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ABSTRACT

The deposition of polycrystalline silicon thin films has been tried by a pulsed ion-beam

evaporation method, where high crystallinity and deposition rate have been achieved without

heating the substrate. The crystallinity and the deposition rate were improved by applying bias

voltage to the substrate, where instantaneous substrate heating might have occurred by

ion-bombardment.

1. Introduction

Polycrystalline silicon (poly-Si) thin films are widely used in various electronic devices

such as thin film transistors, solar cells, peripheral circuits of liquid-crystal displays and

electrodes in silicon integrated circuits because of high optical absorption and high carrier

mobility. EI-31 Generally, these thin films have been fabricated by a plasma-enhanced chemical

vapor deposition (PECVD) method using highly hydrogen-diluted SiH4. It is well known hat

poly-Si thin films deposited by PECVD need post annealing or substrate heating, and that the

deposition of these thin films are desired at low temperatures.

In practical application such as solar cells, the very low deposition rate is a serious

problem for achieving higher throughput of the devices. For this purpose, several types of

low-pressure and high-density plasma sources have been applied to increase the crystallinity

and the deposition rate of poly-Si thin films. They are represented such as inductively coupled

plasma (ICP), surface wave plasma SAT), ultra high-frequency plasma (UHF) and electron

cyclotron resonance plasma (ECR). [4-1]

A novel thin film preparation method called pulsed ion-beam evaporation BE) has been

proposed by one of the authors, where various thin films have been prepared successfully. 8)

By IBE, crystallized thin films, such as B4C, BaTiO3, BN, SiC, SrA1204 and TiFe were
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prepared without heating substrates. 18-93 Only preliminary results were reported on the

preparation of poly-Si thin films by EBE. 143

In the previous paper, [143 we have reported about substrate bias effect on the crystallinity

of poly-Si thin films. It was found that a large-area, high crystallinity poly-Si thin film could

be achieved by applying bias voltage to the substrate. In this paper, we report the deposition

of poly-Si thin films at room temperature, i.e., without substrate heating or annealing, by

using the intense, pulsed, ion-beam evaporation (l]BE) technique. To investigate the

crystallization and deposition rate, the substrate was placed at 1--I(hm away from tile plasma

center. Furthermore, to study the crystallinity, bias voltage was applied to the substrate.

2. Experimental Apparatus and Method

Figure I shows the schematic of the experimental arrangement. An intense, pulsed, light

ion-beam (LIB) generator "ETIGO- H " at the Nagaoka University of Technology was used. A

high-voltage pulse from "ETIGO- II was applied to a magnetically insulated diode (MID),

and an intense pulsed light ion-beam was extracted. '-"3 From the measurement with energy

spectrometer, the ion species has been found to be mostly protons (approx. 75%) and the rest

to be carbons. [12-113 The ion beam hits the target, producing high-density ablation plasma,

which was deposited on the substrate placed parallel to the target at a certain distance. The ion

beam used was the peak energy of I MeV, the pulse width of 50 ns, and the energy density on

the target of 50 J/cm. 2. The beam spot size on the target was typically 20mm in diameter.

Table I Typical experimental conditions
Flashboard

.I Main component of ions H+
Anode Cathode Substrate

Beam voltage (peak) I V

Diode current 70 kA

Energy density on target 50 JCM2

dAT Anode-Target distance (dAT) 180 mm

Target-Substrate distance (dTs) 70 nun

Target angle 450

Substrate Si (100)

Pressure 10-4 Torr
MID

10 cm Substrate temperature R.T.

Number of shots 5 shots

Fig. I Experimental setup. Substrate bias voltage Vbi.) 0 - 100 V
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We used single crystal silicon with 50 X 50 X IO mm in size as a target. As a substrate,

we used single crystal silicon wafer (I 00). The substrate (I X 20 X I mm) was kept at room

temperature and the ablation plasma directly hits the substrate. The poly-Si thin films were

deposited under a pressure of -10-4 Torr. The bias voltage was applied to the substrate placed

70 mm away from the target. Between the target and the substrate a firm insulation was

carried out to avoid the current flow and to stand the potential difference. Typical

experimental conditions are presented in Table I 

In this study, we examined the crystal structures of the obtained poly-Si thin films by

X-ray diffraction (XRD, RIGAKU, RINT 2000). The gain size was estimated from the full

width at half-maximum (FV;HM) values of (I I 1) peak in the XRD spectra by using Scherrer's

formula. The film thickness (d) was estimated from the scanning electron microscope (SEM,

JEOL, JSM6700F) morphology. The crystallinity of the thin film was measured by Raman

spectroscopy and the excitation source consisted of an argon-ion laser tuned at 514.5 nin,

releasing 200 mW to the sample. Raman scattering was collected at right angles, dispersed

with a double spectrometer (JASCO, NR II 00). The crystallinity of the Raman spectra 

was defined as the following equation, where I, and I,,, are the intensities of the polycrystalline

phase 520 cm-'), and the amorphous phase 480 cm-'), respectively. In the XRD spectra, I,

and I,, are the intensities of the sharp crystalline peak and the board amorphous ones

respectively, which is written by

= I, (1)

+

3. Experimental Results

3.1 XRD Analysis

Figure 2 shows XRD spectra of poly-Si thin films deposited on silicon substrates at

various substrate bias voltage (Vbi.)- XRD spectra revealed that the poly-Si phases are varied

while applying Vbi. to the substrate. It was noticed that at Vbj = - 0 V, all peaks have

considerable high intensities than other VW. conditions. From the XRD spectra it was also

revealed that the crystallinity of the thin films is improved by applying bias voltage to the

substrate. However, at Vbi. I 00 V, the XRD peak intensities showed a decreasing trend.
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Fig. 2 XRD spectra at various substrate bias voltage.

3.2 SEMAnalysis

Figure 3 is the SEM image of poly-Si thin films deposited on silicon substrates at various

bias voltage (Vbi.,). In Fig. 3 we have evaluated the film thickness. We see that the film

thickness is increased at Vbia, - 0 V compared with that Vbi,,, = 0 V This result agrees with

our previous experiments. 1141 When the Vbia, is increased to - 00 V, the thickness of the film

was found to decrease compared to Vba, - 0 V When bias voltage was applied to the

substrate it was also noticed that the considerable density of the thin film has been improved.

2 A. ..........

Vbias 0 VI d=1.06 ji m V bias -50 VI d=1.33 i V bias -1 00 VI d=1.06 ju m

Fig. 3 SEM images at various substrate bias voltage.
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3.3 Raman Analysis

The Raman spectra are shown in Fig. 4 The graph where VW. = 0 V is found to contain

some amorphous phase, which exhibits a broad peak at 468 c-'. The crystallinity phase at

520 cm-' has increased by using VW. - V but a slight decrease at - 1 0 V was observed.

The enhancement of crystallinity at Vbin 50 V has been found in XRD analysis as well.

VbI88

-1 00V

U)

-50V

E

0V
350 400 450 500 550 6 650

Raman Shift (cm-')

Fig. 4 Raman spectra at various substrate bias voltage.

4. Discussions

The crystallinity index of the prepared thin films was calculated using the XRD and

Raman spectroscopy data, which are shown in the following Figs. and 6 According to Figs.

5 and 6 the increase in the crystallinity is observed by applying substrate bias voltage. On the

other hand, the values are found to decrease at Vbj. = - I 0 V. The influence of the substrate

bias voltage may be explained using he following approach. With increasing negative Vbi,,,

the energy of the attracting ions towards the substrate is increased, and as a result, the s e

is heated and resputtering takes place. Since the temperature of the substrate surface is
(141increased due to ion-bombardment, some disorder may result within the thin film.

100 . . . . . . .

80-

60-

40-

AN

-25 -50 -75 -100
Substrate Bias M

Fig. 5 XRD Crystallinity spectra as a function of substrate bias voltage.
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Fig. 6 Raman Crystallinity spectra as a fimction of substrate bias voltage.

Since the ion-bombardment could be considered to substrate heating during deposition,

grain size growth might also give an explanation to crystallization. In Fig. 7 evaluated grain

size from the XRD spectra is given. We have achieved a good crystallinity at Vbi" 50 V

(Fig. 5 and 6 and at the same time the grain size was noted to be increased at this point. The

instant substrate heating with the use of bias may have resulted to crystallize, giving the

increase in the grain size.

140

120
P
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80

6d!
40 - -
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_0 -50 -100
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Fig. 7 Grain size spectra as a function of substrate bias voltage.

The deposition rate calculated from d in Fig. 3 as a function of bias is shown in Fig. .

Here, we have succeeded in the achievement of a high deposition rate of -270 mn/shot with

using the substrate bias voltage. It has been seen that the deposition rate has gradually

increased with increasing Vj. at various distances, but that it decreases at Vbj. = - I 0 V

This was contrary to expectations, since it was anticipated that with increasing the negative

Vbiw, will increase the energy of the attracting ions towards the substrate, i.e. the

ion-bombardment energy and as a result the surface will be heated to allow resputtering to

take place. This could be a factor for the decrease in the film thickness as we increase the

negative bias of the substrate.
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Fig. Deposition rate spectra as a fimction of substrate bias voltage.

The increase in the film thickness with substrate bias voltage can be explained but the

main mechanism behind is still unknown. When the substrate bias voltage is zero, there is no

external influence to the ablation plasma plume and the particles are deposited on the

substrate without any interference. On the other hand, if we supply electric field to the

existing ablation plasma the particles present in the plume experience some effects in them.

For example, applying negative bias to the substrate means that the positive ions present in

the plume get attracted towards the substrate, resulting in drag for the neutral particles. This

phenomenon is assumed to have increased the film thickness where, the ion drag force is

considered to take place in the bias field.

5. Summary

Using intense pulsed ion-beam evaporation technique, we have succeeded in the

preparation of polycrystalline silicon thin films. The grain size variation was noted by

changing the bias conditions. The crystallinity and the deposition rate of poly-Si thin film

have improved by applying bias voltage to the substrate, which may have contributed to

instantaneous substrate heating to take place from the ion-bombardment energy.

References

1) G. Fortunato, L. Mariucci, R. Carluccio, A. Pecora, V. Foglietti, "Excimer Laser

Crystallization Techniques for Polysilicon Ms", Appl. Surface Sci., 154-155, 95-104

(2000).

2) R. Nozawa, H. Takeda, M. Ito, M. Hori and T. Goto, "Substrate Bias Effects on Low

Temperature Polycrystalline Silicon Formation Using Electron Cyclotron Resonance

SiH4/H2 Plasma", J. Appl. Phys., 81, 8035-8039 1997).

3) S. Hasegawa, M. Sakata, T. Inokurna and Y. Kurata, "Structural Change of

Polycrystalline Silicon Films with Different Deposition Temperature", J. Appl. Phys., 85,

- 194 -



3844-3449 (1999).

4) C. Fukai, Y. Morita, T. Nakamura and H. Shirai, "Enhanced Crystallinity at Initial

Growth Stage of Microcrystalline Silicon on Coming 7059 Glass Using SiH2CI2", Jpn.

J. Appl. Phys., 38, L554-L557 1999).

5) K. Goshima, H. Toyoda, T. Kojima, M. Nishitani, M. Kitagawa, H. Yamazoe and H.

Sugai, "Lower Temperature Deposition of Polycrystalline Silicon Films from a Modified

Inductively Coupled Silane Plasma", Jpn. J. Appl. Phys., 38, 3655-3659 999).

6) H. Shirai, Y. Sakuma, Y. Moriya, C. Fukai and H. Ueyama, "Fast Deposition of

Microcrystalline Silicon Using High-Density SiH4 Microwave Plasma", Jpn. J. Appl.

Phys., 38, 6629-6635 1999).

7) E. Srinivasan and G. N. Parsons, "Hydrogen Elimination and Phase Transition in

Pulsed-Gas Plasma Deposition of Amorphous and Microcrystalline Silicon", J. Appl.

Phys., 81, 2847-2855 1997).

8) K. Yatsui et al., "Application of Intense Pulsed Ion Beam to Materials Science", Phys of

Plasmas, 1, 1730-1737 1994).

9) W. Jiang et al., "Characteristics of Ablation Plasma Produced by Pulsed Light Ion Beam

Interaction with Targets and Applications to Materials Science", Nucl. Instr. & Meth in

Phys. Res. A 415, 533-538 1998).

10) A. Tokuchi, N. Nakamura, T. Kunimatsu, N. Ninomiya, M. Den, Y. Araki, K. Masugata

and K. Yatsui, "3MV Pulse-Power Generator "ETIGO- H at the Technological Univ of

Tech.", Proc. 2nd Int'l Top. Symp. on ICF Res. by High-Power Particles Beams, ed K.

Yatsui, 430-439 1986).

1 1) K. Yatsui, A. Tokuchi, H. Tanaka, H. Ishizuka, A. Kawai, E. Sai, K. Masugata, M. Ito

and M. Matsui, "Geometric Focusing of Intense Pulsed Ion Beams from Racetrack Type

Magnetically Insulated Diodes", Laser & Part. Beams, 3 119-155 1985).

12) Y. Shimotori, M. Yokoyama, H. Isobe, S. Harada, K. Masugata and K. Yatsui,

"Preparation and Characteristics of ZnS Thin Films by Intense Pulsed Ion Beam" J.

Appl. Phys., 63, 968-970 1988).

13) K. Yatsui, C. Grigoriu, K. Masugata, W. Jiang and T. Sonegawa, "Preparation of Thin

Films and Nanosize Powders by Intense, Pulsed Ion Beam Evaporation", Jpn. J. Appl.

Phys., 36, 4928-4934 1997).

14) S.-C. Yang, A. Sharoon, H. Suematsu, W. Jiang and K. Yatsui, "Preparation of

Polycrystalline Silicon Thin Films by Pulsed Ion-Beam Evaporation", 2nd Asia-Pacific

Int'l Symp. on the Basis and Application of Plasma Tech. (Kaohsiung, Taiwan, 2001), pp.

165-170.

15) D. Winske and M. E. Jones, "Particulate Dynamics at the Plasma-Sheath Boundary in

DC Glow Discharges", IEEE Trans. on Plasma Sci., 22,454-464 1994).

- 195 -



PULSED POWER LASER RADIATION EFFECTS ON
MYCOPL,4SMA AGALACTIAE

Cerasela Z. Dinu', Constantin Grigoriu', Maria Dinescu',
Florentina Pascaleb, Adrian popoViCib , Lavinia Gheorghescub, Ana Cismileanub,

Eugenia Avram'and Kiyoshi Yatsui d

'National Institutefor Lasers, Plasma and Ra&ation Physics, P. O.Box MG-36, Bucharest,
Romania,

'National Society "Pasteur Institute S.A. Calea Giulesti No. 333, Sector 6 Bucharest,
Romania,

c Spiru-Haret " University, Palatul Sporturilor si Culturfi, Parcul Tineretului, Bucharest,
Romania

dExtreme Energy-Density Research Institute, Nagaoka University of Technology, Niigata,
940-2188, Japan

ABSTRACT

The biological effects of the laser radiation emitted by the Nd:YAG laser (second
harmonic, wavelength 532 nrn / fluence 32 Mj/CM2 / pulse duration 6 ns) on the
Mycoplasma agalactiae bacterium were studied. The radiation was found to
intensify the multiplication of the bacteria irradiated in TRIS buffer 0.125 M),
without however affecting the proteinic composition of the cell membrane. When
the bacteria were irradiated in their growth medium (PPLO, broth) being later
cultivated on a solid medium (PPLO agar), the exclusive presence of the atypical
colonies (granular and T-like ones) was noticed.

1. Introduction
There is knowledge of experimental bacteria irradiation with X rays, alpha, beta and

gamma radiations, as well as with fast neutrons- the cultures used were those. of
Staphylococcus aureus, Salmonela typhimurium, Escherichia coft, Bacillus pyocyaneus,
Bacillus anthracis, Serralia marascens, etc. The major effects were either bactericidal (as an
inhibition process of the cell proliferation), or radioprotective (whenever the radioprotective
substances reduce the toxic ones resulted from the irradiation disintegration). The Merences
between the effects of the ionizing and ultraviolet waves irradiation were not too great').

Ones the lasers were developed, a series of experimental researches were conducted
on the laser radiation effects on the laser radiation effects on biological media 2,3,4,5) a limited

6,7,8,9)number of reports on the laser radiation-bacteria interaction should also be mentioned
Many experimental results confirm the laser radiation to be able to change the cell
proliferation processes and induce important structural changes 79). The effects of the laser
radiation on the pro- and eukaryote cells are conditioned by certain parameters such as the
wavelength, the power and energy level, monochromaticity and iradiation duration.

Our aim was to study the laser radiation 532 n green in color) effects on
Mycoplasma agalactiae a bacterium of the Mofficutes division, Mycoplasma genus; the
bacteria belonging to this genus lack the rigid cellular wall and have elastic cytoplasmatic
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membrane. A vaccinal Mycoplasma agalactiae strain (Pasteur Institute 3 Bucharest) was
irradiated.

The bacteria were irradiate both in their growth medium and in TRIS buffer 0.125
M), and then studied for the cell morphology (by electron microscopy), the cell membrane
protein composition (by sodium dodecyl sulfate polyacrylamide gel electrophoresis, SDS-
PAGE) and the cultivability of the bacteria irradiated in their growth and then reinoculated
into a solid medium.

2. Material and method

2.1. Irradiation
The radiation source was made of a solid state Nd:YAG laser that operated at 532 mm

in green. The other experimental parameters were:
a) The laser fluence (laser energy/irradiated area) 32 mJ/cm2;
b) The laser pulse duration - = 6 ns;
c) The laser pulse repetitive frequency cD = 0. 5 Hz;
d) The laser pulse number N = 300.

Throughout the irradiation, the samples were homogenized on a magnetic stirrer.

2.2 Iradiated samples
The 48 hour old Mycoplasma agalactide culture in PPLO broth (Difco): 600 ml of the

basic medium (PPLO, Difco), 20% liquid yeast extract (LYE), 20% horse serum, 1% glucose,
400 W/ml of penicillin, 0.05 g/othyalium. acetate and 12 ml of phenol red solution.
a. The culture was incubated at 370C and 1400 rpm under agitation, the density was WO
CFU/ml and 4 ml were subjected to the irradiation. Following irradiation, 0 I ml of the
culture was seeded into the solid medium: PPLO agar (Difco) supplemented with 20% LYE,
20% horse serum, 1% glucose, 400 IU/ml of penicillin, 0.05 g/ thalliurn acetate. The Petri
plates were incubated at 370C and daily examined for days.
b. The bacterial bodies suspended in TRIS buffer (lxlO9 CFU/ml): the 48 hour old
Mycoplasma agalactide culture was centrifuged at 4C and 13,000 g for 35 inutes 1. The
pellet was washed 3 times in TRIS buffered solution (0. 0 1 M TRIS-HCI, 0 I M NaCl pH
7.2) and once in 0 125 M TRIS-HCI buffer, pH 68. The final sample concentration was
adjusted to N109 CFU/ml in 0125 M TRlS-HCl buffer, and 4 d were subjected to the
irradiation.

2.3. SDS-PAGE
The SDS-PAGE was performed as described by Laemmli") with 10% separation gel.

The samples (the irradiated in 0 125 M TRIS-HCl buffer and the non iadiated one) and the
molecular weight standard (Sigma) were dissolved in standard buffer (0.05 M TRIS-HCI pH
6.8; 25% SDS; 5% 2-mercag ,toethanol; 15% glycerol; 0.05% bromphenol blue) and then
heated in a water bath (100 Q for minutes. The insoluble material was removed by
centrifugation at 10,000 g for 10 inutes. The solubilised cellular proteins and standards
were electrophoresed Mini Protean 11, Bio-Rad) at a constant current, 200 V (Power-Pac
300, Bio-rad).
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2.4. Electron microscopy
The samples were examined under a transmission electron microscope (EM 125 75

kV acceleration voltage, 6000-400,000 x magnifying power) using the direct negative
contrast method. Each sample was placed on 150 mesh grids and electron contrasted using a
2% alcohol solution of phosphotungstic acid', pH 74 as the contrast substance.

3. Results
The irradiation affected the cultural characters of the bacteria on the solid medium.

Thus, atypical colonies were found 72 hours after the cultivation of the irradiated samples:
they were granular and punctiform, T-like (Figure 2.
The nonirradiated control exhibited both typical, fried eggs-like colonies, and atypical ones
(Figure ).

Electrophoresis did not evidence differences among the irradiated and non irradiated
samples as to the proteinic bands aspect (Figure 3 while electron microscopy showed no
sigmficant differences with the samples irradiated in their growth medium in comparison
with the non irradiated ones examined under the same conditions.

Significant differences were, however, found with the irradiated TRIS buffer sample
as against the nonirradiated control, whose cells exhibited monomorphism: cells clumps were
noticed, and the cells were round ranging between 80 and I 0 nm (Figure 4.

............

Fig. 72 hour Mycoplasma agalactiae culture irradiated on PPLO agar.
a. Atypical, granular colonies.
b. Atypical, T-like punctiform colonies.
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Fig. 3 Electrophoresis on irradiated Nfvcoplasma agalachae.

Fig.4 NonirradiatedAfvcoplaviiiaagalactiae-TRIS-HCI(0.125M)bufferedgermssuspension.
Round cells with monomorphism.
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Fig.5 IrradiatedAfycoplasniaagalactiae(532rim.32mJ/cm-,6ns,300pulses,inTRISbuffer).
a. Filamentous formations.
b. Budding.

................

. ...... ...

Fig. 6 Irradiated 1�ycoplasma agalactiae 532 rn, 32 m/crn26 ns, 300 pulses, in TRIS buffer).
Enlarged cells looking like "glove fingers".

As for the samples irradiated in TRIS buffer, the cells are characterised by a marked
polymorphism� fing-like forms (Figure 5), glove fingers-like ones (Figures 6 and reniform
aspects (Figure 7 were noticed. All these exhibited a se in the cell volume and filamentous
protrusions-like formations. In our opinion, these formations are not mere membranaceous
prolongations; they are daughter cells resulted from cellular division processes, either by
means of filamentous formations (Figure 3 or by budding (figure 3 and 5). The lack of the
cell wall allows the genetic material of these daughter cells to be visualized.
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Fig.7 Irradiatedtfycoplasinaagalactiae(532nm,32 nlj/CM2 6 ns, 300 pulses, in TRIS buffer).
a. Great renifonn cell during budding division.
b. Daughter cells.
c. Great cell Nvith inclusion (elementary bodies).
d. Elementary bodies.
e. Nucleoli.

These findings permit the assumption that, under the laser radiation influence, the
intracellular metabolic processes are intensified and accompanied by more marked bacterial
division processes in a neutral medium.

Due to the lack of the rigid cell wall, mycoplasmas have a marked morphologic
plasticity dependent on the medium in which they were grown"). The changes in the form
found in the irradiated cells of our experiment do not exist in the nonirradiated controls. We
can, therefore, state that the laser radiation is responsible for the changes induced to the
irradiated samples, i.e. the increased cell volume and morphological plasticity, the presence
of the division processes.

4. Conclusions
1. The influence of the Nd-YAG laser radiation second harmonic, (wavelength 532 nm

32 Mj/CM2 6 ns) on the Mycoplavma agalactiae bacterium was studied.
2. The laser radiation affected the TRIS-HCL buffered bacterial suspension by

increasing the cellular volume and the morphologic plasticity, and by intensifying the
metabolic processes translated by cell division processes.
3. The laser radiation did not morphologically affect the bacteria irradiated in their

growth medium, it merely affected the cultivability degree on a solid medium.
4. The laser radiation did not affect the proteinic composition of the irradiated bacteria

cell membrane.
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ABSTRACT

The voltage-current characteristics of transient glow discharges in dry air (N2:02=8:2)
at pressure of 10 torr were obtained for discharge currents up to 15 A using
parallel-plane electrodes. The time-dependent glow voltage is obtained accurately by
solving the circuit equation using the measured values of the current and breakdown

'Voltage. Carborundum damping resistor is altered from I to 200 in order to obtain
the voltage-current characteristics in a wide current range. The glow discharge voltage
was almost constant until the whole surface of the cathode was covered with glow, i.e.,
until the discharge current became 37 A under our experimental condition (a normal
glow discharge mode). The voltage, however, increased with the current when the
glow covered over the cathode (an abnormal glow discharge mode). The electron
density in positive column of the high-current glow discharge were obtained to be
4.9x1011 CM 3 from calculation based on nitrogen swarm data. This value is close to
the electron density 3x1011 CM-3 measured with Langmuir probe. The glow-to-arc
transition starts to develop in the discharge region near the cathode at 0035 Jcm-3
energy dissipated in the cathode fall region during the glow phase. The high-current
glow discharge plasma was successftilly produced with 35 �ts duration at I kHz
repetition rate using a pulse modulator.

1. Introduction
1-3)Glow discharges are used for material surface treatment as metal nitriding 1 ion

implanting to polyethylene 4) etc. Although the low pressure glow plasma are mainly used in
conventional system for nitriding and implanting, some nitriding are operated in a range of a
few torr. 2) Our objective is the production of a high density, large volume and low gas
temperature plasma utilizing a pulse glow discharge with high-current at gas pressure from a
few torr to a hundred torr. 5)-7) A lot of processes in a direct current (dc) glow plasma are
governed by the voltage-current (V-1) characteristics of the discharge. 8) In this paper, the
experimental studies on the V-I characteristics of a transient or pulsed glow discharge with
high current up to 150 A after static breakdown of pure nitrogen gas are described. Using the
measured glow voltage and the cathode fall voltage, the electron density and the electron
temperature in the positive column are calculated.

II. Experimental details
The experimental apparatus used in the present experiment consists of a co-axial discharge

chamber, damping resistors and a capacitor. Electrode plates with rounded edges were made
of copper and set in the discharge chamber. The overall diameter and thickness of the
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electrodes are 10.7 cm and 1.5 cm, respectively. The one electrode is connected to a 189 &
capacitor which is charged negatively up to high voltage. The other electrode is grounded
through the damping resistors. The gap spacing between the electrodes was changed from 02
to 2 cm. The pressure of pure nitrogen gas was kept to 10 torr in the discharge chamber. The
gas in the chamber was exchanged after every discharge.

The 189 gF capacitor was slowly charged with nearly constant current of 0.5 mA. The
carborundurn damping resistors were used to control the discharge current. The return current
flows into the ground through twelve stainless rods. The breakdown voltage was accurately
measured using a resistive voltage divider with 1000:1 ratio. The discharge current was
measured by means of a Pearson Model I I OA current transformer and a Sony-Tektronix
Model 540 digital oscilloscope. Then the signal is transmitted to a personal computer through
a GPIB cable in order to calculate the gap voltage v(t) using the following circuit equation:

I
v(0 =Vbr -Ji(t)dt-R i(t)-L4qq (1)

C dt

where V, and i are the breakdown voltage and the current, respectively; C, R and L are the
capacitance, resistance and inductance of the circuit, respectively. The inductance L was
determined from a period of the L-C oscillation in the prior experiment. The damping resistor
R was altered from I to 200 to acquire the V-I characteristics in a wide current range.

Electron density and temperature was obtained using Langmuir probe. The measurement
of the probe current waveforms in pulsed glow plasma at various probe bias voltages, and
probe current-bias voltage curves were drawn using them at various times. The probe tip is
made of tungsten with 02 mm diameter and 3 mm length, and is placed at the middle between
the electrodes.

Return
rods Current

transformer
Damping V(t)
resistor <------------------------

Discharge EDWIN,,
chamber

Oscilloscope ----------------
CU Relectrode --- ----------->

V (t
L

pacitor
-H.V. 1.89ju F Computer

To
Voltage meter

Fig. I Experimental apparatus. Fig. 2 Equivalent circuit of the
discharge system.
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111. Characteristics of a transient glow discharge

A. Voltage-current characteristics of transient glow discharge
Figure 3 shows a typical current oscillogram and the series of photographs of high-current

transient glow discharge, respectively. The exposure time, i.e. the time duration between the
converter camera is opened by the gating pulse and closed, is 50 ns. The converter opening
time for each frame is indicated by the number enclosed with a circle under the trace of the
discharge current. The time t is measured from the origin when the discharge current is first
detected, and the time t, indicates the beginning of the filamentary glow or arc discharge. The
structure of the discharge during the development can be deduced from the series of
photographs in Fig. 3 The appearance of the discharge shown in frame (D closely resembles
that of a stable glow discharge exhibiting a uniform positive column, a Faraday dark space
and a negative glow. Frames ()-(a) show that after the time ts show that appears on the
surface of the cathode a luminous spot and induces the second glow phase and/or the arc
phase. With the increase in current, the discharge constricts while the luminosity increases at
the core of the discharge.

The build-up of the current takes place in two steps as shown in Fig. 3 In the growth of
the discharge current up to the order of amperes, it has been reported that three plateaus
appear corresponding to the occurrence of the diffused glow, the filamentary glow, and the arc
in hydrogen in pressure range from 300 to 700 torr at electrode separations of several
millimeters. 9 In this work, the step of the current growth according to the filamentary glow
cannot be distinguished from that of the arc discharge. The duration of the glow phase and the
glow current are 22 gs and 3 0 A, respectively.

T

600-

400-

200-
3 �

1 2 3 4 5 6 70
I SI

Fig. 3 Shutter photographs of a discharge at 5.5 torr and 2 cm. Shutter opening time
for each frame is indicated under the trace of the discharge current. Lower electrode is
cathode and upper electrode is anode.

Representative voltage and current waveforms of high-current transient glow discharge at
damping resistor of are shown in Fig. 4 After a static breakdown, marked on the
trace, the discharge current increases up to 150 A, and the gap voltage decreases from a
breakdown voltage to the value of a quasi-stable step, marked (Z, as the discharge develops.
The time duration from (Z to indicates that the discharge mode is the transient glow. In
this case, the glow voltage decreases from 920 V to 800 V with decreasing glow current from
150 A to 107 A. At the time marked 3 an appearance of a luminous spot on the cathode
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surface was observed by the image-converter camera photographs. After then the voltage
collapses to a few ten volt with glow-to-arc transition in time from ( to (1). After the time
marked (), the arc discharge current decreases at a time constant of RC.

Figure shows the V-I characteristics obtained from Fig. 4 The V-I characteristics have
two positive slopes; the first is the time from Z to and the second is the time after D.
These correspond the characteristics of the glow discharge and the arc discharge, respectively.
The two negative slopes mean the transient phases; Townsent-to-glow transition ((I) - Z) and
glow-to-arc transition ((a) - (1)).

600
d: cm

1000 P rr 500 1000 p: 1 0 Torr

;;i� R 1 
400 'E

300 M
6 50 - 500 > 200 M
M

100

0
4 2 4 6 8 0 100 200 300 400 500 600

(D Time [psecl Current [A]

Fig. 4 Voltage and current waveforms Fig. Voltage-current characteristics of
of the pulse discharge. PIO torr. -- I the pulse discharge. 10 torr. -- I cm.
cm. R= I 0. R= I Q.

Figure 6 shows the V-I curves of 1000
the glow mode at various values of the 341Q
resistance R of the damping resistor. 80 -

The broken line shows the
interpolation by an exponential 480 600 - 9

2-function. In the case of R-1 3 9 . the 8 .1
9 559

glow discharge is transient, which 400 - 200 Q

means glow-to-arc transition occur
after the glow. In this case, the duration 200

of glow are 35 30, 20 [ts, respectively.
When R > 18 the glow-to-arc 0
transition does not occur, therefore the 0.1 1 10 100
glow mode durations are almost Current [A]

determined by the time constant CR Fig. 6 Voltage-current characteristics of
(=1.89 R [gs]) of the apparatus. The glow discharge. P= IO torr. I cm.
empirical formula of current density
j.g:

j11g = 240 x 10-6 P' [A/cm 2i (2)

for Cu-Air low pressure normal glow ') Where, p is gas pressure. The total surface area of
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2 CM2 2the electrode 10.7 cm in diameter is obtained to be 155 cm (= 76 plane area 79 CM

rounded edge). Therefore, when the whole cathode surface is surrounded by normal glow, the
value of the current is obtained to be 37 A, which is indicated as Ig by arrow in Fig. 6 The
glow voltage is almost constant in the case of current lower than 37 A while it increases with
increasing current in a range higher than 37 A. This fact implies that the discharge changes
from a normal glow to an abnormal glow at the discharge current of 37 A.

B. Current density
Figure 7 shows the relationship between discharge current at the time just prior to is and

circuit resistance R with gas pressure pas a parameter at electrode separation of 1.0 cm. The
glow current decreases with the circuit resistance. The transient glow current can be regarded
as being proportional to R-k (k<l) from the slope of the lines in log-log scale. Figure shows
the plotted cathode current density at the time just prior to s in relation to circuit resistance R
with gas pressure p at electrode separation of 1.0 cm. The broken lines represent the value
calculated from the equation 2) for Cu-Air normal glow. The current densityj is given by:

j Ig (3)
S

where is the cross-sectional area of the glow cylinder and obtained from the photograph of
the negative glow on the cathode. In this work for R>60 K2, the current density at 20 torr is
almost independent of the circuit resistance and is close to the value derived from 240x 10-6 P2.

The current density, however, increases with the decrease of the resistance in a range of R<60
Q. This fact indicates that a transient glow changes from the normal glow to the abnormal
glow by making the resistance small. At 10 torr the current density of the glow discharge
which decreases with the resistance because the glow current decreases in a range of I to 200

2Q. The maximum value of the cathode current density of the glow discharge is 32 A/cm 
which is almost two orders larger than the value obtained from the formula of Cu-air normal
glow.

100
lo,

"E 20 Torr

20 Tom
10-1 -------------- --------------

lo'
10 10

100 lo, 102 100 lo, 102

R [] R []

Fig. 7 Dependence of transient glow Fig. 8 Current density on the cathode at the
discharge current on circuit resistance R at time just prior to is as a function of circuit
different values of gas pressure p. d I cm. resistance R at different gas pressures. J I cm.
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C. Electron density
The value of Elp, on the plateau of the V-I curve, in the positive column of the glow

discharge was deduced from the measured values of the glow voltage. Figure 9 shows the
plotted gap voltage just prior to t, in relation to the electrode separation d with gas pressure p
as a parameter. The circuit resistance is I . The gap voltage decreases linearly with reducing
electrode separation. The cathode fall voltage can be obtained to 285 V as "zero length
voltage" 1 1) by extrapolating the potential distribution across glow discharge to zero electrode
separation. In the normal glow mode (I < 37 A), the value of Elp is obtained to be 86
V/cm/torr and independent of the discharge current. At discharge current of 144 A (in
abnormal glow mode), the Elp is 61.6 V/cm/torr. The electron density of the positive column
N. can be estimated using the following fon-nula:

N = (4)
eW

where j, e and Ware current density, electron charge and electron drift velocity, respectively.
The parameter W is calculated as a function of Elp, 12) and it is 45 x106 CM/S for normal glow
mode ad 20.5 x 106 cm/s for abnormal glow at current of 144 A. The current density j in the
abnormal glow mode can be determined by division of the total glow current by the cross
section of the positive column; it was calculated to be 89.9 cm 2. Therefore, the electron
densities of the positive column can be estimated to 33 x I CM-3 for normal glow (I < 37 A)
and 49 x I 1 1CM-3 for abnormal glow (I= 144 A).

Figure 10 shows the time variation of the electron density measured with Langmuir probe
at the middle between the electrodes. In this experiment, the gas pressure and the electrodes

1000 klo" 3 15
p= 20 Torr d: 2 cm

800
Err

> 2 - 10
CD 600
>

4)

400 VCX., 5'2
200

. . . . . . . . . . . . . 0
0 0.5 d [cm] 1 1.5 0 10 20

Time [psec]

Fig. 9 Relationship between gap voltage Fig. 10 Time dependence of electron
at the time just prior to t, and electrode density of abnormal glow discharge. P=3
separation. R= IQ. torr. d�-2 cm. R=192.

separation were kept at 3 torr and 2 cm, respectively. In this condition, the glow-to-are transition did
not occur. The current when the normal glow plasma covered over the whole cathode was 033 A
from calculation of equation 2). The peak current of the pulse glow discharge is almost 14 A, which
is 40 times larger than the normal glow current 033 A. Therefore, the discharge belongs to the
abnormal glow. The electron density rapidly increases to almost 3 x IO" CM3 after a formation of the
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glow discharge. And then, the electron density becomes the value on the plateau of the time variation
during 5 �ts.

D. Energy dissipation for glow-to-arc transition
Figure I I shows the energy dissipated in the gap during glow phase Eg in relation to

electrode separation at different gas pressures p with circuit resistance of K2. The dissipated
energy was obtained from the glow current and the breakdown voltage by solving the circuit
equations (1) and

fo's i (t) v g (t)dt (5).

The values of dissipated energy Eg are in a range from 0 I to 07 J. Chalmers et al suggested
that the criterion for a glow-to-arc transition is that a certain quantity of energy is dissipated
in the gap during the glow phase. 13) This suggestion is based on the fact that the dissipated
energies obtained by Allen and Farish were approximately the same value, that is, 1.5 j. 14),15)

The present values from 0 I to 07 J are much smaller than those values reported by Chalmers
and larger than the values by Fujiwara et al. "),") Therefore, the dissipated energy of the
transient glow changes according to experimental condition and it cannot be used as criterion
for a glow-to-arc transition. Moreover, the dissipated energy Eg is regarded as generally
increasing with electrode separation though the measured values are scattered.

The present visual observation shown in Figure 3 represents that the filamentary discharge
is initiated near the cathode surface where the cathode fall occurs. The growth of the cathode
attachment strongly suggests that the initiation of the discharge filamentation may be a result
of the characteristics of the cathode fall region. Fujiwara et al suggested that the criterionfor a
glow-to-arc transition is that a certain quantity of energy is dissipated on the cathode during
the glow phase. 16) The dissipated energy on the cathode can be calculated if energy
dissipated in the cathode fall region is obtained from the following equation:

EC Vfo" i(t)dt (6).

0 �Torr 0.2 0 P-1 0 Torr
0.6 A 15 Torr A 15 Torr

E 20 Torr 0 20 Torr

T
cT 0. 4

+
W 0.1

A A.

0.2 T I X

0 0.5 1 1.5 0 0.5 1 1.5
d [cm] d [cm]

Fig. I I Dependence of energy dissipated Fig. 12 Dependence of energy dissipated in
in the gap during glow phase Eg on on the cathode dark space during glow phase Ec
electrode separation d at different gas on electrode separation d at different gas
pressures. d'-I cm. R=192. pressures. R= I Q.
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In calculation of this equation, the measured value of zero length voltage 285 V was used as .
Figure 12 shows the plots of the energy dissipated in the cathode fall region during glow phase E in
relation to the electrode separation with different values of gas pressure p. These conditions are the
same as those in Figure I . Though the dissipated energy in the gap Eg increased linearly with the
electrode separation, the dissipated energy in the cathode fall Ec is almost constant. This fact
indicates that the increase of Eg with electrode separation is caused by the increase of energy
dissipation in the positive column whose length is nearly equal to the electrode separation. Moreover,
Figure 12 reveals that the dissipated energy in the cathode fall Ec has depends on gas pressure and
decreases with increasing gas pressure.

Chang et al have reported that the thermal instability, which is a local perturbation of electron
or gas density that enhances local joule heating, mainly caused the discharge filamentation."' The
dissipated energy density in the cathode fall region H can be calculated using the following equation:

H EC (7)

SC .1C

where Sc and 1c are the cathode area (i.e. the cross-section of the glow discharge) and cathode
dark thickness, respectively. In calculating this equation, a measured zero length voltage of

285 V was used for V. along with the 0.08 . . . . . . I
data for pl,.=0.23 torr cm given a 0 p=1 0 Torr

copper cathode in normal dc glow A 15 Torr

discharge. Figure 13 shows the plotted 0 20 Torr
0.06

dissipated energy density H in relation c;--
to the electrode separation with
different values of gas pressure p. The 0. 04 IF
conditions are same as those in Figure
I 1. The obtained values for dissipated
energy density in the cathode fall 0.02
region H are almost constant in
relation to the variable electrode

separation and gas pressure and are 0 0.5 1 1.5
equal to 0035 J/cm 3. In industrial d [cm]

applications the transient glow Fig. 13 Dependence of density of energy
discharge runs under gas flow
conditions. Gas replenishment will dissipated in the dark space during glow phase H
therefore have the effect of on electrode separation d at different gas
stabilization on glow discharges at pressures. R= I ft

atmospheric pressure.

E. Production of glow discharge plasma using pulse modulator
The pulse glow discharge without glow-to-arc transition can be produced using a pulse

modulator. The typical waveforms of the glow discharge current and the applied voltage are
shown in Fig. 14. The electrode separation and the gas pressure are 2 cm and 12 torr,
respectively. The applied pulse duration was set to 35 l.Ls at 1,000 pps (pulses per second)
repetitive rate. Figure 14 shows 60-120 A glow discharge is generated with 600 V applied
voltage. The glow discharge plasma is spatially uniform as shown in Fig. 15.
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Fig. 14 Applied voltage and glow discharge discharge plasma. The lower ad the tipper
current at I pps (pulse per second) repetitive electrodes are cathode and anode,
rate. 2 crn. p= 2 torr. respectively. c.

The gas temperature in the glow
discharge plasma can be determined as
rotating temperature of nitrogen I 00 0 I 0
molecule. Figure 16 shows the
time-dependence of the rotating 800 8 0

temperature in the pulse glow r
discharge plasma. The electrode T 6 

separation and the gas pressure are I F_�_'6 ot

cm and 6 torr, respectively. he 400 4 

applied pulse duration was set to 10 �ts
at 1,000 pps repetitive rate. The 200 - 2 

rotating temperature of the nitrogen
gas was obtained using spontaneous 0 5 10 15 0
emission from the glow discharge �,,ecl
c1q - B'H9 emission bands of N2- Fig. 16 Rotating te tperature rise of the pulse
The temperature increases from 400 to glow discharge. d I cm. =6 torr. j- 1,000 pps.

650 K during the glow discharge.

IV. Conclusion
With respect to the generation of high-density and large-volume plasma, the present

research examined high-current transient glow discharge in dry air ater static breakdown A
low inductance capacitor of .89jtF and a discharge apparatus with co-axial configuration
were used to produce a transient glow discharge with high current in excess of 150 A. Results
showed that the high-current glow discharge with te I circuit resistance has the cathode

2cur-rent density of 32 A/cm which is almost two orders larger than the value obtained from
the formula of Cu-air normal glow. The electron density in positive column of the
high-current glow discharge were obtained to be 49-10'' c-3 from calculation based on

-3nitrogen swarm data. Tis value is close to the electron density 3 - IO'' CM measured with
Langmuir probe. The glow-to-arc transition starts ad develops i te discharge region near
the cathode. Te dissipated energy density in te cathode fll region dring the glow pase is
almost constant against the gas pressure and the electrode separation aving a value ofO.035
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J cm-3 under the present experiment's conditions. The high-current glow discharge plasma
was successfully produced with 35 gs duration at I kpps repetition rate using a pulse
modulator.
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