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Abstract—In this paper we present an inquiry-based exper-
iment for an undergraduate plasma course. Students were
exposed to a laboratory experience that very closely resem-
bles real-life research by performing surface modification
experiments using gas discharge plasma. This experiment
demonstrates to students the effect of plasma on surface
properties.
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L INTRODUCTION

Over the past two decades, scientific research on how
students learn in the STEM fields has made tremendous
progress [1-2]. It is now generally acknowledged among
science and engineering education researchers that the
traditional lecture format where students passively absorb
knowledge is not a particularly effective learning envi-
ronment [3-6]. As a consequence, interactive and engag-
ing practices, such as inquiry-based techniques and under-
graduate research experiences are being used more and
more in physics, science, and engineering curricula [7-10].

Because of the expense and amount of faculty time re-
quired to support student research, many students will not
have the opportunity to work under a mentor on original
research as undergraduates. However, many of the key
elements that make undergraduate research a valuable
learning experience can be incorporated into courses and
programs that are part of the standard undergraduate cur-
riculum, making the benefits of research experience avail-
able to a broader base of students [11,12]. We present
elements of research experience that were introduced in an
undergraduate plasma course.

Plasma surface modification is an effective way
to control the surface energy and chemical properties of
substrates without affecting the bulk material [13-15].

Surface preparation through surface activation and con-
tamination removal, by plasma processing is widely used
in industries such as the microelectronic and optoelectron-
ic device assembly, printed circuit board (PCB) manufac-
turing and medical device manufacturing industries. Sur-
face preparation by plasma removes contaminants from
the surface and activates the surface for various applica-
tions including improving adhesion and promoting fluid
flow. Surface activation is a process where surface func-
tional groups are replaced with different atoms or chemi-
cal groups from the plasma.

Contact angle measurements have been used for many
years to assess surface wettability and roughness. The
contact angle is defined as the angle between the tangent
to the liquid-air interface and the tangent to the solid-air
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interface, as shown in the figure. Contact angles less than
90° correspond to hydrophilic surfaces, while hydrophobic
surfaces are defined by larger contact angles.

We investigate the effect of plasma treatment of a glass
slide on the contact angle. Water contact angle versus
different plasma parameters was measured. This investiga-
tion is suitable as a class project assigned to undergradu-
ates in an upper-division plasma course.

II. EXPERIMENTAL METHODS

The experiment was preformed following the inquiry-
based approach; students were given minimal instruction
and were asked to design an experiment to study the effect
of plasma on glass surfaces.

We implemented the research experience in the PHY
422 Plasma course at Cal Poly Pomona. PHY422 is an
upper division lecture course design for physics and engi-
neering majors. The lectures are scheduled in two-hour
per week sessions. All class activities take place in a dedi-
cated lab classroom. There are six fixed tables in the
room; each seats four or five students. While PHY 422 is
not a lab course, the course does seek to model hands-on
research and industry practices. Activities include experi-
mental measurements and active participation, as well as
small-group discussions of pencil-and-paper activities.

The room was equipped with a Surfx Atomflo 300
plasma source [16] (other plasma sources can be used as
well). This reactor is an atmospheric plasma jet that con-
sists of two perforated rectangular plates separated by a
gap 1.6 mm across. An atmospheric pressure plasma jet
was generated by using a He flow of 20.4 L/min, and
secondary gas flow (N, or O,). Both gases were industrial
grade. The linear showerhead was placed perpendicularly
Scm (unless otherwise noted) above the glass slide with
the centers of both the glass slide and showerhead aligned.

A microliter pipette, and glass microscope slides were
used. The glass slide had 4pL of water applied at its cen-
ter. The plasma source was then activated alongside a
timer and both were deactivated at a set time threshold.
The lights in the room were dimmed to reduce the intensi-
ty of the reflection coming from the water and a camera
was then placed perpendicular to the long axis of the wa-
ter droplet. Digital images were taken to be analyzed by
ImageJ [17] analysis software with its Contact Angle
Plugin[18]. Experiments were performed in three repeti-
tions. An image of the setup is pictured in Fig. 1.

The effects of the following parameters on contact an-
gle were tested:

* Plasma power and exposure time (for two different
secondary gases, N, and O, used in addition to the
primary He gas),
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Figure 1. Experimental setup including the Surfx Atomflo with linear
showerhead applicator used to treat the surface of a glass slide

* separation distance between the plasma source and
the treated surface, and

* time duration following treatment.

III.  RESULTS

A. Nitrogen Power Variance

Shown in Fig. 2 is a plot of contact angle vs. power for
the secondary gas nitrogen. The threshold times were
between 30 and 90 seconds with increments of 15 se-
conds. The plot shows that all treatments except the treat-
ment at 25W exhibit logarithmic characteristics whereas
the 25W plot exhibits an almost linear characteristic. The
35W treatment shows the greatest decrease in contact
angle and levels off after 60 seconds where the decrease in
contact angle is only 2° between 60 and 90 seconds.
Curves for other applied powers in Fig. 2 also begin to
plateau at about the same time with changes in contact
angle for the same time interval of 7°, 6°, and 4° for 20W,
25W, and 30W, respectively.

B. Oxygen Power Variance

Shown in Fig. 3 is a plot of contact angle vs. power for
the secondary gas oxygen. The threshold times were the
same as for nitrogen varying between 30s and 90s. In all
variances of power, the contact angle was logarithmically
decreasing with respect to time except in the case of a
radio frequency power of 40W. In the case of the 40W
curve, the curve ends abruptly at 70s where the next inter-
val of 75s was not measurable. This loss of data is due to
the fact that our cameras could not resolve contact angles
that low and further increases in time only resulted in the
surface growing closer to complete wetting.

C. Distance Variance

Shown in Fig. 4 is a linear plot of contact angle vs. dis-
tance (+.5cm). It is clear from the plot that shorter show-
erhead distances generally result in smaller contact angles.
The increase in contact angle is approximately linear with
showerhead distance up to a distance of approximately 8
cm at which point contact angle plateaus.

D. Time After Treatment Variance

Change in contact angle with time following treatment
is shown in Fig. 5. Contact angle was measured at inter-
vals of 7 to 11 hours for the 96 hours after the plasma
treatment ceased. For post-treatment times less than 48
hours, the contact angle could not be resolved due to sur-
face approaching the state of complete wetting. Over the
next five intervals contact angle increased linearly until
about 96 hours at which point the contact angle reached a
value of 35° equal to the contact angle for an untreated
surface.
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IV. CONCLUSION

In this paper we have shown an example implementa-
tion of a research-like and inquiry-based experiment for
an undergraduate plasma course. This experiment gave
students hands-on experience while verifying concepts
learned in class. This experiment demonstrates to students
the effect of plasma on surface properties. It requires them
to assess the various ways that the contact angle of a
glass-water interface reacts to changes in distance, radio
frequency power, flow rate, and time after being treated.
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