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A real‐time monitoring of immersed antenna type inductively coupled plasma (ICP) was 
done with a homemade 2 dimensional voltage probe array to check the uniformity of the 
plasma. Measured voltage values with a high impedance voltmeter are close to the floating 
potential of the plasma. As the substrate carrier was moving into a magnetron sputtering 
plasma diffusive from a 125 mm×625 mm size cathode, measured results showed reliably 
separation of plasma into the upper and lower empty space over the carrier. Infra red thermal 
imaging camera was used to observe the cross corner effect in situ without eroding a target 
to the end of the usage. 3 dimensional particle trace model was used to analyze the magnetron 
discharge's behavior.
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I. Introduction

Reactive sputtering has been preferred due to lower 

target cost and high deposition rate. Hysteresis, rel-

atively low deposition rate than the pure metal target 

and process drift are the remaining problems. By us-

ing secondary plasmas, incoming depositing particles 

can be ionized, dissociated to deposit thin films with 

enhanced qualities at low substrate temperature 

[1,2,3,4,5]. Many process diagnostics methods are 

used to analyze the process characteristics. In line 

type magnetron sputtering systems are used in flat 

panel display industries. Substrates are sitting on a 

moving carrier into the deposition zone and out to 

normal vacuum region. Magnetron sputtering cathode 

generate very dense and localized plasma near the 

target. When metallic carrier comes into the dis-

charge zone, plasma characteristics can be affected 

by newly defined grounded surfaces. Inductively cou-

pled plasma assisted magnetron systems are more 

vulnerable than simple dc magnetron sputtering 

systems. In order to measure the effect of moving 

carrier on the plasma characteristics in real time, one 

electric probe should be scanned at high speed in two 

dimensions. In this research, two dimensional array 

of electric probes were configured. Two dimensional 

scan is not an efficient in a moving carrier system, 

because it consumes long scanning time and cannot 

cover all of the space in real time with a combination 

of translation and axis rotation mechanism as well as 

mechanical interrupt.

Langmuir probes should have independent meas-
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Figure 1. (a) inline type sputter system with a 
rectangular magnetron sputtering 
cathode, (b) drawing of a moving 
carrier and 2D probe arrays, (c) real 
photo of 2D electric probe arrays and 
an internal antenna for inductively 
coupled plasma generation.

urement circuit to scan voltage to cover from ion sa-

turated region to electron saturation region and re-

quire many averages to remove electrical noise. 

Magnetron sputtering target should be larger than 

the substrate to assure deposition thickness uni-

formity, usually less than 10%. In this research, 

magnetron target size was 635 mm long and 125 mm 

wide. The substrate was 470 mm wide and 370 mm 

high. The goal of this measurement is to study the 

effects of moving carrier on the discharge region.

II. Experimental

Magnetron sputtering system with a rectangular 

target as shown in Fig. 1a. It has 2D electric probe 

array (Fig. 1b) and a dielectric tube covered 1 turn 

internal antenna type inductively coupled plasma as-

sistance (Fig 1c). ICP assisted magnetron sputtering 

has been widely used in depositing high performance 

thin films [6,7,8,9,10,11].

The chamber size is about 2 m wide, 1 m high and 

0.24 m deep made of stainless steel. 13.56 MHz was 

used to power ICP through L-type rf matching 

circuit. Magnetic flux density at the ICP antenna po-
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Figure 3. A typical current-voltage characteristic cu-
rve of a Langmuir probe in a plasma (upper 
trace is applied voltage to the probe tip, 
x-axis is time (100 μs/div), y-axis for volt-
age is 5 V/div and for current is 50 mV/div).Figure 2. Magnetic field intensity along z-direction

from the surface of a sputtering target.

sitions is shown in Fig. 2. At the closest position to 

the magnetron cathode was about 0.015 T and at the 

center and close position to the substrate was lower 

than 0.002 T. Process gas pressure was controlled 

around 0.76 Pa (10 mTorr) to shorten the thermal-

ization distance of sputtered particles to be effi-

ciently ionized by electron impact. In reactive proc-

esses, a proportional solenoid valve (MKS 254) was 

used with a high speed PID controller (SRS-960, 100 

kHz) for automatic oxygen partial pressure control. 

When depositing MgO, the target was powered by a 

bipolar pulse power supply (ENI RPG-100, 50−250 

kHz, +30 V reversal voltage). Ion current measure-

ment from multi electrode probe array was done by a 

data logger (Agilent 34970A＋switch box) connected 

to a PC. Ion currents were gathered with moving the 

substrate carrier by 10 mm/step. Voltage was meas-

ured with an internal termination resistance, 10 MΩ 

of the data logger. It is close to the floating potential 

of a Langmuir probe where ion current should be 

zero. In a general current-voltage characteristics of 

a Langmuir probe, zero current point is observed with 

a small positive voltage. Our configuration gives the 

floating potential profile of our plasma disturbed by 

a moving carrier. We hope to correlate this result to 

the spatial uniformity of the plasma. The difference 

between the plasma and the floating potential de-

termines the electron temperature. This measurement 

is a simple method to assess the plasma's spatial 

uniformity. In the further experiment, the ion satu-

ration current is planned to be measured with a fixed 

negative bias voltage (usually several tens of volt) to 

draw ions from the plasma.

III. Results and Discussion

1. Discharge characteristics of bipolar pulsed mag-

netron

Magnetron discharge has confined electron tra-

jectories determined by magnetic field behind the 

target and electric field set by discharge voltage. E to 

B field ratio determines the trajectories either to tro-

choid or to a cycloid. As the B field is rapidly de-

creasing away from the surface of a target and the 

direction of B is changing from vertical to horizontal 

and to vertical again. The interpretation of electron 

motion is not simple as in textbooks, especially in the 

rectangular cathode where so-called cross corner ef-

fect exists. In a magnetically confined discharge with 

asymmetric perimeter, it is hard to accomplish com-
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Figure 4. (a) discharge image of a rectangular magnetron cathode, (b) infra red thermal image of a magnetron 
cathode during sputtering.

Figure 5. Comparison of rac-
etrack areas of pu-
lsed and contin-
uous dc magnetron 
discharge (ref. 7).

pletely uniform deposition profile along the asym-

metric axis, in our case the longitudinal line of the 

rectangular target. In Fig. 4a, a CCD camera photo 

image is shown for the corner region of this rec-

tangular magnetron cathode operated in normal 

mode. Left lane of the discharge ring is brighter than 

the other side. This is a so-called cross corner effect. 

In a thermal image taken by an infra red camera, it 

is more clearly shown as in Fig. 4b. The origin of 

cross corner effect, unbalanced heating of electrons, 

is proposed in literature [12] as denser ionization in 

the cross-corner region. They proposed a modified 

magnetic field at the corner region to mitigate cross 

corner effect. Pulsed discharge may be a solution. 

During pulse off time, electrons are not accelerated 

but are diffused away from the hot region where the 

tangential magnetic field is high toward other regions 

of a target. In HiPIMS (high power impulse magnet-

ron sputtering), the racetrack region was reported to 

be 1.6 times larger than continuous dc case [13] as 

shown in Fig. 5. This may be confirmed by using 3 

dimensional particle model of a magnetron discharge 

as shown in Fig. 6a and Fig. 6b. This code is devel-

oped by author based on Sheridan's report [14]. In 

Fig. 6a, free electron trajectory is displayed as a 

reference. Fig. 6b shows accumulated electron-neu-

tral collision spots. In this model, electron-neutral 

elastic collision, electron-neutral impact ionization 
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Figure 6. (a) Simulated elec-
tron trajectories wi-
thout collision, (b) 
Simulated electron 
impact collision sp-
ots (accumulated for
many electrons).

and electronic excitations are included in calculating 

collision angle and energy transfer. Detailed simu-

lation technology and results are in ref 9 [15].

Characteristics of pulsed discharge include effi-

cient heating of electrons by fast rising pulse edge, 

even with low repetition frequency. Efficient electron 

heating occurs when the power supply frequency is 

close to the electron-neutral collision frequency. For 

Ar at 10 mTorr, electron-neutral collision frequency 

for 1 eV electron is 1.6 MHz and 10 MHz for thermal 

electrons, 0.025 eV. 1/4 wavelength is equivalent to 

rise time, giving 250 ns for 1 MHz. Our bipolar dc 

pulse power supply has rise time of 80 ns. This means 

a low cost bipolar power supply capable of driving 

50-250 kHz pulsing could give advantage over equiv-

alent rf power supplies in several tens of MHz at 

same power capacity. Measured electron temperature 

for pulsed discharge is reported to be higher than si-
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Figure 7. Floating potential distribution at various carrier positions (moving from pos 1 to pos 5).

(a) (b)

Figure 8. Cross sectional vi-
ew of the deposi-
tion system and the
back surface of a 
substrate attached 
on a carrier.

nusoidal powered discharge. Around 8% of ionization 

ratio is reported in high powered pulse sputtering 

cases, which is much higher than continuous dc mag-

netron sputtering case. HiPIMS cannot guarantee ad-

vantages of high ionization ratio: low deposition rate 

(1/3 of continuous dc case), limitation of target ma-

terials (high melting temperature, high thermal con-

ductivity, high self sputtering yield). In our study, 

the pulse repetition frequency was increased from 50 

kHz to 250 kHz. The magnetron discharge voltage 

was dropped from 360 V to 208 V at same average 

power. The voltage reversal time for discharging the 

accumulated charge at the surface oxide of a target 

was set 80 ns. The voltage falling time is about 0.64 

μs. When oxygen was added, small peaks were ob-

served over the negative pulse peak. Under discharge 

control mode, it was set based on the root-mean- 

square value (rms). PID (proportional-integration- 

differentiation) controller accepts discharge voltage 

signal from pulsed dc power supply and emits MFC 

(mass flow controller) control voltage in 0-5 Vdc. In 

reactive deposition of MgO, the thin surface oxide 

over the target is hard and has very low sputtering 

yield. To go back to metallic mode, low pulse fre-

quency with high discharge voltage is useful. High 

pulse frequency is good to suppress arcing and sput-
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ter stop phenomena due to surface oxide. 100 kHz was 

mainly used in this experiment.

2. Floating potential measurement in Ar inductively 

coupled plasma by 2 dimensional probe array.

Target size is generally set to be 20∼30% larger 

than the substrate to assure thickness uniformity. In 

this study, 125 mm wide, 625 mm long target was 

used for depositing uniform thin film on a substrate 

sitting on a carrier (460 mm×370 mm). Discharge 

region is longer than the carrier by 127.5 mm. It is 

a magnetized discharge. Basically, diode discharge 

needs a cathode and an anode. An anode shield is the 

closest grounded metal part to the sputtering cathode. 

The effect surface area to the cathode is enough to 

absorb ion and electron current when the substrate 

carrier is away. When the carrier comes in to the 

discharge region including inductively coupled plasma 

and magnetron discharge, a moving carrier could af-

fect the plasma characteristics. Strong magnetic field 

(＞20 mT) generates confined magnetron discharge 

within a few centimeter high from the surface of the 

target. ICP ionizes the sputtered particles and the 

working gas in between the target and the moving 

carrier. ICP assisted magnetron discharge is a com-

plex discharge having magnetically confined and pe-

ripherally heated nature. Plasma uniformity is gov-

erned basically by the ICP antenna design and the 

magnet array. The kinetic energy incoming to the 

substrate is controlled by the potential difference be-

tween the plasma and the substrate. The moving car-

rier module is electrically grounded by the metallic 

body and the guiding rail. So plasma potential dis-

tribution is the only factor in determining the ion ki-

netic energy. This is a very important factor in de-

positing films to a soft materials, polymers for tran-

sparent electronics devices, e.g. wearable devices. In 

Fig. 7, measured floating potential values are plotted 

in 2D by numerical interpolation with stepped posi-

tions of the substrate carrier. Position 1 means the 

carrier is far left of the discharge region. Between 

Pos 3 and Pos 4, the carrier is in the discharge 

region. It is far right in Pos 5. Measured profile is 

successfully reflecting the effect of moving carrier 

into the ICP assisted magnetron discharge region. 

Further study is planned to measure ion saturation 

current density, which is more meaningful and faster 

measurement by adopting high speed digital-to-ana-

log converter module replacing the current mechan-

ical switch box. In Pos 3 and 4, leaked discharge 

(screened by the moving carrier, in a measurement 

probe's point of view) has two peaks at top and 

bottom. In Fig. 10 (a), a sketch is shown to explain 

this and in (b), a photo image of the back surface of 

the moving carrier reflecting the plasma's spatial 

profile.

IV. Conclusion

2 dimensional electric probe array was used to 

evaluate plasma's floating potential distribution in 

inductively coupled plasma assisted magnetron sput-

tering system powered by a bipolar pulsed dc power 

supply between 50−250 kHz of repetition frequency 

when depositing Mg or MgO by reactive process. 

Characteristics of bipolar pulsed dc discharge is 

showing the advantage of fast rising voltage pulse to 

efficiently heat the electrons controlled by both the 

ICP and the magnetron cathode. Cross corner effect 

was easily observed without eroding target sig-

nificantly, but by measuring the target surface tem-

perature in situ by a thermal imaging camera through 

a ZnSe window. Measured floating potential structure 

with moving the substrate carrier in 5 different posi-

tions, it is clearly shown that the carrier is dividing 

the ICP assisted magnetron discharge into 3 regions 

making two peaks on the top and the bottom of the 

carrier.
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