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Effect of E X B electron drift and plasma discharge
in dc magnetron sputtering plasma*
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Study of electron drift velocity caused by E X B motion is done with the help of a Mach probe in a dc cylindrical

magnetron sputtering system at different plasma discharge parameters like discharge voltage, gas pressure and applied

magnetic field strength. The interplay of the electron drift with the different discharge parameters has been investi-

gated. Strong radial variation of the electron drift velocity is observed and is found to be maximum near the cathode

and it decreases slowly with the increase of radial distance from the cathode. The sheath electric field, £ measured

experimentally from potential profile curve using an emissive probe is contributed to the observed radial variation of

the electron drift velocity. The measured values of the drift velocities are also compared with the values from the con-

ventional theory using the experimental values of electric and magnetic fields. This study of the drift velocity variation

is helpful in providing a useful insight for determining the discharge conditions and parameters for sputter deposition

of thin film.
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1. Introduction

Direct current (dc) cylindrical magnetron config-
uration is used for the sputter deposition of differ-
ent compound films in a large number of technologi-
cal fields.[*:? Its principle is based on crossed electric
(F) and magnetic (B) fields which confine electrons
in closed E x B drift loops near a negatively biased
cathode target, where FE is provided by the plasma
sheath and B is produced by permanent magnets or
electromagnets.[>4 Due to the negative bias of the
cathode, a sheath is formed around it and the sheath
thickness is normally a few times of the Debye length
(Aq).1>8] These electrons in turn are responsible for
the ionization of the neutral gas atoms. Consequently,
ions are formed which are accelerated towards the
cathode with a significant amount of energy and they
impinge and sputter atoms from the target cathode,
causing secondary electron emission. The velocity of
ions and their fluxes are important parameters in a
large number of plasma applications.["=9 The role of
electron drift is significant in the process for obtaining
proper optimization of the film deposition. So, it is es-
sential to determine and maintain a balance between
the electron drift and the plasma discharge parameters
for quality deposition of the film coating. The novelty
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of dc cylindrical magnetron sputtering system as com-
pared with other deposition system configurations lies
in the fact that high yield of uniform coating is pos-
sible over a large area of the substrates of different
shapes. In an earlier study, we have shown the opti-
mization of the plasma parameters for the deposition
of titanium nitride (TiN) thin film as protective coat-
ing on bell-metal, an alloy of copper and tin having
substantial commercial applications.[?

Mach probes have been in use for many years
to find out the ion drift velocity and plasma charac-
teristics in the scrape-off layers of magnetized fusion
plasmas.[719) Tt has also attracted interest in the field
of fusion research to measure the plasma drift veloc-
ities in the plasma edge region of tokamaks or other
magnetic confinement devices. This simple probe is
also considered to be applied to in-situ measurements
in space research. A planar Mach probe is gener-
ally a combination of two single-sided planar Lang-
muir probes mounted back to back with an insulator
between them. For industrial processing and fusion
plasmas, the various forms of Mach probes, to mea-
sure the plasma flow by measuring separately the up-
stream and downstream ion collection currents, are a
very important application. The calibration of Mach

*Project supported by the Council of Scientific and Industrial Research — Senior Research Fellowship, Government of India grant

(Award No. 9/835(6)/2008/ EMR-I).
fCorresponding author. E-mail: joyanti_c@sify.com

© 2011 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

014701-1



Chin. Phys. B Vol. 20, No. 1 (2011) 014701

probes in magnetized plasmas (when the ion Lar-
mour radius is smaller than the probe dimension) has
been established by theory and also been verified in
experiments.[n_w]

The nature of the drift velocity of electrons in
magnetron discharge has lot of implications in sustain-
ing the discharge near the target and therefore, it has

(4,14,15] A qum-

been a subject for study over the years.
ber of methods have been used for determining the
E x B electron drift velocity. Sheridan et al.'® used
a planar Langmuir probe to determine the electron
velocity distribution function and drift velocity in a
cylindrically symmetric planar magnetron. Bradley et
al.l'] used an emissive probe to determine the plasma
potential profile in a dc planar magnetron discharge
They

then calculated the electron E x B drift velocity from

and calculated the electric field distribution.

the relation, F/B, where B is the radial magnetic
field strength. In another study done by Rossnagel
and Kaufman,'8:19 a Hall Effect sensor was used to
measure the reduction in the magnetic field due to
electron E x B drift which indicated the existence of
anomalously high cross field transport rates in a circu-
lar planar magnetron discharge. Fujita et al.2% suc-
cessfully measured the E x B drift of electrons in a dc
planar magnetron system by comparing the electron
saturation currents collected by planar probes facing
upstream and downstream of the drift. In a recent
study, Kakati et al.l?!! has investigated the variation
of the E x B drift velocity in an rf planar magnetron
plasma device. Measurement of E x B drift in dc cylin-
drical magnetron device is required to understand the
diffusion and transport mechanisms, and also the den-
sity and potential characteristics. These parameters
are considered to be important for achieving efficient

pirani gauge

sputtering, which is the characteristics of these de-
vices. The drift velocity of flowing plasmas can be
obtained using a Mach probe having two directional
probes on opposite sides separated from each other by
an intervening insulating layer. A double-sided pla-
nar Langmuir probe (Mach probe) is used for deter-
mining the drift velocity of the electrons inside the
discharge.[”! The E x B drift velocity inside the sheath
is also determined by the E/B method and is com-
pared with that of the results obtained using the Mach

probe.

2. Experimental setup

The experimental magnetron device is a stain-
less steel cylindrical chamber of 30 cm in diameter
and 100 cm in length. A titanium cylinder is placed
The
length of the cathode is 25 cm and its outer diameter

co-axially inside the chamber as the cathode.

is 3.25 cm. A schematic diagram of the experimental
setup along with the probes and accessories is shown
in Fig. 1(a). For the generation of a steady axial mag-
netic field, two coils are placed around the body of
the chamber. Each coil is mounted over rails and fit-
ted with castor wheels so that it can be easily moved
along the axis of the chamber for the necessary ad-
justment of the distance between the coils. Each coil
consists of enamel coated copper wire of rating 9 SWG
and contains 1500 numbers of turns. Direct current is
passed through both the coils in the same direction
which produces an axial magnetic field parallel to the
cathode surface. One ampere current through the coils
generates a magnetic field of 0.0025 T in the central
region of the plasma chamber.
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pate valvel T
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Fig. 1. Schematic diagram of (a) cylindrical magnetron device with different accessories: FE — Electric field, B — Magnetic
field, ER — End reflectors, E, — Emissive probe, M, — Mach probe, MM — Magnetic field coils, PS — dc power supply

(1500 V, 5 A) and (b) Mach probe.
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The vacuum unit consists of a rotary pump hav-
ing a displacement capacity of 350 1/min and a diffu-
sion pump with an effective pumping speed of 700 1/s.
The base pressure of the chamber is on the order of
1.3 x 107* Pa (1 Torr = 1.3 x 10? Pa). The discharge
power is supplied from a stabilized dc power supply
(1500 V, 5 A) working in the voltage-regulated mode.
Argon gas is injected to the chamber to raise the neu-
tral pressure up to 1.3 x 10~ Pa by using a double
valve system consisting of a stop valve and a needle
valve. Plasma is produced by applying (400-700) V
dc voltage between central cathode and the grounded
chamber. A cylindrical Langmuir probe is used to
measure the electron density and temperature.

The Mach probe constructed for determining the
drift velocity of electrons consists of two plane Lang-
muir probes of diameter 0.45 cm each as shown in
Fig. 1(b).
placed in between the probes to insulate them from
each other. The Mach probe is inserted into the dis-
charge in such a way that surface 1 is facing the drift

Ceramic paste (~0.05 cm thickness) is

and hence collects the thermal electrons as well as the
drifted electrons, while surface 2 is along the direction
of the drift and therefore cannot collect the drifted
electrons.

The plasma potential profile is recorded with the
help of an emissive probe (E;), made of 1% thoriated
tungsten wire of 0.005 cm in diameter and 0.3 c¢m in
length. The probe wire is suitably attached at two
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ends of two supporting stainless steel electrodes (each
0.025 cm in diameter). The supporting electrodes are
covered by ceramic tubes for proper insulation with
the plasma. The resistance used for floating potential
measurement is 30 MS2 and accordingly the potential
value is calibrated in the X-Y recorder. The contin-
uous measurement of plasma potential profile is done
by moving the probe slowly (1 cm/min) using a motor
driving system attached to the emissive probe shaft.

3. Experimental results and dis-

cussions

3.1. Magnetic field distribution

Axial magnetic field is produced inside the cylin-
drical device by flowing dc current to two coils placed
around the chamber body. Magnetic field inside the
device is measured with the help of an InAs Hall
probe. The typical data of the measured axial mag-
netic field strength for 4 ampere of current flow which
generates 0.01 T magnetic field are shown in Fig. 2(a).
The location of the magnetic field generating coils and
the axial position of the cathode are also schematically
shown in the figure. The axial variation of the applied
magnetic field is found to maintain a uniform value
(~0.01 T) for a length of ~30 cm in the central re-
gion (35 cm—65 cm). The field strength is found to
gradually decrease on either side of this region.
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Fig. 2. Profile showing variations of magnetic field strength for 0.01 T in (a) axial direction and (b) radial direction.

The measured radial variation of the magnetic field strength for the same current flow in the central region

(at mid-point of the cathode and in the perpendicular direction of the cathode) is shown in Fig. 2(b). A steady

magnetic field strength (~0.01 T) is seen within a diameter of ~15 cm. This profile is maintained along the

length of the cathode.
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3.2. Measurement of electron saturation
current (I.s)

The value of electron saturation current is mea-
sured from the semi-logarthimic plot of the electron
current and is given by the intersection point between
the two tangents; one is drawn at the Maxwellian part
and the other at the electron saturation part of the
I-V characteristics. I.s1 and I.go represent the elec-
tron saturation currents collected at the two opposite
surfaces of the Mach probe respectively. Surface 1,
which faces the F x B flow, collects the electron cur-
rent of thermal electrons as well as drifted electrons.
Surface 2 is along the direction of E x B flow, col-
lects only the thermal electrons. The difference be-
tween electron saturation currents collected by these
two surfaces gives a measure of E x B drift current
of electrons. The measured variation of electron sat-
uration current obtained from the two surfaces of the
Mach probe placed 3 cm away from the cathode is

presented in the following sections.

3.2.1. I at different discharge voltages

The variation of electron saturation current with
discharge voltage is shown in Fig. 3(a). The argon
partial pressure is maintained at 2.66 x 10~! Pa and
the magnetic field strength at 0.01 T. The electron
saturation currents for both the surfaces are found to
increase almost linearly with the increase of discharge
voltage as shown in the figure. When discharge volt-
age increases, the electrons constituting the plasma
discharge gain energy from the discharge which re-
sults in the increase in ionization rate and therefore,
the increase in density and saturation current. Dis-
charge current increases from ~30 mA at 400 V to
~175 mA at 700 V.
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Fig. 3. Electron saturation current variation with (a) dis-
charge voltage and discharge current at B = 0.01 T, Py, =
2.66 x 10! Pa and probe distance 3 cm from the cathode,
(b) argon partial pressure at B = 0.01 T, discharge volt-
age = 600 V and probe distance 3 cm from the cathode.
Corresponding discharge current variation is also shown
and (c) applied magnetic field at Pa, = 2.66 x 10~ ! Pa,
discharge voltage = 600 V and probe distance 3 cm from
the cathode. Corresponding discharge current variation is
also shown.

3.2.2. I at different argon partial pressures

In Fig. 3(b), the variation of electron saturation
The
discharge voltage is at 600 V and the magnetic field
strength is 0.01 T. It is found that the electron sat-
uration current increases with the increase of argon

current with argon partial pressure is shown.

partial pressure. The increase in argon partial pres-
sure leads to an increase of the corresponding neutral
density, and so the ionization rate also increases. This
results in the increase in plasma density, leading to an
increase in electron saturation current. Discharge cur-

rent increases with increase in argon partial pressure.

3.2.3. I,s at different applied magnetic field
strengths

The variation of electron saturation current with
magnetic field strength is shown in Fig. 3(¢). The cor-
responding discharge current variation is also shown
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which increases from ~64 mA at 0.0075 T to ~295 mA
at 0.03 T. Here, the discharge voltage is maintained
at 600 V and the argon partial pressure is kept at
2.66 x 107! Pa.

found to increase with the increase in applied mag-

The electron saturation current is

netic field strength. There is an increase in effective
confinement of electrons with the increase in applied
magnetic field strength. This leads to an enhancement

in ionization rate and plasma density.

3.3. Measurement of electron tempera-
ture (Te)

The electron temperature is determined from the
probe I-V characteristics. It is obtained from the
slope of the In(I) vs V curve of the Mach probe in the

Maxwellian region using the following equation:

av
To= d(In 1)’ (1)

where I and V are the probe current and the volt-
age respectively. The symbols T,; and Teo represent
the electron temperatures at the two opposite surfaces
(1 and 2) of the Mach probe. The electron tempera-
ture value obtained from surface 2 of the Mach probe
has been taken into consideration for determining the
drift velocity. This is done to nullify the effect of the
electron drift and to eliminate overestimation of the

electron temperature value.

3.3.1. T, at different discharge voltages

The variation of electron temperature with dis-
charge voltage is shown in Fig. 4(a). The argon par-
tial pressure is 2.66 x 107! Pa and the magnetic field
strength is 0.01 T. The electron temperature is found
to increase with the increase of discharge voltage. At
a discharge voltage of 400 V, the electron temperature
value for surface 1 is 1.7 €V, and it is found to increase
to a value of 5.5 eV at a discharge voltage of 700 V.
The electrons constituting the plasma gain momenta
due to the increase in discharge voltage. This results
in an increase in the thermal energy of the electrons,
which will thereby result in the increase of electron

temperature.
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Fig. 4. Electron temperature variations with (a) discharge
voltage at B = 0.01 T, Pa, = 2.66 x 10~! Pa and
probe distance 3 cm from the cathode. Discharge cur-
rent varies from 30 mA at 400 V to 175 mA at 700 V,
(b) argon partial pressure at B = 0.01 T, discharge volt-
age = 600 V and probe distance 3 cm from the cathode.
Discharge current varies from 35 mA (1.33 x 10~! Pa)
to 240 mA (5.3 x 107! Pa) and (c) magnetic field at
Par = 2.66 x 10! Pa, discharge voltage = 600 V and
probe distance 3 cm from the cathode. Corresponding dis-
charge current varies from 64 mA at 0.0075 T to 295 mA
at 0.03 T.

3.3.2. T, at different argon partial pressures

The variations of electron temperatures for the
two surfaces of the Mach probe placed 3 cm away
from the cathode at different argon partial pressures

are shown in Fig. 4(b). The discharge voltage is
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maintained at 600 V and the magnetic field is kept
at 0.01 T. Electron temperature is found to decrease
from 5.0 eV to 3.3 eV when the argon partial pressure
is increased from 1.33 x 10! Pa to 5.3 x 10~! Pa.
Due to the increase in pressure, the neutral density
increases. Increase in density will result in more num-
ber of collisions between the constituent electrons and
the gas species which will lead to the loss of energy
of these electrons. This energy loss will subsequently
slow down their velocity and therefore, a decrease in
electron temperature of these electrons is observed.
There are two distinct regions of electron tempera-
ture variation. At lower pressure, since the electron
density in the discharge is less, the efficiency in en-
ergy transfer mechanism is more. Therefore, the drop
in T, value is more here as compared with the drop at
higher argon pressure.

3.3.3. T, at different applied magnetic field
strength

The variation of electron temperature with mag-
Here, the
discharge voltage is maintained at 600 V and the ar-

netic field strength is shown in Fig. 4(c).

gon partial pressure is kept at 2.66 x 10! Pa. The
electron temperature is found to decrease from 4.0 eV
to 2.4 eV with magnetic field strength increasing from
0.0075 T to 0.03 T. This is because more electrons are
confined within the plasma and these electrons lose
their energy to a greater extent due to both elastic
and inelastic collisions. Further, as the plasma is con-
fined at the cathode due to the higher magnetic field,
less high energy electrons will reach the probe. As
such the electron temperature will decrease. This re-
sults in decrease in electron temperature value with
the increase in applied magnetic field strength.

3.4. Measurement of electron F X B drift
velocity

The electron F x B drift velocity has been de-
termined on the basis of the Yamada and Hendel
model.22l The electron saturation currents, I.s; and
T2, collected at the two opposite surfaces (1 and 2)
of the Mach probe, are measured. The ratio between
the electron drift velocity (vq) and the electron ther-
mal velocity (v) is obtained. For surface 1 facing the
drift,

Iesl = ene(vt + ’Ud)S, (2)

similarly, the electron saturation current for the probe

surface not facing the drift direction is given by

Teso = ene(vy — vq) S, (3)

where e, ne and S are electronic charge, electron den-
Using the

above two equations, the electron drift velocity can

sity and probe surface area respectively.

be obtained from the relation as

Iesl - Ies2

_— 4
Iesl +Ie52 e ( )

Vg =

where the thermal velocity is given by the following
expression: vy = \/m

The measured thermal velocities for different dis-
charge voltages, argon partial pressures and applied
magnetic field strengths are shown in Figs. 5(a), 5(b)
and 5(c) respectively. The thermal velocity is found to
increase with discharge voltage increasing as the elec-
tric field increases, which results in electrons gaining
momenta. Such electrons are necessary to help sus-
tain the glow discharge. With the increase of argon
partial pressure and applied magnetic field strength,
the thermal velocity decreases due to more number of

collisions and higher confinement.
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Fig. 5. Dual plots of thermal velocity and electron drift
velocity varying with (a) discharge voltage at B = 0.01 T,
Par = 2.66 x 10~! Pa and probe distance 3 cm from the
cathode, (b) argon partial pressure at B = 0.01 T, dis-
charge voltage = 600 V and probe distance 3 cm from the
cathode and (c) magnetic field at Pa, = 2.66 x 10! Pa,
discharge voltage = 600 V and probe distance 3 cm from
the cathode.

The measured E x B drift velocity with varying of
discharge voltages, argon partial pressures and applied
magnetic field strengths are also shown in Figs. 5(a),
5(b) and 5(c).
creases the sheath electric field, thereby increasing
the drift velocity (Fig. 5(a)).

the drift velocity of the electrons, they are able to

The increase of discharge voltage in-
With the increase in

travel enough distance away from the cathode with
a sufficient amount of energy still left within them
to contribute to the deposition process. Another pa-
rameter which has significant importance in the de-
position process of thin films is the partial pressure
of the discharge gas. The electron drift velocity is
found to decrease with the increase in argon partial
pressure in the discharge. Increase in energy transfer
from the electrons due to their increased collisional
impact with the argon atoms leads to the decrease in
their thermal velocity. Decrease of drift velocity is
due to the enhanced electron-neutral collisions with
pressure increasing (Fig. 5(b)). This decrease in elec-
tron drift velocity with the increase in partial pressure
The in-
crease in applied magnetic field strength increases the

is not desirable for most deposition cases.

electron confinement within the plasma which conse-
quently hinders the diffusion of the electrons and also
decreases their drift around the cathode. Increase in
magnetic field also affects the ionization process, ini-
tial small increase in drift velocity is due to nominal
increase in sheath electric field due to the increase of
plasma density (Fig. 5(c)). Although the increase in
magnetic field increases the ionization due to the in-
crease in electron confinement, this aspect of confining
the electrons very near to the cathode at high mag-
netic field is detrimental to the deposition process as

there will not be sufficient energy transfer at the sub-
strate surface placed away from the cathode.

The radial variation of the E x B drift velocity
of the electrons is determined using the E/B method
from the radial potential profile data measured with
the help of an emissive probe. The floating poten-
tial method is used to measure the plasma potential.
Figure 6 shows the profiles of the radial plasma poten-
tial at discharge voltages 400 V, 450 V, 500 V, 550 V
and 600 V, with magnetic field fixed at 0.01 T and
argon partial pressure at 2.66 x 107! Pa. A sharp
potential gradient occurs within 2 cm from the cath-
ode surface for each of these discharge voltages. Use
of an emissive probe in magnetron discharge to deter-
mine the plasma potential is necessary to eliminate the
coating effect of the sputtered materials on the probe
surface itself. Emissive probe has been used for accu-
rately measuring plasma potential in de discharge.]
The floating potential method is used to measure the
plasma potential.?3] To determine the plasma poten-
tial by the floating potential method, the filament wire
is heated by passing current so as to produce strong
electron emission. Due to the emission of electrons,
the floating potential of the probe increases towards
positive value until it becomes equal to the plasma
potential where it is saturated. Then the axial sheath
electric field (E) is determined from the measured po-
tential structure. The electron drift velocity is then
determined at radial position corresponding to that of
the radial position of the Mach probe using the rela-
tion

ExB E
Vq = 732 = E (5)
This is shown in Fig. 7(a). It is found that the elec-
tron drift velocity is very high near the cathode and it
decreases away from the cathode. An important ob-
servation here is that this drift velocity matches very
well to that determined from the Mach probe charac-

teristic.
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Fig. 6. Variations of radial plasma potential profiles at

different discharge voltages using an emissive probe at
B =0.01 T and Py, = 2.66 x 107! Pa.
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Pay = 2.66 x 101 Pa and discharge voltage = 600 V and (b) Mach probe at different discharge voltages at B = 0.01 T,

Payr = 2.66 x 10~ Pa.

The electron drift velocities measured using the
Mach probe at different radial positions away from the
target cathode at three different discharge voltages are
shown in Fig. 7(b). This figure shows that the elec-
tron F x B drift velocity is maximum near the cathode
target which corresponds to the sheath region of the
plasma. In the vicinity of the region where the tran-
sition from the plasma sheath to its presheath occurs,
the electron drift velocity decreases and maintains a
steady profile up to 3 cm. This region corresponds
to the glow region of the plasma. Further away from
the cathode, the E x B drift velocity of the electrons
decreases. The electron drift velocity increases with
the increase of discharge voltage. The strong increase
of drift velocity in the sheath region is due to the gain
of energy of electrons from the strong sheath electric
field. Since the sheath electric field decreases away
from the cathode, the drift velocity decreases. It is
found that the drift velocity decreases from 10° m-s—!
to 10* m-s~! at larger radial distances from the cath-
ode surface. Measurement of drift velocity very near
the cathode surface (at distances less than 1.5 cm from
the cathode) is not possible using the Mach probe be-
cause the probe dimension causes significant perturba-
tion in the plasma discharge, thereby giving erroneous
result.

4. Conclusion

Variation of the electron F x B drift velocity in
radial direction is estimated in the cathode sheath re-

gion of a direct current cylindrical magnetron sputter-
ing device using a planar Mach probe. In the radial
direction, the drift velocity gradually decreases from
the cathode centre toward the anode region where it
becomes mimimum. The measured potential profile
using emissive probe indicates that the sheath dimen-
sion is nearly a few tens of Debye length. The observed
drift also mainly occurs within the cathode sheath re-
gion. The E x B effect on electrons is effective mainly
near the cathode region due to the higher strength of
radial electric field. The drift velocities of electrons
calculated both from Mach probe characteristics and
E/B method accord well with each other all through-
out. The estimated drift velocity helps to understand
the electron diffusion in the magnetron sputtering de-
vice and determines the appropriate discharge condi-
tions and plasma parameters for deposition process of
thin films.
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