some representative
examples. These line scans clearly show more detailed
topography of the ammonia with/without argon plas-
ma-pretreated surfaces.

The root-mean-square (RMS) roughness of the sur-
face for the control (untreated) case is about 2.5 nm
(shown in Fig. 9a). The RMS of the image surface for
ammonia treatments alone is 8.5 nm (shown in Fig. 9b)
and the RMS for ammonia treatments with Ar pre-
treatments is about 25 nm (shown in Fig. 9c), which is
much greater than that in ammonia treatments alone.
However, for Figure 9d, the RMS is greater than
80 nm. Moreover, the roughness is very uneven,
which implies that the surface topography of polymer
is not desirable any more under such an operating
condition. By observing all AFM pictures under dif-
ferent operating conditions, we found that 175°C is the
temperature upper limit for ammonia plasma treat-
ments.

CONCLUSIONS

The current experimental investigation leads to the
following conclusions: XPS and FTIR-ATR character-
ization results indicate that nitrogen-containing func-
tional groups have been introduced onto Cyclotene
surfaces by ammonia with/without argon plasma pre-
treatments and the functional groups exist in the two
most possible forms: amine and amide groups. DoE
results show that the extent of surface amination im-
proves with the increase of absorbed plasma power,
chamber pressure, treatment time, and sample tem-
perature for ammonia plasma treatments both with
and without argon plasma pretreatments. There are
also some second-order interactions in the final pro-
posed models for both cases. The further experimental
exploration with different processing parameters com-
bined with the AFM results implies that the optimum
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operating condition so far is as follows: argon plasma
pretreatments (absorbed power 150 W, chamber pres-
sure 0.4 Torr, substrate temperature 60°C, treatment
time 3 min), followed by ammonia treatments (ab-
sorbed power 250 W, chamber pressure 0.6 Torr, sub-
strate temperature 175°C, treatment time 3 min). Un-
der same processing conditions, the extent of nitrogen
incorporation onto the polymer with argon plasma
pretreatments is higher than that without argon
plasma pretreatments. This is most likely due to the

CASING effect, which agrees with many other re-
searchers’ reports that argon plasma can cause highly
branched and crosslinked structure near the polymer
surfaces. It is reasonable to postulate that argon gas
plays a role in cleaning the polymer surface and cre-
ating free radials that could then react with ammonia
to produce an aminated surface more easily.

This work was supported by the DARPA Bio-Info-Micro
Program, Grant #MDA972-00-1-0027. The authors thank

Figure 9 AFM images for ammonia plasma-treated Cyclotene films. (a) Untreated Cyclotene. (b) Ammonia plasma
treatments alone (250 W, 0.6 Torr, 5 min, 100°C). (c) Ammonia plasma treatments (250 W, 0.6 Torr, 5 min, 100°C) with Ar
plasma pretreatments (150 W, 0.4 Torr, 3 min, 60°C). (d) Ammonia plasma treatments (250 W, 0.6 Torr, 5 min, 200°C) with
Ar plasma pretreatments (150 W, 0.4 Torr, 3 min, 60°C).
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Kee-keun Lee for his assistance with Cyclotene sample prep-
arations and Jay Schwarts for his assistance with AFM anal-
ysis.
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