Y=}
- | e

P

Prof. Jurgen Brugger & Prof. Martin A. M. Gijs

iy =)

5

= presented prcportlonal 0s lt lve ‘t
; E m 0 l e C discharged n e a r accelerated p e r a u r e
B i ormu rppﬁﬂ%ﬁw bombardment ea\fler blockingC lOSe el
2 COUi’SE‘ & ica
% mnlzatmn slay i revealed i — i r f jiieagd
much &L -_|"1J_Fg oD £ li.—npatmn
qJ crables  Wnedium msinly alreardy i a E Ca e
L Q Id<e l V 1 n : ] - Wi E = mamentum  gya1]
g © drop =melectrical fleldsocalledshownmm.m. Lol il B
il L < plisf ¢
ituldi = N
Dic s E amission %_
5 = suppas B = =
B upper 3 defined substrate T S lt lonEd rather
E)fn%g.c'EEd LR r‘eactor » fregquency e tt racte Sy
Owe r calculate 10'-1El' hl O n
] n reac o
p damage O d]_scr'ctc arrumlﬂarmn r s 1 Il CEI '-l_J

source anprpﬂurpf.
source € ne g

uen £ 1 CKN@S Sratio by radio q\l{e% W“a“‘er'—l v
Oy
'ﬁred generate rU :
. collectian Q
bias
1vpl

oyuals
- predommantly lesson strong dlstancearound
i 4 A part L115L,rd|
figure ‘
photan u e lherm'—:l U

allermalion ctri weloeily glctln:l a characterized

spreisl

hundred

de .Slgnohtained
timeaveraged

accumulated

lonized

events

0 i
- Apercu une erreur ? Envoyez-nous votre commentaire !

Spotted an error? Send us your comment!
https://forms.gle/hYPC8Auh6a4q52qT7


https://learning.edx.org/course/course-v1:EPFLx+memsX+3T2018/block-v1:EPFLx+memsX+3T2018+type@sequential+block@e34c862993de48278a55631a435fb226/block-v1:EPFLx+memsX+3T2018+type@vertical+block@7b682c2a8d5c412996f3eff942ba9c48
https://forms.gle/hYPC8Auh6a4q52qT7

enretlca cnncenls FCOLE FOUTICHANIGUE
HDERALE DF LALIANNE

e Theoretical concepts of plasma
generation

e lon sheath in a plasma

e Electrode area design rule for
efficient ion bombardment on the
wafer to be etched

Micro and Nanofabrication (MEMS)

In this lesson, we will introduce some theoretical concepts that characterize a plasma in dry etching equipment.
A plasma is a collection of 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.
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e 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 10-5-104
e Radio frequency (RF) power applied to electrodes
~ inan etch chamber creates an electrical field that
accelerates the lighter electrons
® Electrons collide with neutral atoms/ molecules,
| ionize them and sustain the plasma

e Plasma ‘glows’ by photon emission during trans-

ition between electron excited and ground states

Micro and Nanofabrication (MEMS)

TRF

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 107-3 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, or one of 10,000 molecules is
ionized. This means, also, that the majority of 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.
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e Such glow discharge plasma is characterized
by a lack of thermal equilibrium between the
electron temperature T, and the gas
temperature T,

e T, corresponds to the kinetic energy of the

electrons via

1 3
- Eﬁmeve2 — EkBTe

with v, the mean electron velocity
L T, ~3x 102 K, T, ~ 10* K, T;pn ~103 K
RF e Glow discharge plasma is called a ‘cold’ plasma

Micro and Nanofabrication (MEMS)

This so-called glow, discharged plasma, is characterized by a lack of thermal equilibrium between the electron

temperature, <i>Te</i>, and the gas temperature, <i>Tg</i>. The electron temperature, <i>Te</i>, can be
obtained if one equals the thermal energy to the kinetic energy of the electron with <i>ve</i>, the typical electron
velocity in the electrical field. 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 <i>cold</i> plasma.
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e 13.56 MHz is typically used RF frequency

e Blocking capacitor is placed between RF
source and the plasma

e [nitially, no DC bias voltage V. is present
on the lower electrode

Micro and Nanofabrication (MEMS)

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,
<i>VDC</i>, 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 they can reach the lower electrode, and they will charge this
electrode, so they stay trapped on the electrode because they are blocked by this capacitor.
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e 13.56 MHz is typically used RF frequency

e Blocking capacitor is placed between RF
source and the plasma

e [nitially, no DC bias voltage V. is present
on the lower electrode

Micro and Nanofabrication (MEMS)

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.
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e 13.56 MHz is typically used RF frequency

e Blocking capacitor is placed between RF
source and the plasma

e [nitially, no DC bias voltage V. is present
on the lower electrode

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

e Few e are present in the dark ion sheath
near the working electrode

Micro and Nanofabrication (MEMS)

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 where there are predominantly
ions, and, of course, also the neutral gas molecules. 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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e The bulk of the plasma is slightly positive
(voltage V,) due to e loss to the walls of the
system

e |ons approaching the interface between
plasma and ion sheath with thickness t; are
accelerated to the lower electrode in the

. Vy+V 174
electrical field 2—2£ = -L

Micro and Nanofabrication (MEMS)

The top electrode is always at zero volts because it’s connected to earth. The average voltage within the plasma
itself is slightly positive, as some electrons from the plasma can get lost to the walls of 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 <i>VDC</i>, plus <i>Vp</i>,
over this distance, <i>tT</i>. Now we define the sum of <i>Vp</i> plus <i>VDC</i> as <i>VT</i>, the total.
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In a similar way, one can calculate the electrical field near the top electrode, which is given by the voltage
drop, <i>Vp</i>, over this small distance, <i>tp</i>. One should keep in mind that all these are 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. The time dependence is presented in the figure above, so it shows the RF oscillations, which are
centered around these mean voltages.
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e Series capacitor circuit
Vr T Cp B A, tr

Plasma v, = Cr — Art,
A,, : area of upper electrode
Aq : area of lower electrode

e |-V relationship over sheath thickness of
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As the two ion sheaths near both electrodes contain very few electrons, but rather the heavier and less mobile
ions, we can represent them to good approximation by a series circuit of a capacitor, <i>CT</i>, and a capacitor,
<i>Cp</i>, and the plasma, with a lot of electrons, is then considered to be a conductor. We can now write the
ratio of the total voltage drop, <i>VT</i>, over the voltage drop, <i>Vp</i>, as the ratio of the capacitors. Then
we rewrite each 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 doesn’t have to be equal. Of course, an ion sheath is not a simple dielectric as in a normal capacitor,
but it is a high resistance layer over which current transport from the plasma to the electrode is still possible.
We present here the expression for the current voltage relationship over such an ion sheath as a function of the
thickness of the ion sheath. The current is proportional to the power 1.5 of the voltage, and inversely proportional
to the square of the 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, so we can equalize these two current expressions; once for the
lower electrode and for the top electrode. We can now combine this expression with this expression to obtain this
formula. What does this learn us now?
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e In order to maximize etching on the
lower electrode, one should choose the
lower electrode area smaller than the
upper electrode area

e However, such asymmetric electrode
system tends to have a non-uniform
plasma, peaking in the center, resulting
in different etching between the center
and edges

Micro and Nanofabrication (MEMS)

We should remember now that what we aim for in etching is that ions are predominantly accelerated by the
large total voltage, which is near the lower electrode. While we do not aim to create a strong ion bombardment
on this side, as you would cause damage to the reactor electrode. This formula says that we can achieve this by
choosing the lower electrode, smaller than the top electrode because there is a power of four in the formula. An
inconvenience (disadvantage) of such so-called asymmetric electrode systems is however, that the plasma on this
electrode is less uniform, and has more intensity in the center of the small electrode than at the edges of that
electrode.
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e Glow discharge plasma or ‘cold’
plasma

e lon sheath and DC bias voltage

e Design rule for the RF electrode
area

Micro and Nanofabrication (MEMS)

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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