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Abstract

The flux-energy distribution functions of H} ions at the electrodes of capacitively coupled
parallel plate discharges operated in a regime of relatively high gas pressures (200-650 Pa) are
investigated experimentally using (differentially pumped) energy-resolved mass spectrometry
under various conditions and compared with the results of a numeric simulation and a model.
It is shown that the simulated distribution function can be reproduced by a simple analytical
modeling approach, which assumes a constant collision frequency and is valid for highly
collisional sheaths. The comparison between experiment and simulation reveals that not the
entire angular distribution is covered by the diagnostics. However, the normalized
experimentally obtained distributions are close to the simulated ones, thus indicating that the
measurements allow for a reasonable discussion. In a single frequency 13.56 MHz discharge,
the width of the distribution increases as a function of the voltage amplitude and decreases as a
function of pressure. Applying an electrically asymmetric voltage waveform (13.56 MHz +
27.12 MHz) to the powered electrode breaks the symmetry of the geometrically symmetric
discharge. This allows manipulation of the shape and width of the ion flux-energy distribution
functions at the electrodes by tuning the phase angle between the two frequencies. It is found
experimentally that controlling the ion energy without affecting the total flux is possible via
the electrical asymmetry effect under these high-pressure conditions, whereas a change in
pressure or voltage amplitude affects both the energy and the flux of ions.

(Some figures may appear in colour only in the online journal)

1. Introduction

The ion flux-energy distribution function (IDF) at the surfaces
is of substantial importance for processing applications of
capacitively coupled radio frequency (CCRF) discharges
[1,2]. For instance, the selective and anisotropic etching
of micro-electronic devices requires a high and directed ion
velocity. Therefore, asymmetric chamber configurations with
a large voltage drop across the sheath adjacent to the wafer
and low pressure conditions are typically used [3-5]. For the
deposition of thin films a high flux of ions with low energy is
usually desired [6—12]. Accordingly, arelatively high-pressure
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process is performed in a symmetric discharge. The idea is
to reduce the film stress caused by the highly energetic ion
bombardement [13, 14] without lowering the plasma density
and, hence, the deposition rate or losing the contribution of the
charged species to the deposition process.

More advanced strategies include the control of the
IDF via additional substrate biasing [15], pulsing [16] or
driving voltage waveforms consisting of multiple frequencies.
In the latter case the driving voltage may consist of two
substantially different frequencies, allowing one to control the
ion energy with the voltage amplitude of the low-frequency
component and the total ion flux with the voltage amplitude
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of the high-frequency component [5,17,18]. This separate
control is, however, strongly limited by the frequency coupling
[19-21] and the effect of secondary electrons [22-24].
Recently, an alternative approach has been proposed: using
two consecutive harmonics generating an asymmetric voltage
waveform [25], that is given by

o) = q)()% [cos(awret +0) + cos(Lwyst)] . Q)

¢o and 6 are the total voltage amplitude and the adjustable
phase angle between the harmonics, respectively, and
oy =2 f with f being the fundamental frequency. It has
been shown in investigations of low-pressure argon discharges
that the resulting dc self-bias voltage is an almost linear
function of the phase angle for 0° < 6 < 90° [26,27]
and is associated with a control of the mean sheath voltages.
This, in turn, allows one to control the ion energies at
both the powered and the grounded surfaces in geometrically
symmetric or asymmetric discharges, while the ion flux
remains approximately constant [26-32]. Here, only the
special case of equal voltage amplitudes (see equation (1))
is considered.

This study focuses on the control of the IDFs at the
electrodes of capacitively coupled high-pressure hydrogen
discharges. With a small admixture of SiHy, these discharges
are typically used for silicon thin film deposition purposes
[6,8—12, 14]. In the following chapter, the setup of experiment
and simulation as well as the modeling approach are
introduced. Then, the dependence of the IDF on the gas
pressure and the applied voltage amplitude is investigated in
the third section, which is concluded by a discussion of the
effectiveness of the Electrical Asymmetry Effect (EAE) under
these conditions. Finally, a summary of the findings is given.

2. Description of experiment, simulation, and model

2.1. Experimental setup and diagnostics

The experimental setup has been described in detail previously
[33]. In brief, the rectangular powered showerhead electrode
with an edge length of 40 cm is separated from the grounded
counterelectrode by a gap of 1.4cm. Thus, the discharge
configuration is geometrically symmetric and the dc self-
bias vanishes under single frequency operation. The applied
voltage is either a pure 13.56 MHz sine wave or a superposition
of 13.56 MHz and 27.12MHz according to the EAE and
equation (1), respectively. The applied voltage is measured
by a high-voltage probe, which is connected to the back side
of the powered electrode.

The ion flux-energy distribution function is measured by
a Balzer Plasma Process Monitor (PPM422) [34], which is
implemented into the center of the grounded electrode. In
principal, the measurement unit of the device consists of a
set of ion optics, a cylindrical mirror analyzer of the ion
energy and a quadrupole mass filter. Due to the high pressure
in the discharge chamber, two pump stages are used. The
base pressure in the measurement unit of the device was
about 1073 Pa. The first orifice (between the plasma and the
intermediate pressure region) has a diameter of 100 «xm and is

grounded to prevent disturbances of the plasma. The second
orifice (500 um diameter) is located 15 mm behind the first
orifice and is biased negatively to accelerate the ion beam
into the focusing ion optics. Due to the highly collisional
movement in the sheath, the IDF can be expected to have a
rather broad angular distribution [35-37], which is not entirely
captured by the acceptance angle of the device. By applying
a high potential of —300V to the second orifice, collisions
of the ions with the background gas become improbable and
the acceptance angle becomes wider. The measured species is
HY. Under all conditions investigated here the contribution of
any other species to the total ion flux is negligible [38]. The
PPM 422 is sensitive to the ion kinetic energy, €., according to
the velocity component perpendicular to the electrode surface
(z-component) only. The settings of the energy filter are
calibrated according to a procedure described in the literature
[26,34]. However, there is no calibration procedure for the
shape of the IDF at elevated pressures and, hence, even after
optimization of all settings the measurement uncertainty in the
shape cannot be eliminated.

2.2. Hybrid Plasma Equipment Model simulation

The experimentally obtained shape of the IDF is benchmarked
by the outcome of simulations using the Hybrid Plasma
Equipment Model (HPEM) [39-41] by Mark Kushner’s
group. This two-dimensional simulation tool consists of
several modules which address different physical phenomena.
Reference [39] gives a good overview of the modules and
related equations, so here, we will only present the used
modules. We make use of the electron energy transport
module (EETM) to obtain the electron energy distribution
functions and electron-impact source functions. Within the
fluid kinetics-Poisson module (FKPM), the electric field is
determined and the electron fluxes are calculated using a
drift—diffusion approximation. This is justified by the high
collision frequency of about 5 x 10°s~! at 200 Pa compared
with the driving frequency. In order to compute the transport
and the distribution functions of Hj, the plasma chemistry
Monte Carlo module (PCMCM) and the cross sections given
by Phelps [43] have been utilized. Here, elastic collisions and
collisionally induced dissociation are taken into account. The
transport of the H* and Hj ions is deduced from the momentum
balance equation, and their temperatures are obtained via the
energy balance equation. This means a simplification and,
accordingly, a reduction in computational effort. The density
of H" and H} is much smaller compared with the H} density
[38,56], so that the results are basically unaffected. The
temperature of neutrals is kept constant at 300 K. For their
transport, a diffusion approximation was used, resulting in an
effectively constant gas background of the feed gas H,. Since
we do not expect electromagnetic effects at these frequencies
[62], the electric potential and fields are obtained by solving
Poisson’s equation. In the EETM, we opted for the electron
Monte Carlo simulation which is described in [42].

There are some differences between the experimental
setup and the simulation. First of all, the fundamental
frequency is not 13.56 MHz, but 10 MHz to simplify the time
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Figure 1. Sketch of the simulated discharge configuration. The
powered electrode has a length of 20 cm and is separated from the
grounded electrode by 1.4 cm. In the discharge volume the potential
distribution is visualized. The color scale gives absolute values in
volts for a pure hydrogen discharge operated at 200 Pa and an
applied voltage of 200 V at 10 MHz.

scale. Secondly, the mesh differs from the actual reactor
geometry. We kept the electrode distance of 1.4 cm and the
rectangular shape of the electrodes. The electrode length is
halved to 20cm to save computational time. Furthermore,
there is a dielectric pump port at the side wall (see figure 1).
This improves the geometrical symmetry of the discharge and
prevents artificially high electric fields at metal to metal corners
or metal to dielectric planar boundaries.

2.3. Analytical model

In the following, a simple model approach for the IDF at the
electrodes of a single frequency CCRF discharge is developed.
In the energy interval 1eV < ¢, < 30eV, the collision
frequency of the H} ions with the H, background gas can be
approximated to be independent of the incident ion energy.
This is motivated by the fact that the cross section of elastic
collisions is almost inversely proportional to the ion velocity
in the respective interval [44], so that the product of cross
section and velocity remains approximately constant. Then,
the probability for an ion starting at z = gz, to reach the
electrode at z = 0 without undergoing a collision is P(z)
exp(—vt,(z.)). Here, v is the collision frequency and t,(z.)
is the time interval between the last collision and the arrival at
the electrode. In practical terms, we set

v & p[Pa]/(1.5 x 107%5s) )

with p the neutral gas pressure in Pa. Within the ion energy
range discussed here, the distance an ion moves between
subsequent collisions is small compared with the sheath width.
In other words, the ion transit time [3-5] is much larger than
7,. Thus, the major part of the ion momentum gained in the
field is lost in collisions. This is strictly valid for ions and
neutrals of equal mass and can be expected to hold for H
ions colliding with H, neutrals, as the mass ratio of 1.5 still
allows for an efficient momentum transfer. Accordingly, in
our model the ions start at the position of the last collision
Z. close to the electrode with a negligible energy. Then, they
become accelerated over the distance z., over which the electric
field changes only weakly. This allows us to approximate the
electric field close to the electrode by its value at z = 0,
i.e. any spatial dependence within the last mean free path

is neglected. In a symmetric discharge driven by a single
frequency, f, the temporal evolution of the sheath electric field
and voltage drop can be approximated to vary as cos’(¢/2),
where ¢ = w¢t = 2 ft is the rf phase.

The acceleration of an ion starting at rest at phase ¢, at the
position z,. of the last collision in the sheath by the electric field
E ~ Eycos*(p /2) leads to an ion velocity directed toward the
electrode surface of

E Potwif T,
€0 / cos? (£> do. 3)
o 2

Yo

v.(p) =

Again, we make use of the frequency scaling, i.e. the
change in the electric field during the time of free ion flight,
7., is neglected, as the collision frequency is about one order
of magnitude larger than the applied radio frequency under the
relatively high-pressure conditions considered in this work.
Thus, the velocity is

eEy ©o
v, (@) ~ cos? (—) Wi T;. 4)
miw, 2

i@rf
Rearranging equation (4) and introducing the kinetic ion
energy according to the velocity component perpendicular to
the electrode surface, ¢, = mivz2 /2, yields

«/ZSzmi
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Finally, the shape of the time averaged distribution
function, (P(g;)), is found by integrating the probability
P(e;, ) o exp(—vrt,(e;, ¢p)) over the rf period. It is
assumed that the incoming ions are equally distributed over
all starting phases before the last collision, ¢y. The integration
can be performed analytically by substituting cos=2(¢g/2) =
1 +tan?(¢/2) = 1 + u®. The result is

1 [ va/2e,m;
(P(g;)) o Efo eXp{—m} dgo  (6)
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the complementary error function with an argument scaling
with 821 /4. The factor 4/(3¢.) is required for normalization by
the total flux, i.e. to achieve fOOO(P(SZ» de, = 1. It should
be noted that basically the same expression can be deduced
from the energy gain in the potential instead of the momentum
gain due to the acceleration in the sheath electric field [63].
This formula (equation (8)) allows for an understanding of the
dependence of the IDF on a global parameter

1 eEy\’
ge=-mi| —) . 9)
2 vm;

To give a dependence on practical units the electric field
strength at the electrode is Ey & 2¢/Smax in the approximation
of the matrix sheath model, which assumes a constant and
homogeneous ion density in the sheath. Here, ¢ is the
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Figure 2. IDF resulting from the model as a function of the energy
¢, and parameter &.

amplitude of the applied rf voltage and sp,x is the maximum
sheath extension. In other words, the simple matrix model
(see, e.g., p 65 in [2] or p 175 in [1]) neglects the acceleration
of ions, which is motivated by the high collision frequency,
and ionization within the sheath. Then, the global parameter
becomes

e

1 2
£e = — ,
7 2m; \ USia

which resembles the fundamental parameter in drift studies,
e.g. in theories on the IDF in homogeneous electric fields
[45-48]. In fact, it differs from the mean drift energy [45-47]
only by a numerical factor, taking the difference between the
maximum and mean field strength into account. In our case,
typical values for . are in the range 2—5 eV. Figure 2 shows the
IDF resulting from the model (equation (8)) in the energy range
0eV < g, < 30eV for values of ¢ in the range between 1 eV
and 10eV. As one might expect, the parameter ¢, determines
the steepness of the distribution function, i.e. the IDF will
become broader and will show an enhanced tail, if the gain
in g, becomes larger due to a stronger electric field and the
loss in &, becomes smaller, i.e. T, becomes larger, due to a
lower collision frequency. In the next section, equation (8)
will be compared with simulation data.

(10)

3. Results

At first, the normalized ion flux-energy angular distribution
function resulting from the simulation is shown in figure 3.
Here, the total ion flux I'; is analyzed with respect to the
energy ¢, and the solid angle, i.e. the distribution function is
computed as ,/&; d’I';/(sin6;df;de.) with 6; being the azimuth
angle. Ions arriving with small energies ¢, are likely to have
undergone collisions directly before reaching the electrode, in
which the incident energy gained in the sheath electric field has
been redistributed. In contrast, ions impinging on the electrode
with relatively high energies ¢, had a relatively long time of
free flight compared with the statistical average. Thus, the
direction of motion of these ions is dominated by the direction
of the electric field, so that large angles are physically not
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Figure 3. Normalized ion flux-energy angular distribution function
resulting from the simulation at 200 Pa and a voltage amplitude of
200 V. The flux of ions at angles larger than |9;| = 45° is negligible.
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Figure 4. Normalized ion flux-energy distribution function obtained
experimentally, by the HPEM simulation, and in the analytical
model. In the simulation, the entire angular distribution function
(black curve) or all ions with an incident angle of 15° or less (red
curve) are evaluated. The pressure is 200 Pa and the applied voltage
is 200 V.

possible. Therefore, the angular distribution function shows
the typical shape of a broad distribution at small energy, that
becomes narrower with increasing &, [35]. The ion energy,
according to the velocity component lateral to the electrode
surface, gives a considerable contribution to the total energy
impact at the surface and might be important for applications,
depending on thresholds of surface processes, for instance [35—
37,55].

The comparison of the simulation results with a fit of
the model function (equation (8)) to the simulation data in
the range 1eV < ¢, < 30eV and the measured distribution
function at 200 Pa is depicted in figure 4. Excellent agreement
regarding the shape of the IDF resulting from simulation and
model is found. The obtained fit parameter is e, &~ 3.69.
Setting the collision frequency to 1.33 x 108 s~! according to
equation (2) and taking the applied voltage amplitude of 200V,
this value corresponds to a maximum sheath width of about
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6.3 mm, which agrees very well with the value determined
in the self-consistent simulation (sy,x = 6.2mm). Only at
very small energies, i.e. below 1eV where the model is not
expected to be valid, the flux is overestimated. The distribution
function has a maximum of about 2.4 at ¢, = 0; as all IDFs
are normalized by their maximum in figure 4, the distribution
function obtained by the fit of the model function is not
normalized by the total flux.

Therefore, the model allows for an analytical treatment of
the distribution function and might even be used in a predictive
way, despite the drastic simplification made in its derivation. In
fact, the shape of the IDF is similar to the distributions obtained
in simulations of dc discharges in hydrogen [49], justifying
the model approach chosen here. The measured IDF shows a
deviation from the angle integrated simulation and model data,
respectively. This is caused by the finite acceptance angle of
the measurement device, which inhibits a direct comparison
[32,50,51]. As shown in the figure, a distribution function
resulting from those ions, which arrive under an angle of
15° or less with respect to the electrode surface normal in
the simulation, reasonably follows the measured trend. This
acceptance angle roughly matches an estimation based on
geometrical considerations of the distance and diameter of the
entrance orifices. It should be noted that the acceptance angle
itself may generally depend on the ion energy according to
the velocity component perpendicular to the electrode surface,
g; [50]. On the one hand, the reliability of the experimental
data is limited by the measurement approach. On the other
hand, the validity of numerical codes can only be proven
by direct comparisons of simulation data to experimental
results [50,64]. Further studies on energy-resolved mass
spectrometry are required to provide a concluding discussion.
Nevertheless, the comparison shown in figure 4 confirms that
the measurements give an important experimental insight into
the ion distribution functions in capacitive hydrogen discharges
under these conditions, i.e. at relatively high pressures.

In the following we investigate the dependence of the
measured IDF on global discharge parameters, such as
pressure as well as amplitude and shape of the applied
voltage waveform, respectively. By comparing this fraction
of the distribution function with the fully angle-integrated IDF
resulting from the simulation (see figure 4), it can be concluded
that most of the ions arriving under large angles have a small
energy &,. Moreover, a small structure at about 10eV is
observed, which is due to the ion motion in a periodically
oscillating sheath, similar to specific features of ion distribution
functions under low-pressure conditions (see, e.g. [3,4, 51-54]
and references therein).

Figure 5 shows the normalized IDF obtained experi-
mentally for various gas pressures.  All functions are
normalized by their respective maximum. The applied voltage
is 200V at 13.56 MHz. As discussed above, the IDF exhibits
a maximum at very low energies and not at &, = 0 because of
the finite acceptance angle. Then, it declines monotonically
as a function of ¢, within this high pressure range [54]. These
results are in contrast to the experimental results presented
for similar pressures and higher applied frequencies in the
literature [38, 56]. The discrepancy might be due to the fact
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Figure 5. Normalized ion flux-energy distribution function obtained

experimentally for various gas pressures. The applied voltage is
200V at 13.56 MHz.
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Figure 6. Normalized ion flux-energy distribution function obtained
experimentally for various voltage amplitudes at 13.56 MHz. The
gas pressure is 350 Pa.

that the measurement device is implemented into the grounded
surface in our case, whereas it is not directly connected
to ground in the other studies. Ions with relatively high
energies (e.g. about 30 eV) give a significant contribution only
at pressures below 200Pa. With increasing pressure, the
ion mean free path decreases more strongly than the sheath
extension [57]. Therefore, the ion motion in the sheath
becomes more collisional and the width of the maximum in
the measured distribution is reduced [54]. From these results,
we can conclude that the width of the IDF scales inversely
proportional with pressure.

Figure 6 shows the normalized IDF obtained experi-
mentally for various voltage amplitudes at a constant gas
pressure of 350Pa. The high-energy tail of the peak is
enhanced with increasing voltage. This is due to the fact that
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Figure 7. (a) Normalized ion flux-energy distribution function and
(b) dc self-bias measured for different phase angles at 350 Pa and
¢o =200V.

the sheath electric field (Ey & 2¢/Smax in the approximation
of the matrix sheath model) becomes higher as ¢y is increased
and the increase in the sheath width is only moderate due to the
increase in the plasma density [54, 57]. Similarly, this would
correspond to an increase in &, in the model (see equation (8)
and figure 2). The fraction of the IDF having a relatively high
energy increases strongly from ¢y = 150V to ¢p = 200 V and
shows only a minor increase from ¢y = 250V to ¢po = 300 V.
In addition to changes in the sheath width, the fraction of ions
produced by highly energetic electrons in the sheath, which
are heated by a local field reversal in the sheath region at the
time of sheath collapse [58—61], might probably depend on the
voltage amplitude. Therefore, the sheath electric field depends
on ¢y in a nonlinear way and the complete sheath structure is
affected by the applied voltage amplitude. Such effects are not
captured by the model.

Using the EAE, the IDF can be manipulated at constant
pressure and voltage amplitude by adjusting the phase angle
0 [26,31]. Figure 7(a) presents the normalized ion flux-energy
distribution function measured for different phase angles at
350 Pa and ¢y = 200 V. Both the width and the shape of the
distribution function change, because the temporal dependence
of the sheath electric field changes [27], i.e. it is relatively high
for a small (large) fraction of the rf period at the grounded
side for & = 0° (¢ = 90°). The behavior of the ions in
such fields consisting of many Fourier components is a current
topic in both analytical and numerical sheath theory [5, 18].
In general, the right shoulder of the peak is higher than

300 400 500
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50_ T T T T T T T
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200 250
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50 ] T T T T T T T T T T T T ]
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Figure 8. Measured total ion flux for various pressures and voltages
in a single frequency discharge as well as for different phase angles
in an electrically asymmetric dual frequency discharge. The
conditions in (a), (b) and (c) are the same as in figures 5, 6 and 7,
respectively.

the one in a 13.56 MHz discharge under otherwise identical
conditions, because the combination of this frequency with
higher harmonics produces a higher plasma density [30] and,
therefore, reduces the collisionality due to the diminished
sheath width [28]. In agreement with the maximum positive dc
self-bias at 6 = 90° (see figure 7(b)), the mean sheath voltage
and ion energy are highest in this case at the grounded electrode
[26-29, 31, 33].

According to the results presented in figures 5, 6, and 7
the shape of the IDF changes with global control parameters
such as pressure, voltage or electrical symmetry. As shown in
figure 8, the total ion flux weakly depends on the gas pressure
and strongly increases as a function of the applied voltage
amplitude [54].

The pressure dependence shows a maximum [38], which
might be attributed to changes in the total absorbed power as
well as to the various collision processes of highly energetic
electrons: if the pressure is increased, the collision frequency
will be further enlarged so that the energy gain of electrons,
e.g. via the interaction with the sheath electric field, between
collisions becomes smaller and fewer electrons reach an
energy according to the ionization threshold. This would
lead to a decreasing trend of the ion flux as a function of
pressure. However, the dependences of the plasma density
profile and power absorption on pressure at constant applied
voltage amplitude preclude a definite explanation. If the
applied voltage amplitude is increased, the power deposited
into the discharge volume will increase. Therefore, the
electron heating becomes stronger leading to an increased
plasma density. These reasonings might explain why the
plasma density and, as a consequence thereof, the ion flux
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depend on pressure and voltage, respectively. However, the
ion flux might be expected to remain approximately constant,
if the phase angle is used as the control parameter for the
IDF, due to the almost constant electron power absorption for
all 6 [27,29]. The independent control of ion energy and ion
flux via the EAE has been proven for the case of low-pressure
electropositive discharges [29]. However, the total ion flux
can be expected to have a phase angle dependence, if the
electron heating dynamics change. This could be the fact under
certain conditions, which lead to a mode transition from the a-
mode (sheath expansion heating) to the y-mode (ionization by
secondary electrons) [23]. In addition, the ion flux will depend
on the phase angle if the electron heating by field reversals
[58-61] close to the electrode, i.e. deep inside the sheath
region, becomes the dominant source of ionizing electrons
and, therefore, leads to a violation of ion flux conservation
within the sheath. Therefore, the dependence of the ion flux
on global control parameters is complex and a detailed study as
well as a validation of the constancy of the ion flux found here
is planned in future simulations. Based on the measurement
results presented above, the properties of the ions at the surface
can be controlled independently under the conditions of high
pressure and relatively low voltage amplitudes considered in
this work using the EAE.

4. Conclusions

The flux-energy distribution functions of the ions flowing onto
the electrodes in high-pressure CCRF discharges operated
in hydrogen are measured under single and dual frequency
discharge operation. The measurements are performed for
the first time under high-pressure conditions in a 13.56 MHz
as well as in an electrically asymmetric discharge. We find
that the shape of the IDF exhibits an almost exponentially
decaying behavior due to the high collision probability of
the H} ions during their acceleration by the sheath electric
field. A simple analytical model reasonably reproduces the
IDF obtained by a HPEM simulation. In single frequency
discharges, the results of both experiment and model show that
the width of the distribution function increases with voltage and
decreases with pressure. Using the electrical asymmetry effect
(EAE) in dual frequency discharges, the shape and the width
of the IDF depend on the phase angle between the applied
harmonics. In contrast to the variation of gas pressure or
applied voltage amplitude, the EAE is observed to control the
IDF without changing the total ion flux. This separate control
is of fundamental interest for both research, e.g. examining
the role of the shape of the IDF on surface processes under
otherwise identical conditions, and applications such as the
large area deposition of thin films [6-9, 10, 14].
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