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Theoretical concepts

e Theoretical concepts of plasma
generation

« |on sheath in a plasma

#» Electrode area design rule for
efficient ion bombardment on the
wafer to be etched
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In this lesson, we will introduce some theoretical concepts

notes
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Definition of a plasma cPrL

» Plasma is an ionized gas (10 - 1 mbar), with
about the same densities of electrons (n,) and
ions ()

= The degree of ionization in a plasma is on the

order of 10-5-10~

= Radio freque

ionize them and systain the plasma

that characterize a plasma in dry etching equipment. A plasma is a collection of notes
excited neutral molecules, of ions and of electrons. Close to an electrode in the
plasma, electrons are repelled so that mainly ions and, of course, neutral molecules
remain there. Such a layer close to an electrode is therefore called an ion sheath.
As a plasma is a special electrically conducting medium, it has to be interfaced in a
proper way with a radio frequency power source. We then present a design rule for
the RF electrodes that enables magnetization of ion bombardment to the electrode
on which the wafer to be etched is positioned. An ion impact on the counter
electrode, which would lead to reactor damage, is reduced or absent. A plasma is
defined as an ionized gas, and has about the same densities of electrons and of
ions. A plasma is usually generated starting from a gas of pressures of 10"-3 to 1
millibar. The degree of ionization in a plasma is rather low, of the order to 10"-6 to
107-4. That means that one of a million,
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Definition of a plasma cPrL

e Such glow discharge plasma is characterized
by a lack of thermal equilibrium between the
electron temperature T, and the gas

temperature T,
» T, cormesponds to the kinetic energy of the

electrons via

1 > 3
Em,,!l?,! — ElkHT,E

with v, the mean electron velocity
Tg~3x 102 K, T, ~ 10* K, Tign ~10° K
o Glow discharge plasma is called a ‘cold’ plasma

gt pllrm e W

or one of 10,000 molecules is ionized. This means, also, that the majority of notes
molecules in the plasma are neutral. In the picture, we show how radio frequency
power is applied via two electrodes. Initially, there is a discharge in the gas when a
high electric field is applied due to discrete molecule ionization events, but rapidly,
the RF power is distributed over all gas molecules due to collisions when energetic
electrons that are accelerated in the electric field. The presence of a plasma is
revealed by a glow of the excited gas, which is due to photon emission events
during transition of an electron between an excited and a ground state. This
so-called glow, discharged plasma, is characterized by a lack of thermal equilibrium
between the electron temperature, Te, and the gas temperature, Tg. The electron
temperature, Te, can be obtained if one equals the thermal energy to the kinetic
energy of the electron with ve, the typical electron velocity in the electrical field.
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cPrL

» 13.56 MHz is typically used RF frequency

» Blocking capacitor is placed between RF
source and the plasma
# |nitially, no DC bias voltage V. is present
on the lower electrode

W oy ] Tpeed e e W

While the gas temperature is typically at room temperature in the plasma, that
means a few hundred Kelvin, the calculated electron temperature can reach 10,000
Kelvin this way. The ion temperature, due to the heavier ion mass and lower
velocities, is around 1,000 Kelvin. Due to the low gas temperature, a glow discharge
plasma is therefore called a cold plasma. A typical frequency that is used for the
generation of a plasma is 13.5 megahertz. In the schematic diagram, the upper
electrode is connected to earth, while the lower electrode, on which the substrate
will be positioned, has a so-called blocking capacitor in between the electrode and
the RF power source. This capacitor allows accumulation of charges on the lower
electrode, and, if this happens, one generates a so-called voltage bias, VDC, on
that electrode. Initially, no such voltage bias is present on the lower electrode. When
the radio frequency power is switched on, there is an alternation of positive and
negative voltages on the lower electrode. Suppose one is in part of the cycle where
the voltage on the lower electrode is positive. The RF frequency is very high, but
electrons are so light that in one-half cycle

notes
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lon sheath and DC bias voltage =PrL

» 13.56 MHz is typically used RF frequency

Blocking capacitor is placed between RF

source and the plasma

# |nitially, no DC bias voltage V. is present

Plasma on the lower electrode

o After a few RF oscillations, e accumulate
on the lower electrode due to their higher
mobility, typically generating a voltage
-300 V < Vpes 0

® Few e are present in the dark ion sheath

near the working electrode

W oy ] T e e W
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they can reach the lower electrode, and they will charge this electrode, so they stay notes
trapped on the electrode because they are blocked by this capacitor. Suppose one
is in the next half-part of the cycle where the voltage on the lower electrode is
negative. In this case, the ions, which are positive, get attracted, but they are much
heavier, and they do not acquire enough momentum to reach, initially, the lower
electrode. So, as a result, after one cycle, one has accumulated here negative
charge due to the electrons, and, after a few RF cycles already, a static negative
surface bias is here on the electrode and on the substrate that is positioned on it.
The generated DC voltage bias can be minus a few hundredfold. Once this negative
voltage is developed, one reaches an equilibrium electron ion transport regime with
strong ion impacts to the lower electrode and on the wafer, as attracted by this
negative charge. Once this negative charge is accumulated, also electrons are
more and more pushed away from this electrode, and this leaves a zone near the
electrode

summary

page 7/30 - 5.3 Dry etching 3



https://mediaspace.epfl.ch/media/0_qx3z0nnw?st=301

lon sheath and DC bias voltage c=PrL
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mobility, typically Generatifg a voltage

300 V < Vo< 0

o Few e are present in the dark ion sheath
near the working electrode
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where there are predominantly ions, and, of course, also the neutral gas molecules. notes
That's why this layer, where there are little or no electrons, is called the ion sheath.
Also, on the other side, we have the electrode, which is connected to earth. The
electrons will be evacuated to earth, so, very close to that electrode, there is also a
thin ion sheath.
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lon sheath and DC bias voltage =PrL

» The bulk of the plasma is slightly positive

(voltage V) due to e loss to the walls of the

system

# |ons approaching the interface between

Plasma nlasma and ion sheath with thickness t; are
glerated [o the lower electrode in the
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The top electrode is always at zero volts because it's connected to earth. The notes
average voltage within the plasma itself
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lon sheath and DC bias voltage cPrL

» The bulk of the plasma is slightly positive
(voltage V) due to e loss to the walls of the
system

# |ons approaching the interface between
Plasma plasma and ion sheath with thickness t; are
accelerated to the lower electrode in the
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electrical field =

T T
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is slightly positive, as some electrons from the plasma can get lost to the walls of notes
the reactor. So, the time-averaged voltage, is shown by the red curve here. We can
now calculate the electrical field that is present near the lower electrode. So, the
electrical field is determined by the drop of voltage, that is VDC, plus Vp, over this
distance, tT.
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Time-dependent plasma potential cPrL
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Now we define the sum of Vp plus VDC as VT, the total. In a similar way, one can notes
calculate the electrical field near the top electrode,
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Time-dependent plasma potential

ion sheath
thickness tp

Plasma

i

Wl

=PrL

time-averaged

plasma potential
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which is given by the voltage drop, Vp,

notes
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Time-dependent plasma potential cPrL

Wl

-
L '-llj’-\-l' ----‘-
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time-averaged
plasma potential
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over this small distance, tp. One should keep in mind that all these are notes
time-averaged voltages in the plasma, as shown in the figure below. In fact, this is
the same graph as we have shown before in the red curve.
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Time-dependent plasma potential =PrL

ion sheath
thickness tp
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The time dependence is presented in the figure above,

notes

summary

page 14/30 - 5.3 Dry etching 3



https://mediaspace.epfl.ch/media/0_qx3z0nnw?st=517

Time-dependent plasma potential cPrL
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so it shows the RF oscillations, which are centered around these mean voltages. notes
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Plasma equivalent electric circuit

» Series capacitor circuit
Vi G Apty
v, Cr Art,
Ay, : area of upper electrode
A : area of lower electrode

=PrL
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As the two ion sheaths near both electrodes contain very few electrons, but rather notes
the heavier and less mobile ions, we can represent them to good approximation
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Plasma equivalent electric circuit =PrL

» Series capacitor circuit
Vi G Aptr
V, Cr Art,
Ay, : area of upper electrode
Ay : area of lower electrode

Wy ] g e e W

by a series circuit of a capacitor, CT, and a capacitor, Cp, and the plasma, with a lot notes
of electrons, is then considered to be a conductor.
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Plasma equivalent electric circuit

» Series capacitor circuit

Cp Art,
2a of upper electrode
a of lower electrode

cPrL
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We can now write the ratio of the total voltage drop, VT,

notes
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Plasma equivalent electric circuit =PrL

» Series capacitor circuit
Vi G Aptr
Vv, Cr Art,
Ay, . area of upper electrode
Ay : area of lower el

over the voltage drop, Vp, as the ratio of the capacitors. Then we rewrite each notes
capacitor in function of the area of the electrode and of the thickness of the ion
sheath. It is not necessary, a priori, that the areas are equal between the two
electrodes, and also the thickness of both ion sheaths
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Plasma equivalent electric circuit cPrL

» Series capacitor circuit

V, Cr Art,

Ay, . area of upper electrode

Ay : area of lower electrode
Vge 0 ® |-V relationship over sheath thickness of
darkspacar:rn:%zarﬂ putting
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doesn't have to be equal. notes
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Plasma equivalent electric circuit cPrL

» Series capacitor circuit

V, Cr Art,

Ay, : area of upper electrode

Ay : area of lower electrode
Vpe 0 ® |-V relationship over sheath thickness of
darkspacar:ru:%:and putting
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Of course, an ion sheath is not a simple dielectric as in a normal capacitor, but it is a notes
high resistance layer over which current transport
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Plasma equivalent electric circuit cPrL

» Series capacitor circuit
Vi G Aptr
Vv, Cr Art,
Ay, . area of upper electrode

Ay : area of lower electrode
» |-V relationship over sheath thickness of

yi/2 :
dark space ¢ : [ e« —= and putting
= ‘..raf: P pp?rﬂ
Iuppa'r — f!nwer res tr® — rpz
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from the plasma to the electrode is still possible. We present here the expression for notes
the current voltage relationship over such an ion sheath as a function of the
thickness of the ion sheath. The current is proportional

summary

10m 15s

page 22/30 - 5.3 Dry etching 3



https://mediaspace.epfl.ch/media/0_qx3z0nnw?st=615

Plasma equivalent electric circuit cPrL

» Series capacitor circuit
V, Cr Art,
Ay, : area of upper electrode
Ay : area of lower electrode
» |-V relationship over sheath thickness of
vz .
dark space ¢ : [ e« —— and putting
vrﬂ-ﬂ _ Fplﬂ
F

‘ . e e e T

RF Voc ©

hipper = liower r€SUIIS In

to the power 1.5 of the voltage, and inversely proportional to the square of the notes
thickness of the ion sheath. Now we simply assume that the current, which is
flowing on the lower and on the top electrode are equal,
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Plasma equivalent electric circuit cPrL

» Series capacitor circuit

V, Cr Art,

Ay, : area of upper electrode

Ay : area of lower electrode

Vpe 0 ® |-V relationship over sheath thickness of
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so we can equalize these two current expressions; once for the lower electrode notes
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Plasma equivalent electric circuit =PrL
h:
1

« |n order to maximize etching on the
lower electrode, one should choose the

lower electrode area smaller than the
upper electrode area
o However, such asymmetric electrode
system tends to have a non-uniform
plasma, peaking in the center, resulting
in different etching between the center
Vy (A,, )“ and edges
S
(AT ——
and for the top electrode. We can now combine this expression with this expression notes

to obtain this formula. What does this learn us now?
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Plasma equivalent electric circuit =PrL
I
1

* |n order to maximize etching on the
lower electrode, one should choose the

lower electrode area smaller than the
upper electrode area
o However, such asymmetric electrode
system tends to have a non-uniform
plasma, peaking in the center, resulting
in different etching between the center
Vy (A,, )“ and edges
G
B ] et e
. "
We should remember now that what we aim for in etching is that ions are notes
predominantly accelerated by the large total voltage, which is near the lower
electrode.
summary

page 26/30 - 5.3 Dry etching 3



https://mediaspace.epfl.ch/media/0_qx3z0nnw?st=683

Plasma equivalent electric circuit cPrL

# In order to maximize etching on the
lower electrode, one should choose the
lower electrode area smaller than the
upper electrode area

o However, such asymmetric electrode

system tends to have a non-uniform

~plasma, peﬂzmg in the center, resulting

Vr
W
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While we do not aim to create notes
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Plasma equivalent electric circuit =PrL
|
1

« |n order to maximize etching on the
lower electrode, one should choose the

lower electrode area smaller than the
upper electrode area
» However, such asymmetric electrode
system tends to have a non-uniform
V. 0 plasma, peaking in the center, resulting
RF ™ in different etching between the center
Vy (A,, )“ and edges
Sl
B ] et e s
a strong ion bombardment on this side, as you would cause damage to the reactor notes

electrode. This formula says that we can achieve this
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Plasma equivalent electric circuit =PrL
|
1

* |n order to maximize etching on the
lower electrode, one should choose the

lower electrode area smaller than the
upper electrode area
» However, such asymmetric electrode
system tends to have a non-uniform
plasma, peaking in the center, resulting
in different etching between the center
Vy (A,, )“ and edges
W \r
(AT ———
by choosing the lower electrode, smaller than the top electrode because there is a notes

power of four in the formula. An inconvenience (disadvantage) of such so-called
asymmetric electrode systems
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Summary =PrL

» Glow discharge plasma or ‘cold’
plasma

# lon sheath and DC bias voltage

 Design rule for the RF elecirode
area

W oy ] gt e e W

is however, that the plasma on this electrode is less uniform, and has more intensity notes
in the center of the small electrode than at the edges of that electrode. In this
lesson, we have explained the basic properties of a cold plasma, which has a gas
temperature of a few hundred Kelvin, and an electron temperature of 10,000 Kelvin.
We then explained the phenomenon of formation of an ion sheath near an RF
electrode, and explained how placement of a blocking capacitor allowed to generate
a DC voltage bias, by which ions are attracted towards the electrode that carries the
wafer that needs to be etched. Also, we presented a design rule for the areas of RF
electrodes, which resulted in a major bombardment of ions on the electrode where
the wafer is positioned, and not on the counter electrode.
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