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ABSTRACT: In this study, large-volume microwave excited surface-wave and volume-
wave plasmas were investigated for low temperature sterilization of medical instrument. The 
two planar microwave launchers, each supported by a 1.5-kW magnetron, were face-to-face 
installed inside the vacuum chamber of plasma device for homogeneous sterilization. The 
spatial distributions of plasma discharges in the surface-wave and volume-wave modes were 
characterized under various discharge conditions using single or double microwave launchers 
of the experimental setup. The electron density increased to about twice in the case of double 
launchers as compared to single launcher without any microwave interference between two 
launchers. With this plasma setup, we confirmed the successful inactivation of Tyvek-wrapped 
spore-forming bacteria at temperatures less than 70ºC and within 70 to 80 min with time-
modulated surface-wave and volume-wave plasma, respectively.
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I. INTRODUCTION

An increasing number of researchers are investigating low-cost techniques to sterilize 
medical instruments at low temperatures. Such methods could also be widely applied for 
hygiene maintenance in the food industry. Although there are many available techniques 
for sterilization based on thermal treatment (e.g., dry heat, steam autoclave), chemical 
treatment (e.g., ethylene oxide, hydrogen peroxide), and exposure to radiation (e.g., 
X-rays, gamma radiation), all these conventional methods for processing are limited 
by their own merits and demerits. Plasma sterilization techniques are a novel alterna-
tive to available techniques, because materials can be processed at low temperatures 
in a short period of time, and there are potentially no toxic effects. Different types of 
low pressure1–19 and atmospheric pressure20–25 discharges can be used for sterilization. 
Atmospheric pressure plasmas have a great advantage because no pumping system is 
required. However, this technology is still being developed so that it can be used to 
sterilize items with large areas, such as three-dimensional medical devices. The large 
area plasma sources suitable for sterilization are indispensable in the medical industry 
to taper off the loading effect.

Because of the complex geometry of medical devices, their sterilization requires 



Plasma Medicine

160 Singh & Nagatsu

a homogeneous plasma source, in which all surfaces of an instrument are sufficiently 
exposed to the sterilizing agents, such as reactive species of ions, atoms, and vacuum 
ultraviolet (VUV)/UV photons produced by plasma. Apart from homogeneity, practical 
applications of plasma sterilization are also required to sterilize medical instruments 
inside perforated resinous packages, such as Tyvek used for sterile packaging, so that 
their safe use can be ensured at a later date. Presently the surface-wave plasma (SWP), 
which is an over-dense plasma (electron density ne >3.5 × 1011 cm–3) produced by high 
frequency waves such as microwaves, is one of the reliable and suitable plasma sources 
for low temperature, high density plasma processing at low to moderate pressures. Other 
studies have already demonstrated that enlarged SWP satisfies the requirements for pro-
cessing compact items with large areas .26–28 These planar surface-wave plasmas can pro-
vide highly efficient power transfer from the generator to the plasma over a large range 
of operating conditions without the use of electrodes.29 This characteristics of SWPs 
are very useful for various applications in the fabrication of electronic materials, such 
as ultra-large-scale integrations and liquid crystal display panel manufacturing. SWPs 
also have other industrial applications, such as medical sterilization, where spatial uni-
formity of the large area plasma source apart from high density plasma is required for 
fast processing.

In this paper, we present the experimental results on characterization and steriliza-
tion applications of the large-volume, 2.45-GHz microwave excited plasma device con-
sisting of two internally installed face-type planar launchers. In addition to the SWP, the 
volume-wave plasma (VWP), which has a lower electron density than the cutoff density 
of ne = 7.0 × 1010 cm–3, was also produced over the chamber volume under specific 
discharge conditions with this setup. The three-dimensional distribution of the plasma 
parameters were investigated with a Langmuir probe. The sterilization characteristics of 
directly exposed Geobacillus stearothermophilus spores were also investigated for both 
surface-wave and volume-wave plasmas. 

II. EXPERIMENT

A. Experimental Setup

Figure 1 shows the schematic drawings of the experimental setup. The discharge cham-
ber dimensions were 520 mm in length, 514 mm in width, and 555.5 mm in height. The 
circular metal turntable with a diameter of 400 mm was located below the chamber at a 
distance between the turntable, and the central axis between the two launchers, h, is 250 
mm. Two microwave launchers with a diameter of 470 mm were face-to-face installed 
with a distance of d = 450 mm inside the chamber. The microwave launchers consisted 
of a coaxial waveguide and cylindrical planar cavity in which a quartz dielectric plate 
with a diameter of 420 and thickness of 15 mm was fixed with screws on the stainless 
steel housing of launcher. The present microwave launchers overcome the problem of a 
thick dielectric plate to maintain vacuum, because vacuum was held only at small area 
with a diameter of roughly 50 mm.27,28 A schematic drawing of the microwave launcher 
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is shown in Fig. 2. At the front side of the planar microwave launcher, a 200-mm diam-
eter thin metal plate was attached in the center of the quartz surface to prevent direct 
microwave propagation toward the vacuum chamber. Thus, microwaves were launched 
from the ring shape of quartz surface. Additionally, there was a gap of 5 mm between 
the microwave launcher housing and the periphery of quartz plate, which served as the 
microwave antenna in the VWP production. Productions of the large volume SWP and 
VWP with a similar type of microwave launchers have been already demonstrated and 
is presented in previous studies.27.28

Microwaves at a frequency of 2.45 GHz guided through a rectangular waveguide 

FIG. 1: Schematic drawings of the experimental setup chamber; (a) top view, and (b) 
front view

FIG. 2: Schematic drawing of planar microwave launcher having metal plate attached 
centrally to the quartz surface
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are converted into a coaxial waveguide mode and then transferred to the microwave 
planar launchers. The incident microwave power can be varied from 0.2 kW to 1.5 kW, 
the maximum power supply from each magnetron generator. The reflected microwave 
power was minimized to almost zero by adjusting the E-H tuners installed for impedance 
matching between the plasma and microwave circuit. The working gases were fed into 
the discharge chamber through a mass flow controller after evacuation. The chamber 
pressure was reduced to roughly 1 Pa by rotary and Roots pump system within 2 min.

As shown in Fig. 1, a homemade Langmuir probe system was inserted for mea-
suring plasma parameters. It was also used as a monopole antenna probe to monitor 
the microwave electric field to check whether it was in SWP or VWP mode, because 
the microwaves were perfectly absorbed by the plasma in SWP mode and not in VWP 
mode. The Langmuir probe was made of a platinum wire, 0.6 mm in diameter and 6.0 
mm long. The probe was shielded with a stainless steel pipe with an outer diameter of 
6 mm, excluding the wire tip part. The probe tip was scanned horizontally through the 
port mounted on the chamber sidewall. The electron density was determined from the 
ion saturation current of the probe, and electron temperature was deduced from the slope 
of probe characteristics. The VWP characteristics were measured with a double probe 
made of platinum wire 0.7 mm in diameter and 9.5 mm long, because it was possible 
that the VWP was produced in isolation from the chamber wall.

The optical emission spectroscopy (OES) of the plasma discharges was performed 
with an Acton SpectraPro 2300i monochromator (Princeton Instruments Inc.). The ob-
servable spectrum range was 200–800 nm, and typical spectra were measured with an 
integration time of 100 msec. The emission spectra were measured at the central posi-
tion of the side glass window (Fig. 1) of the experimental setup, collecting light with an 
optical fiber directed perpendicularly to this window.

B. Plasma Parameters

The plasma parameters, electron density and electron temperature, which describe the 
discharge characteristics, were measured at radial and axial axis of the chamber. These 
characteristics were measured at different incident powers and pressures of the working 
gases of Ar, He, and air-simulated N2/O2 mixture gas. The plasma characteristics with 
noble gases Ar and He were determined primarily to ascertain the stable and uniform 
discharges in SWP and VWP modes, respectively. The air-simulated gas was also stud-
ied because air may be used as an inactivating gas in future plasma sterilizations.

The temperature of objects to be sterilized is an important parameter to prevent the 
thermal damage of wrapping resin material. We measured the temperature in various 
sterilization experiments by placing thermo-label sheets (Nichiyu, Thermo Label 5E-50, 
5E-75 and 5E-100) just below the spore samples. The color change from white to black 
of the thermo-sensitive dots indicated the temperature during the experiment. 



Volume 5, Issues 2–4, 2015

Large-Volume Plasma Device with Planar Microwave Launchers for Low-Temperature Sterilization 163

C. Biological Procedure 

The sterilization experiments were performed using directly exposed Geobacillus stea-
rothermophilus (ATCC 12980, Raven Biological) spores as the sterility indicator. The 
spores were pasted on oblong polished stainless steel discs with a spore population of 
1.9–3.4 × 106. After plasma treatment, samples were properly washed and vortexed with 
1.5 mL of brain-heart infusion (BHI) solution in the test tube. After an appropriate di-
lution, 0.1 mL of the spore suspension was inoculated onto nutrient agar media and 
incubated for two days at 55°C and then the grown colony-forming units (CFUs), each 
representing a surviving cell, were counted. The reduction in the number of CFUs from 
treated samples plotted against plasma treatment times, so-called survival curves, were 
compared with untreated spore samples. To record the changes in the morphological 
structures caused by plasma irradiation, the untreated and treated spores pasted on stain-
less steel discs were coated with a 20-nm thin film of evaporated gold and then observed 
with scanning electron microscopy (JEOL, JSM-6360) at a typical accelerating voltage 
of 15 kV. 

III. RESULTS AND DISCUSSION

A. Discharge Characterization

The input microwave power dependencies of the plasma discharges sustained in Ar and 
air-simulated N2/O2 mixture gas SWPs at different pressures are shown in Fig. 3. Here, 
the Langmuir probe was fixed at r = 0 and z = 22.5 cm (central position). We regard the 
net microwave power simply as the reflected power subtracted from the incident power. 
Figures 3(a) and (b) show the ion saturation currents measured at a biasing voltage of 
-30 V versus net microwave power at pressures of 10.5 Pa and 20.5 Pa in the case of Ar 
plasmas and 12.5 and 23.5 Pa in air-simulated N2/O2 mixture gas plasmas, respectively. 
It is noted that the ion saturation currents monotonically increased with the incident mi-
crowave power without any density jump in both conditions. The ion saturation currents 
at z = 22.5 cm decreased as pressure increased because the plasma localization near the 
quartz plate has a shorter mean free path at a higher pressure.

Figures 4(a) and (b) show that radial distributions of electron density in Ar plasma 
with a single launcher at 790 W and 1440 W and double launchers at 1480 W. The dis-
tributions are quite analogous for almost the same net input power at 1440 W in the case 
of single launcher and 1480 W for double launchers. The results of these experiments 
indicate that the microwave power was almost absorbed by the high density plasma in 
the front of launchers, so there was no interference between the two microwave systems. 

Fig. 5 shows the radial spatial distributions of the ion saturation currents in the 
SWPs at powers of 1.5 kW and 3.0 kW with Ar and air-simulated N2/O2 gas at 12.5 Pa 
using the double launcher mode. It is obvious from these results that the large-volume 
plasmas were produced over a wide area spreading to the vacuum chamber wall. More-
over, we found that ion saturation currents were doubled with doubled incident power 
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for both Ar and air-simulated gases. This also confirms that microwaves didn’t interfere 
with each other when the double launchers were used, and spatial distributions of ion 
saturation currents were roughly superimposed.

FIG. 3: Incident power dependencies of ion saturation currents at various pressures 
using single launcher (a) Ar plasma at 10.5 and 20.5 Pa, and (b) air-simulated N2/O2 
mixture gas plasma at 12.5 and 23.5 Pa
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The radial distributions of electron temperature in the SWPs with Ar gas and air-
simulated N2/O2 mixture at 12.5 Pa for single (1 kW) and double launcher (2 kW) modes 
are shown in Fig. 6. The electron temperatures were roughly 1.0 to 1.3 eV when the 
operating parameters of the single launcher were 1 kW and 1.2 to 1.5 eV and when the 
double launchers had a total power of 2 kW, respectively, and no significant variations 
were observed when power was increased.

FIG. 4: Radial distributions of electron density in Ar plasma with (a) single launcher at 
790 and 1440 W and (b) double launchers at 1480 W
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In the present experimental setup, we demonstrated the discharge transition from 
VWP to SWP mode in He gas plasma under various discharge conditions of microwave 
power and pressure, as shown in Fig. 7(a). Electric fields were detected by a monopole 
antenna probe inside the chamber while in the VWP mode, whereas no electric fields 

FIG. 5: Radial spatial distributions of the ion saturation currents in the SWPs at power 
of 1.5 and 3.0 kW with (a) Ar and (b) air-simulated N2/O2 mixture gas at 12.5 Pa using 
double launcher mode, respectively
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were detected in SWP mode. These results are similar to previous findings.27 When the 
incident power was increased at the same pressure, a bright discharge was produced near 
the quartz plate of the launcher (i.e., SWP), as shown in Fig. 7(b). On the other hand, 
when incident power was decreased to certain values at the same pressure, the discharge 

FIG. 6: Radial distributions of electron temperature in the SWPs with (a)Ar gas and (b)
air-simulated N2/O2 mixture at 12.5 Pa for single (1 kW) and double launcher (2 kW) 
modes, respectively. 
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changed to a dark and broad plasma that spread throughout the chamber, which is a typi-
cal VWP characteristic, as shown in Fig. 7(c). Because the maximum power available 
from each magnetron was 1.5 kW, the transition boundary is limited to this maximum 
power and is observed at a pressure of about 10 Pa.

The plasma parameters, electron density and temperature, of the He gas VWP were 
also investigated using the double probe technique. The radial distributions of electron 
densities in the He gas VWP with the single launcher with power of 680 W and double 
launchers with a power of 380 W × 2 at 10.5 Pa, and the electron temperature in the He 
gas VWP with single launcher at 10.5 Pa with power of 680 W are shown in Figs. 8(a) 
and (b), respectively. Here the probe positions were at z = 22.5 cm from the launchers. 
The density decreased with radial distance; however, the density is fairly broad over 
a wide area. Because the microwaves penetrated the plasma and might have formed 
certain electromagnetic wave modes, density was maximum near to the center.26 In the 
VWP mode, the electron temperature was roughly 6.0 eV, which is comparatively higher 
than that in the SWP mode.

B. Sterilization Results

To study the sterilization of medical devices, the biological indicators were placed at the 
center of the discharge chamber on the rotating stage. For this sterilization experiment, 
we used stable He and air-simulated N2/O2 mixture gas SWP at 18 Pa and 1 kW power. 

FIG. 7: (a) Relationship between power and pressure for transitions between volume-
wave and surface-wave plasma discharges in He gas, with photographs of (b) SWP and 
(c) VWP
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Figure 9 shows the substrate temperature versus the plasma irradiation periods with 
various on and off cycles. It is obvious that in the 30-sec plasma on and 60-sec off cycle 
(i.e., 33% duty cycle) the temperature increment was very low compared to other experi-
mental conditions. Additional sterilization experiments were performed with this on/off 
cycle. With time-modulated SWP at the previously mentioned discharge conditions, the 
exposed spores were sterilized within 30 min net plasma irradiation and below 65ºC.

FIG. 8: Radial distributions of (a) electron densities in the He gas VWP with single 
launcher (at power of 680 W) and double launchers (380 W × 2) at 10.5 Pa; and (b) 
electron temperature in the He gas VWP with single launcher at 10.5 Pa (680 W), re-
spectively
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FIG. 9: Stage temperature versus net plasma treatment periods for different on/off cycles

FIG. 10: Survival curve of Tyvek wrapped G. stearothermophilus spores treated with (a) 
SWP and (b) VWP with He plus N2/O2 mixture gas, respectively
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The survival curve, which is a plot of the logarithm of the number of surviving 
spores as a function of exposure time to the plasma, was plotted for Tyvek wrapped spore 
samples, and it is shown in Fig. 10. It is interesting to note that the survival curve has 
a multislope characteristic, which is similar to our previous results.30 Optical emission 
spectra with and without Tyvek wrapping in He and the N2/O2 mixture gas SWP at 18 
Pa and 1kW and VWP at 11 Pa and 1kW are shown in Fig. 11, where spectra of UV and 
other energy emissions that passed through the Tyvek® sheet were observed, , although 
their intensities were decreased. The strong emission lines at 282.0, 297.7, 313.6, 337.1, 

FIG. 11: Optical emission spectra with and without Tyvek wrapping in He plus N2/O2 
mixture gas; (a) SWP at 18 Pa and 1kW, and (b) VWP at 11 Pa and 1kW
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and 357.7 nm result from the second positive systems (C3Πu → B3Πg) of N2 molecules.9 
The UV intensity was not as strong as that of the nitrogen lines. Several UV emissions 
at 226.9, 237.0, 247.9, and 258.8 nm most likely originated from the NOγ system (A2Σ+ 
→ X 2Π). Instead of measuring the absolute intensities of these UV, we focused on the 
biocide species. The UV emissions are well known, and their role in inactivating the 
spores in addition to the N2 positive system was very significant in our experiments. 
Present spectra measurement was limited to 200 nm, which is the minimum observable 
wavelength of the monochromator. However, wavelengths shorter than 200 nm as well 
as vacuum UV (VUV) also play a significant role in the sterilization process.5,10,12,30 

With the assumption that high electron temperature in the “under-dense” VWP 
discharges and possibly plasma generation inside the perforated bag will be more ef-
fective for inner sterilization of wrapped spores, inactivations in VWP mode were also 
performed. The stable VWP was generated with He at 250 SCCM, N2 at 24 SCCM, and 
O2 at 10 SCCM in the gas mixture, at 11 Pa and 1 kW incident power. In VWP mode, the 
glassine wrapped spores (population ~103) were inactivated within 50 min (not shown 
here) at 65°C, but the Tyvek wrapped spores (population ~106) were inactivated after 
80 min at 70°C. The survival curve of Tyvek wrapped spores with VWP treatment is 
shown in Fig. 10. The similar trend of inactivation was observed in both SWP and 

FIG. 12: Scanning electron microscope images of (a) untreated, (b) 10 min, (c) 30 min, 
and (d) 70 min SWP treated spores. Plasma discharge conditions were He (250 SCCM), 
N2 (200 SCCM), and O2 (50 SCCM) mixture gas with single launcher at 1 kW power.
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VWP conditions, but the sterilization efficiency in VWP is lower than SWP mode. This 
may be explained by reduced emission intensity with Tyvek wrapped condition in the 
VWP mode as compared to SWP mode (Fig. 11), which resulted in lower sterilization 
efficiency in VWP mode. These results support the assumption that UV/VUV radiation 
is the main sterilization agent in our experiments. But at the same time, the role of active 
species in the sterilization efficiency cannot be ruled out in the VWP mode, where the 
plasma might be produced inside the Tyvek wrapped pouch.

The scanning electron microscopy images of both untreated and SWP treated Tyvek 
wrapped G. stearothermophilus spores were obtained and are shown in Fig. 12. Individ-
ual spores exposed to the plasma for 10 min, 30 min, and 70 min revealed no significant 
changes in the size compared with that of untreated spores, even though the survival 
curve shown in Fig.10 indicated that the spores were inactivated after 70 min treatment. 
Additional experiments are required to understand these seemingly contradictory results 
and to improve the sterilization characteristics.

IV. CONCLUSION

In conclusion, we investigated a large-volume plasma device to confirm its ability to 
uniformly sterilize medical devices. The experimental plasma setup consisted of two 
planar microwave launchers, which were installed face-to-face internally in the vacuum 
chamber. We observed almost uniform spatial distribution of plasma density in both sur-
face-wave and volume-wave plasmas under various discharge conditions, using single 
or double launchers in the setup. The electron density measured for the double launchers 
was approximately twice that of the single launcher, without any microwave interfer-
ence between two launchers. These experimental results show the feasibility of using 
the large-volume plasma setup to uniformly sterilize medical equipment with three-di-
mensional shape. We also confirmed the successful inactivation of both directly exposed 
and wrapped spore-forming bacteria at temperatures less than 70°C, in considerably 
short treatment times using time-modulated surface-wave and volume-wave plasmas. 
The optical emission and morphology of treated spores was studied to understand the 
sterilization mechanism. Results indicate that UV photons along with additional active 
species were the main factors contributing to spore sterilization.
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