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(57) Abstract: A plasma deposition source for transferring a deposition gas into a plasma phase and for depositing, from the plas-
ma phase, a thin film onto a substrate moving in a substrate transport direction in a vacuum chamber is described. The plasma de-
position source includes a multiregion electrode device adapted to be positioned in the vacuum chamber and including at least one
RF electrode arranged opposite to the moving substrate, and an RF power generator adapted for supplying RF power to the RF
electrode. The RF electrode has at least one gas inlet arranged at one edge of the RF electrode and at least one gas outlet arranged
at the opposed edge of the RF electrode. A normalized plasma volume is provided by a plasma volume detined between an elec-
trode surface and an opposite substrate position, divided by an electrode length. The normalized plasma volume is tuned to a de-
pletion length of the deposition gas.
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PLASMA DEPOSITION SOURCE AND METHOD FOR DEPOSITING THIN FILMS
TECHNICAL FIELD OF THE INVENTION

[0001] Embodiments of the present invention relate to a plasma enhanced chemical vapor
deposition system for depositing thin films onto substrates. In particular, embodiments relate
to a plasma deposition source for transferring a deposition gas into a plasma phase by means
of RF (radio frequency) electrodes. Furthermore, the present invention relates to a method for

depositing thin films onto a moving substrate.
BACKGROUND OF THE INVENTION

[0002] PECVD (plasma-enhanced chemical vapor deposition) provides a powerful tool for
depositing thin films onto a variety of substrates. This type of thin film deposition has many
applications, e.g. in the microelectronic industry, for depositing photovoltaic layers onto
flexible substrates, for modifying surfaces of substrates in general, etc. Silicon-based
deposition gases are used e.g. for the fabrication of thin silicon films on substrates for
manufacturing of photovoltaic cells. Deposition gases which are used to deposit silicon-based

materials onto substrates typically include silane or silane-based precursor gases.

[0003] A behavior of these gases, when transferred from the gas phase into the plasma phase,
is an issue with respect to deposition rate, uniformity of the thin films (thickness,
composition) and a formation of unwanted reaction products and dust. In the case of the use
of silane for the generation of photovoltaic cells, a formation of silane dust is deleterious for
the thin film being deposited. A more efficient deposition of thin films onto substrates is
based on an increase in the deposition rate and a reduction of the formation of dust (silane

dust, etc.).

[0004] Linear PECVD sources may be used for a dynamic deposition of silicon-based
materials for photovoltaic deposition applications. Additionally, costs for manufacturing
photovoltaic or microelectronic components based on a deposition of thin films increase if a
plasma deposition system has a reduced uptime due to unwanted dust formation. The greater
the formation of dust is, the shorter time intervals between maintenance are for the entire

PECVD system.
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SUMMARY OF THE INVENTION

[0005] In light of the above, a plasma deposition source for transferring a deposition gas into
a plasma phase and for depositing, from the plasma phase, a thin film onto a substrate moving
in a substrate transport direction in a vacuum chamber according to independent claim 1 is
provided. Furthermore, a method for depositing a thin film onto a substrate according to

independent claim 16 is provided.

[0006] According to one embodiment, a plasma deposition source for transferring a
deposition gas into a plasma phase and for depositing, from the plasma phase, a thin film onto
a substrate moving in a substrate transport direction in a vacuum chamber is provided. The
plasma deposition source includes a multi-region electrode device adapted to be disposed in
the vacuum chamber and comprising at least one RF electrode, the RF electrode having an
electrode width parallel to and an electrode length perpendicular to the substrate transport
direction, and being arranged opposite to the moving substrate, wherein a normalized plasma
volume is provided by a plasma volume defined between the electrode surface and the
opposite substrate position, divided by the electrode length, and wherein the normalized
plasma volume is tuned to a depletion length of the deposition gas; and a RF power generator
adapted for supplying RF power to the at least one RF electrode, wherein the RF electrode
has at least one gas inlet arranged at one edge of the RF electrode and at least one gas outlet

arranged at the opposing edge of the RF electrode.

[0007] According to a further embodiment, a method for depositing a thin film onto a
substrate is provided. The method includes providing a multi-region electrode device
including at least one RF electrode; guiding a substrate past the RF electrode in a substrate
transport direction; flowing a deposition gas from a gas inlet to a gas outlet; supplying RF
power to the RF electrode; and depositing the thin film onto the guided substrate, wherein the
width of the RF electrode parallel to the substrate transport direction is tuned to the depletion

profile of the deposition gas.



WO 2010/136464 PCT/EP2010/057181

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] So that the manner in which the above recited features of the present invention can be
understood in detail, a more particular description of the invention, briefly summarized above,
may be had by reference to embodiments. The accompanying drawings relate to

embodiments of the invention and are described in the following:

Figure 1 shows a schematic view of a plasma deposition source according to

embodiments described herein;

Figure 2 is a side view of the plasma deposition source shown in FIG. 1, arranged over a

moving substrate to be coated;

Figure 3 is a silane depletion profile which is formed when silane-based deposition

processes are carried out;

Figure 4 is a graph showing a silane depletion profile and a SiH3 concentration profile
occurring in a plasma volume, with respect to a width dimension of a RF electrode of the

plasma deposition source, according to embodiments described herein;

Figure 5 is a cross-sectional view of a plasma deposition source connected to a RF
generator for driving the RF electrodes according to yet further embodiments described

herein;

Figure 6 is a detailed cross-sectional view of a plasma deposition source according to
embodiments described herein and having three RF electrodes and respective gas supply

devices;

Figure 7 is a perspective illustration of a plasma deposition source, viewed from a

substrate side, according to embodiments described herein; and

Figure § is a flowchart illustrating a method for depositing a thin film onto a substrate

according to embodiments described herein.
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DETAILED DESCRIPTION OF THE EMBODIMENTS

[0009] Reference will now be made in detail to the various embodiments of the invention, one
or more examples of which are illustrated in the figures. Within the following description of
the drawings, the same reference numbers refer to same components. Generally, only the
differences with respect to individual embodiments are described. Each example is provided
by way of explanation of the invention and is not meant as a limitation of the invention. For
example, features illustrated or described as part of one embodiment can be used on or in
conjunction with other embodiments to yield yet a further embodiment. It is intended that the

present invention includes such modifications and variations.

[0010] Embodiments described herein refer inter alia to a plasma deposition system for
depositing, from a plasma phase, thin films onto a moving substrate. The substrate may move
in a substrate transport direction in a vacuum chamber where a plasma deposition source for
transferring a deposition gas into a plasma phase and for depositing, from the plasma phase, a

thin film onto the moving substrate is located.

[0011] As shown in FIG. 1, and in accordance with embodiments described herein, a plasma
deposition source 100 is provided as a linear PECVD (plasma-enhanced chemical vapor
deposition) source having a multi-region electrode device 300 including three RF electrodes
301 arranged opposite to a moving substrate 500. In FIG. 1, the multi-region electrode device
300 is shown to be positioned over the substrate 500 moving in a substrate transport direction

501.

[0012] Generally, according to different embodiments, which can be combined with other
embodiments described herein, the plasma deposition source can be adapted for depositing a
thin film on a flexible substrate, e.g., a web or a foil, a glass substrate or silicon substrate.
Typically, the plasma deposition source can be adapted for and can be used for depositing a
thin film on a flexible substrate, e.g., to form a flexible PV module. For PV modules an
efficient deposition can be provided for the opportunity to deposit different layers with

significantly different film thicknesses.

[0013] The individual RF electrodes 301 each have an electrode width 304 and an electrode
length 305, wherein the electrode width is measured in a direction parallel to the substrate

transport direction 501 and wherein the electrode length 305 is measured in a direction
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perpendicular to the substrate transport direction 501 of the moving substrate 500. In a
typical embodiment shown in FIG. 1, three RF electrodes 301 may have the same electrode

width 304 and electrode length 305 such that an electrode area of all electrodes is the same.

[0014] The electrode area corresponds to a plasma region such that the plasma regions of the
at least two electrodes 301 form a combined plasma region, which is located in one vacuum
chamber. Thereby, a multi-region electrode device 300 is formed, which is located in one
vacuum chamber. According to typical embodiments, one vacuum chamber is to be
understood as a region not being separated by pressure apertures, valves or other elements for
providing different pressures or different atmospheres in areas of a vacuum system.
According to typical embodiments described herein, the pressure may be in a range from 0.01

mbar to 4.0 mbar.

[0015] The electrode width 304 may be determined on the basis of plasma parameters such as
deposition gas flow, plasma pressure, RF power and RF frequency provided at the respective
RF electrode, and a deposition gas depletion profile. A determination of the electrode width
304 of the individual RF electrodes will be described herein below with respect to FIG. 3 and
FIG. 4.

[0016] The electrode length 305 of an individual RF electrode 301 may be adjusted such that
the electrode length 305 exceeds a lateral dimension of the moving substrate 500
perpendicular to the substrate transport direction 501. Typically, the electrode length 305
may be larger than the electrode width 304. Furthermore, the electrode width 304 may

depend on an RF frequency which is used for a specific plasma deposition process.

[0017] Albeit mainly plasma deposition processes are described in the present disclosure, it is
to be understood that the plasma deposition source in accordance with embodiments described
herein may also be used for plasma enhanced etching processes, plasma-enhanced surface
modification processes, plasma-enhanced surface activation or deactivation processes, and

other plasma-enhanced processes known to the skilled person.

[0018] As shown in FIG. 1, the substrate transport direction 501 is parallel to a gas flow
direction 203. At two edges of each RF electrode 301 gas inlets and gas outlets, respectively
are arranged. According to different embodiments, which can be combined with other
embodiments described herein, the gas inlets or gas outlets may be provided as gas lances, gas

channels, gas ducts, gas passages, gas tubes, conduits, etc.. Furthermore, a gas outlet may be
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configured as a part of a pump which extracts gas from the plasma volume. At least one gas
inlet 201 is arranged at an electrode leading edge 302 and at least one gas outlet 202 is
arranged at an electrode trailing edge 303 of an individual RF electrode 301 of the multi-
region electrode device 300. The electrode leading edge 302 and the electrode trailing edge
303 are defined with respect to the substrate transport direction 501.

[0019] However, according to yet further embodiments, which can be combined with other
embodiments described herein, the gas inlet 201 might be disposed at the trailing edge and the
gas outlet 202 might be disposed at the leading edge. Thus, albeit the embodiment shown in
FIG. 1 exhibits a gas flow direction 203 parallel to the substrate transport direction 501, it is
possible, according to another embodiment which may be combined with embodiments
described herein, that the gas flow direction 203 is anti-parallel to the substrate transport
direction by exchanging the respective positions of the gas inlet 201 and the gas outlet 202 of
the respective RF electrode 301. Furthermore, it is possible to provide different gas flow
directions 203 for the individual RF electrodes 301. Albeit not shown in FIG. 1, an
alternating gas flow direction 203 from one RF electrode 301 to an adjacent RF electrode 301

may be provided.

[0020] It is noted here that the term "gas inlet" denotes a gas supply into a deposition region
(a plasma volume 101), whereas the term "gas outlet" denotes a gas discharge or evacuation
of deposition gas out of a deposition region. The gas inlet 201 and the gas outlet 202
according to a typical embodiment are arranged essentially perpendicular to the substrate

transport direction 501.

[0021] FIG. 2 is a schematic side cross-sectional view of the plasma deposition source 100
shown in FIG. 1. In operation, i.e. if RF power is applied at the individual RF electrodes and
a gas flow is provided between the gas inlet 201 and the gas outlet 202, a plasma is formed in
a plasma volume 101 which is located between a lower surface of an individual RF electrode
301 and a substrate surface to be coated 502, which is adjacent to a counter electrode 406 (see
Fig. 6) for plasma generation. The substrate 500 to be coated is transported from left to right
in the substrate transport direction 501. The individual gas inlets 201 and the individual gas
outlets 202 are provided for a leading edge 302 (left edge in FIG. 2) and a trailing edge 303
(right edge in FIG. 2) for each RF electrode 301, respectively. Thus, a gas flow underneath
the RF electrode is provided from the gas inlet 301 to the gas outlet 202 such that a gas flow
direction 203 (see FIG. 1) is essentially parallel to the substrate transport direction 501.
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Furthermore, it is possible, albeit not shown in FIG. 2, that a gas flow direction is anti-parallel
to the substrate transport direction 501. To provide such kind of anti-parallel gas flow at an
individual RF electrode 301, the gas inlet 201 and the gas outlet 202 at the respective RF
electrode 301 are exchanged with respect to each other, according to a further typical

embodiment.

[0022] Accordingly, embodiments described herein are adapted for and allow for a multi.-
electrode device wherein the gas flow direction with regard to the transport direction of the
substrate is the same direction or an opposite direction, i.e. the gas flow direction and the
transport direction are essentially parallel or essentially anti-parallel. Thereby, a multi-region
electrode device can be easily up-scaled to four, five, six or even more electrodes without

significantly changing the plasma process parameters in the entire, combined plasma region.

[0023] Another advantage of providing separate gas inlets 201 and gas outlets 202 for the
individual RF electrodes 301, such as gas inlet channels and gas outlet channels, is the option
that different deposition gases may be provided for different plasma volumes 101 provided by
different RF electrodes 301. Thus, a wide variety of thin film deposition processes may be
performed by using the plasma deposition source 100 having at least one RF electrode 301.
During the plasma deposition process (e.g. PECVD, plasma-enhanced chemical vapor
deposition), the substrate surface 502 may be provided with a thin film while the substrate
500 is moving in the substrate transport direction 501. The thin film may be provided by
means of any material which can be transferred into a plasma phase by the deposition source

100. Thus, thin films and thin solid films may be deposited onto the substrate surface 502.

[0024] Albeit the cross-sectional view of FIG. 2 exhibits a planar electrode surface opposing
the substrate surface 502 to be coated, the electrode cross-sectional shape is not limited to a
planar shape. According to yet further embodiments, which can be combined with other
embodiments described herein, other shapes, such as, but not limited to, curved cross-
sectional shapes, may be provided. Advantageously, the cross-sectional shape of at least one
RF electrode 301 may be adapted to a surface shape of a substrate surface 502 to be coated.
The lower surface of an individual RF electrode 301 faces the substrate surface 502 to be
coated such that the plasma volume 101 which is provided between an individual RF

electrode 301 and the substrate 500 may be controlled.

[0025] A distance between the lower surface of the RF electrode 301 and the substrate surface

502 to be coated is referred to as an electrode-substrate gap distance 308 in FIG. 2. The
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plasma volume 101 is essentially defined by a (geometrical) product of the electrode length

305, the electrode width 304 (see FIG. 1) and the electrode-substrate gap distance 308.

[0026] An individual RF electrode 301 has an electrode length 305 oriented perpendicular to
the substrate transport direction 501 which is at least a substrate width of the moving substrate
perpendicular to the substrate transport direction 501. A normalized plasma volume may be
defined by dividing the plasma volume 101 provided between the lower electrode surface and
the opposite substrate surface 502, by the electrode length 305. The normalized plasma
volume then is given on the basis of a deposition gas flow, a plasma pressure, an RF power
applied at an individual RF electrode 301 and a RF frequency provided at the RF electrode
301. Using such a type of normalized plasma volume, an electrode width 304 of an individual
RF electrode 301 may be adjusted such that an electrode width 304 parallel to the substrate
transport direction 501 is given by the normalized plasma volume divided by the electrode-
substrate gap distance 308 shown in FIG. 2. According to a typical embodiment the
normalized plasma volume may be in the range from 5 cm” to 50 cm®, a plasma density for a
silicon-based PECVD process may be in a range from 10° cm’ to 10" ¢cm’, and electron
temperatures may range from 1 eV to 3 eV, respectively. The flow rates of silane (SiH,) for

the silicon-based PECVD process are in a range from 100 sccm to 2200 scem.

[0027] Deposition gas which is introduced into the plasma volume 101 via the respective gas
inlet 201 and which is output from the plasma volume 101 by means of the respective gas
outlet 202 of an individual RF electrode 301 is subject to plasma processes which may
decompose and/or change the deposition gas introduced into the plasma volume 101 on its
way through the plasma volume 101 from the gas inlet 201 to the respective gas outlet 202.
In case of silicon-based deposition processes, silane may be introduced into the plasma
volume 101. Depletion of silane (SiH4) is an issue when the silane deposition gas is
transported through the plasma volume 101. Depletion of the deposition gas may influence

deposition rate, thin film composition, quality of thin films, etc.

[0028] FIG. 3 is a graph illustrating a silane depletion profile 600 as a function of a distance
601 (in arbitrary units (a.u.)). The distance 601 shown in FIG. 3 is a separation between a
respective gas inlet 201 and a deposition position on the substrate surface 502 to be coated in
the substrate transport direction 501, given in arbitrary units (a.u.). As shown in FIG. 3, a
measure for a depletion of the deposition gas may be provided by a mole fraction of SiH, of

the silane precursor gas (deposition gas).
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[0029] It is assumed that the mole fraction of the silane deposition gas has a value of about
1.0 at a distance of 0 a.u. (an original value at the entry location into the plasma volume 101
using the gas inlet 201) and then remains at a constant level up to 0.4 a.u. Then, the silane
depletion profile 600 decreases to lower values and is approximately zero at a distance of 5
a.u.away from the gas inlet 201. For silicon-based deposition processes, a mole fraction of
SiH4 may not be below a critical mole fraction as will be explained herein below with respect
to FIG. 4. In order to avoid too low a mole fraction of SiH4 602 of the deposition gas in the
plasma volume 101 defined by an individual RF electrode 301, the respective electrode width
304 parallel to the substrate transport direction 501 may be restricted to a value where the
mole fraction of SiH4 602 is above the critical mole fraction. A silane mole fraction decreases
with the distance from the gas inlet, wherein this decrease is based on at least one of the group
consisting of a plasma density, a residence time, a power applied at the electrodes, a plasma
pressure, an inlet silane concentration, a total flow rate, and a normalized source volume. As
the depletion length shown in FIG. 3 also depends on the plasma parameters within the
plasma volume 101, the electrode-substrate gap distance 308 shown in FIG. 2 may be
adjusted such that a typical depletion length of the deposition gas is equal to or larger than the

electrode width 304 parallel to the substrate transport direction 501.

[0030] Thereby, according to some embodiments, which can be combined with other
embodiments described herein, the ratio of the electrode width and the electrode-substrate gap

may be in a range from 5 to 18, and typically amounts to about 10.

[0031] For silicon-based materials which are deposited onto the substrate 500, the precursor
deposition gas is silane (SiH4). The silane precursor gas is used as a deposition gas, and once
it reaches the plasma volume 101, the deposition gas is decomposed. This type of
decomposition leads to a depletion of the precursor gas such that a depletion profile 600 as
shown in FIG. 3 is obtained. As shown in FIG. 3, the amount of depletion of the precursor
gas silane is dependent on the distance to the gas inlet 201. Thus, an electrode width 304 of
an individual RF electrode 301 may be adapted such that a depletion of the precursor gas does
not exceed a predetermined limit within a specified plasma volume 101. The depletion profile
may depend on one or more plasma parameters such as, but not limited to, a deposition gas
flow, a plasma pressure, and RF power and RF frequency provided at the respective RF
electrode. Thus the normalized plasma volume which may be defined by dividing the plasma
volume 101 provided between the lower electrode surface and the opposite substrate surface

502, by the electrode length 305, may be tuned to the depletion profile. Such kind of “tuning”
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may be provided by changing the above mentioned ratio of the electrode width and the
electrode-substrate gap. For example, for a fixed RF electrode area, i.e. for fixed electrode
width and fixed electrode length, the electrode-substrate gap may be adjusted such that a

desired normalized plasma volume is obtained.

[0032] FIG. 4 is a more detailed view of processes occurring within the plasma volume 101.
FIG. 4 illustrates a single RF electrode 301 having a gas inlet 201 at its left edge and a gas
outlet 202 at its right edge. A graph below the cross-sectional view of the RF electrode 101
illustrates a mole fraction SiH4 602 as a function of a distance 601 from the gas inlet 201. A
reference numeral 600 indicates a silane depletion profile along an electrode width 304 of the
RF electrode 301. The silane depletion is shown for predetermined plasma parameters of a

plasma located in a plasma volume 101 beneath the electrode surface of the RF electrode 301.

[0033] Furthermore, a SiHs; concentration profile 604 is shown in FIG. 4. The SiH3
concentration profile 604 is related to the silane depletion profile 600 in that a reduction of a
mole fraction SiH4 602 results in an increase of a mole fraction SiHs 605. It is noted here with
respect to FIG. 4 that the mole fraction SiH4 602 corresponds to the curve 600, wherein the
mole fraction SiH; 605 corresponds to the curve 604. FIG. 4 relates to the silane depletion
profile 600 and the SiHsz concentration profile 604 to a geometrical dimension of the RF
electrode 301, i.e. to its electrode width 304. It is assumed here that the silane depletion may
not exceed a critical mole fraction 603 which is indicated by a horizontal (broken) line in FIG.
4. A depletion which is less than that indicated in FIG. 4 may be tolerable, i.e. a mole fraction
of SiH4; which is above the critical mole fraction value 603 is acceptable for a plasma located
in the plasma volume 101 such that a desired thin film with respect to its composition, quality,
etc. may be obtained. Another issue is the formation of reaction products such as silane dusts

which increase with increasing silane depletion.

[0034] For typical plasma conditions, it has been found that an electrode width 304 which is
in a range from 10 cm to 18 cm can be used for some embodiments described herein. A more
typical range for the electrode width 304 may be from 12 cm to 17 cm, e.g. an electrode width
304 of 15 cm may be provided. Typical plasma parameters for electrodes having an electrode
width 304 in a range from 10 cm to 18 cm include a deposition gas flow (silane gas flow) of
70 sccm up to 2200 sccm, e.g., 100 scem, such that a particle residence time in a range from
0.01 s to 1 sis achieved. According to another typical embodiment the electrode width 304 of

the RF electrode 301 is adjusted such that a particle residence time (i.e. a time a plasma
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particle (e.g. atom, molecule, ion) stays in the plasma) of about 0.4 s is provided. According
to a typical embodiment the plasma density for a silicon-based PECVD process may be in a
range from 10° cm’ to 10" cm’, and electron temperatures may range from 1 eV to 3 eV,
respectively. It is noted here that the depletion profile and the depletion length, respectively, is

related to the particle residence time, via the above mentioned plasma parameters.

[0035] Furthermore, it is possible, albeit not explicitly shown in the drawings, to provide a
mixture of silane and hydrogen (SiH4/H, mixture) as a deposition gas which may be
transferred into a plasma phase within the plasma volume 101. A silane-hydrogen ratio may
be tuned such that a depletion length variation (see FIG. 3) may be provided. An electrode
width 304 of an individual RF electrode 301 may thus be tuned for a desired depletion length.
Thereby, according to yet further embodiments, the silicon layer could be deposited to be
amorphous or micro-crystalline/nano-crystalline depending on the SiH4/H, mixture.
Typically, the SiH4/H, mixture includes significantly more H, for the deposition of crystalline

silicon.

[0036] The critical mole fraction shown in FIG. 4 may be determined on the basis of a typical
value of the silane depletion profile 600, e.g. the critical mole fraction may be determined to
be 1/10 of a maximum mole fraction. Thus, if the maximum mole fraction of silane for
example is 1 in relative units (see FIG. 3), the critical mole fraction 603 may amount to
approximately 0.1 such that an electrode length (distance in a.u.) amounts to approximately 3

a.u.

[0037] The electrode width 304 of an individual RF electrode 301 may be tuned to span a
precursor depletion length. An overall electrode area may be adjusted by providing at least
two RF electrodes 301 arranged in-line in the substrate transport direction 501. A tuning of
the electrode width 304 which respect to the depletion length of the precursor gas has several
advantages. Firstly, an effective deposition rate may be increased, and secondly, a level of
silane dust formation may be decreased. A reduced level of silane dust formation may result
in an increased source uptime. A tuning of the electrode width 304, with respect to the
depletion length, may include designing an electrode width 304 of the RF electrode 301
parallel to the substrate transport direction 501 such that the electrode width 304 is less than a
critical depletion length of the depletion profile of the deposition gas, the critical depletion
length being defined at a point at which the deposition gas mole fraction has dropped to about

10% of the maximum mole fraction, as indicated above.
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[0038] Furthermore, an electrode width 304 of an individual RF electrode 301 may be
provided by defining a normalized plasma volume. The normalized plasma volume is
provided by the plasma volume defined between the electrode surface and the opposite
substrate position. The normalized plasma volume is then obtained by the plasma volume 101
divided by the electrode length 305 perpendicular to the substrate transport direction 105.
Depending on desired plasma parameters, the electrode-substrate gap distance 308 (FIG. 2)
has a specific value resulting from a dependence of the normalized plasma volume from a
deposition gas flow, a plasma pressure, a RF power provided at the RF electrode 301 and an
RF frequency provided at the RF electrode 301. The normalized plasma volume then is
defined by the (geometrical) product of the electrode-substrate gap distance 308 and the
electrode width 304. As the electrode-substrate gap distance 308 has a specific value
depending on the plasma parameters and the depletion profile, the electrode width 304 may be
determined on the basis of the normalized plasma volume, divided by the electrode-substrate

gap distance 308.

[0039] As described above, an electrode width 304 of an individual RF electrode 301 may be
determined on the basis of the silane depletion profile 600, as the depletion profile itself
depends on the plasma parameter. A plasma volume can be defined being a volume 101
between the electrode surface and the opposite substrate surface. As the electrode length 305
is given by a substrate width perpendicular to the substrate transport direction 501, a
normalized plasma volume may be defined which in turn depends on the electrode-substrate
gap distance 308 and the electrode width 304. For specific plasma parameters, and thus for a
specific depletion length, a predetermined electrode-substrate gap distance 308 is provided
such that the normalized plasma volume divided by the predetermined electrode-substrate gap
distance 308 gives a measure for the electrode width 304. Using this electrode width 304 for
the at least one RF-electrode 301, the deposition rate may be increased wherein a silane dust

formation may be reduced.

[0040] FIG. 5 is a cross-sectional side view of the plasma deposition source 100 having three
RF electrodes 301, according to further embodiments. Two adjacent RF electrodes 301 are
connected by a connector 401, e.g. a power bracket, to each other such that adjacent RF
electrodes 301 may be driven in phase if connected to an RF generator 400. The RF generator
400 provides an RF power output between a first generator pole 403 and a second generator
pole 404. Typically, the second generator pole 404 is connected to ground or to a ground

electrode.
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[0041] In the embodiment shown in FIG. 5 which may be combined with other embodiments
described herein, the ground or counter electrode corresponds to the substrate 500. Thus, the
substrate 500 is electrically connected to the second generator pole 404, e.g. by electrically
conducting rollers (not shown in FIG. 5). According to yet further embodiments a ground or
counter electrode might be provided in Fig. 5 below the substrate 500, i.e. such that a
substrate receiving area is between the electrodes 301 and the ground or counter-electrode. A
matching network 402 can be provided between the connectors 401 and the RF generator 400.
The matching network 402 is provided for an impedance matching between the impedance of
the RF arrangement of the RF electrodes 301 and the substrate 500, and the impedance of the
RF generator 400.

[0042] The RF generator 400 may provide a fixed frequency or may provide a frequency
spectrum for exciting a plasma in the plasma volume 101. The RF frequency applied at the
RF electrodes or at an individual RF electrode 301 may be in a range from 10 to
100 MHz, and typically amounts to about 40.68 MHz. Other typical driving frequencies are
13.56 MHz and 94.92 MHz. The plasma parameters provided in the plasma volume 101 such
as plasma density, plasma pressure, plasma composition, decomposition of precursor gas, etc.
may depend on the RF frequency, the electrode width 304 and the electrode-substrate gap
distance 308. The RF generator 400 may be operated with a constant RF power density or the
RF power density may be varied on the basis of the requirements for the deposition plasma

and its parameters.

[0043] The connectors 401 may be provided as power brackets for transferring the RF power
density from the RF generator 400 via the matching network 402 to the connector 401.
Furthermore, the RF generator 400 may provide frequencies depending on the electrode

dimensions.

[0044] According to some embodiments, which can be combined with other embodiments
described herein, the plasma deposition source 100 may be operated symmetrically, i.e. with
the RF electrodes 301 connected in parallel by the connectors (power brackets) 401, from a
single RF generator 400. Furthermore, the plasma deposition source 100 may alternatively be
operated in a push-pull manner such that adjacent RF electrodes 301 are driven such that a

phase difference of typically 180 degrees is provided between the adjacent RF electrodes 301.

[0045] The RF electrodes 301 may be connected to each other by the connectors 401 and may

be connected directly to the RF generator 400 by a further connection device. Furthermore, in
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accordance with some embodiments which may be combined with other embodiments
described herein, the connector 401 may be used to connect each RF electrode 301
individually to the RF generator 400. Thus, at least one connector 401 is provided for
electrically connecting the RF electrodes 301. Furthermore, according to yet another
embodiment, which may be combined with other embodiments described herein, at least two
connectors 401 may be provided for connecting the RF electrodes 301 to each other, wherein
the at least two connectors 401 are arranged along the electrode length 305 being
perpendicular to the substrate transport direction 501. Providing at least two connectors 401
along the length 305 of the RF electrode 301 may result in a more uniform plasma distribution
in the plasma volume 101 along the length 305 of the RF electrode 301 perpendicular to the

substrate transport direction 501.

[0046] As shown in FIG. 5, a gas supply device 200 is provided for supplying deposition gas
such as silane to the gas inlet 201. Furthermore, a vacuum pump 606 is provided which is
adapted for receiving gas output via the gas outlet 202. Albeit only the gas inlet and outlet
lances 201, 202 of one RF electrode 301 are shown to be connected to a gas supply device
200 and the vacuum pump 606, all gas inlets 201 may be connected to the same or different
gas supply devices 200. Additionally, all gas outlets 202 may be connected to the same or
different vacuum pumps 606. Furthermore, in accordance with yet another embodiment which
can be combined with other embodiments described herein, a deposition gas flow across an
RF electrode 301 from the gas inlet 201 to a gas outlet 202 may be controlled separately for
each RF electrode 301.

[0047] The operation of the gas supply device 200 in combination with the vacuum pump 606
may result in a typical pressure within the vacuum chamber which is in a range from 0.01
mbar to 10 mbar, typically is in a range from 0.01 mbar to 4.0 mbar, and more typically
amounts to about 0.05 mbar. It is noted here that the pressure within the vacuum chamber
may influence other plasma parameters such that an electrode-substrate gap distance 308 (see
FIG. 2) may be changed in order to maintain a desired plasma deposition operation. A
modification of the electrode-substrate gap distance 308, in turn, may influence e.g. the

plasma volume 101 and the normalized plasma volume.

[0048] Furthermore, a variety of deposition gases may be provided for each plasma volume

101 beneath an RF electrode 301. Thus, different deposition gases can be provided for
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different RF electrodes 301 such that complex deposition layer structures can be provided at

the substrate surface 502.

[0049] FIG. 6 is a detailed cross-sectional side view of a plasma deposition source 100
including three locally separated RF electrodes 301. Each RF electrode 301 has an RF input
405 for inputting RF power from an RF generator 400 (see FIG. 5). Furthermore, each RF
electrode 301 includes an electrode isolation 306 for isolating the RF electrode 301 with
respect to the environment. For example, in addition to isolating the RF electrodes with
respect to the environment the two or more of the electrodes 301 can be connected to each
other, e.g. with a connector, e.g. a power bracket. In addition to that, an electrode surface

coating 307 protects each RF electrode 301 from plasma exposure.

[0050] According to some embodiments, which can be combined with other embodiments
described herein, the surface coating of the electrodes can be provided as covers, for example
made of glass or quartz. Typically, the covers can be removable, e.g. by clamping the covers
on the electrodes. This allows for easy and fast replacement of the covers during maintenance
of the thin film deposition system. Typically, a cover is adapted to be removably fixed to the
electrode allowing replacement of low cost design covers. Furthermore, in addition to a
protection of the RF electrodes, a high secondary electron emission coefficient of the

electrode cover may provide a plasma stabilization at high pressures .

[0051] FIG. 6 shows an input of the deposition gas through the gas inlet 201 and an output of
the deposition gas through the gas outlet 202 separately for each electrode, in more detail.
The gas inlet 201 is adapted to direct the deposition gas directly into the plasma volume 101,
whereas the gas outlet 202 is provided at an upper rim of the plasma volume 101. As
mentioned before, the plasma volume is defined by the geometrical dimensions of the
electrode and by the electrode-substrate gap distance 308, i.e. the plasma volume 101 is
defined by the product of the electrode-substrate gap distance 308, the electrode width 304
and the electrode length 305 (see FIG. 1).

[0052] According to some embodiments which can be combined with other embodiments
described herein, the substrate 500 to be coated is located between the respective RF
electrodes 301 and a counter-electrode 406. The counter-electrode 406 may be grounded,
wherein the RF inputs 405 of the individual RF electrodes 301 are connected to the other pole
of the RF generator 400 (see FIG. 5). The electrode arrangement shown in FIG. 6 has the

advantage that the substrate 500 to be coated, which moves in the substrate transport direction



WO 2010/136464 PCT/EP2010/057181
16

501, is not galvanically contacted for plasma generation purposes. Especially in the case of
moving substrates 500, the arrangement shown in FIG. 6 may be used for deposition

processes.

[0053] It is noted here, albeit not shown in the drawings, that the plasma deposition source
100 may be installed within a vacuum chamber in order to provide plasma deposition

processes at reduced ambient pressure.

[0054] Albeit deposition processes are described with respect to the present disclosure, it is
noted here that the plasma deposition source 100 according to at least one of the embodiments
described herein may be used for other plasma processes, such as, but not limited to, plasma
etching processes, surface modification processes, plasma-enhanced surface activation,

plasma-enhanced surface deactivation, etc..

[0055] According to yet another embodiment, which is not shown in the drawings, the
electrodes may have a curved cross-sectional shape or may be arranged such that they rotate
during a plasma deposition process. The RF electrodes 301 may be driven in phase or may be
driven out of phase. Each RF electrode 301, with its respective gas inlet and gas outlets 201,
202 within the multi-region electrode device 300, may be operated separately. Thus, it is
possible to provide different gases, different RF powers, different RF frequencies at the
individual regions defined by a RF electrode 301. Thus, at least one different deposition gas
may be fed into the plasma volume 101 provided by at least one RF electrode 301 with

respect to the remaining RF electrodes 301.

[0056] FIG. 7 is a perspective view of the plasma deposition source 100, viewed at an
observation angle from the bottom side where the substrate (not shown) is transported, in a
substrate transport direction 501, past the RF electrodes 301. The RF electrodes 301 each
have an electrode surface coating 307 for protecting the respective RF electrodes 301 from
plasma exposure. The RF electrodes 301 each have gas lances at their edges perpendicular to
the substrate transport direction 501, i.e. a respective gas inlet 201 and a respective gas outlet
202. The gas inlet 201 may have gas inlet openings 204 provided along the length of the gas
inlet 201. Each RF electrode 301 of the multi-region electrode device 300 may be provided
with RF power separately via RF inputs 405.

[0057] According to some embodiments, which can be combined with other embodiments

described herein, the gas outlet 202 and, particularly the gas inlet 201, can be configurable or
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exchangeable. Thereby, for example, a gas distribution bar with opening 204 can be provided
such that the gas distribution in the plasma region can be controlled. According to typical
embodiments, the gas distribution bar can have a symmetrical design with respect to the
center line of the deposition source parallel to the substrate transport direction 501. For
example, the edge regions of the gas distribution bars with regard to the length directions of
the electrodes, might be provided with additional or larger openings 204 such that a loss of
precursor gases at the edge of the electrode can be compensated for. Furthermore, according
to yet another typical embodiment, the edge regions of the gas distribution bars with regard to
the length directions of the electrodes, might be provided with fewer or smaller openings 204
in order to reduce a build-up of deposition precursors and/or in order to further smooth the
deposition profile. In addition to that, gas inlet openings 204 and/or gas outlet openings 205
may be provided in the form of slots. The respective slot may exhibit a varying slot width
along the length of the slot, e.g. a larger or smaller slot width at the edge regions of the gas

distribution bars.

[0058] Similarly, according to some embodiments, which can be combined with other
embodiments described herein, a gas pumping channel with opening 204 or a slit can be
provided such that the evacuation from the plasma region can be controlled or adapted for
uniform plasma behavior, i.e. uniform deposition over the substrate along the substrate
direction perpendicular to the substrate moving direction. Thereby, according to typical
embodiments, the gas pumping bar or gas pumping channel can have a symmetrical design
with respect to the center line of the deposition source parallel to the substrate moving
direction. Generally, the gas pumping channel can be configurable or exchangeable such that
the existing differences in the length of the pumping channels are compensated for and a

uniform flow resistance along the length of the gas outlet is provided.

[0059] The multi-region electrode device 300 may be operated at driving RF frequencies in a
range from 10 to 100 MHz, wherein typical frequencies are about 13.56 MHz to 94.92 MHz.
The chosen driving RF frequency inter alia depends on the electrode dimensions. The multi-
region electrode device 300 may be scaled up in dimension in order to provide a plasma
enhanced-deposition of thin films onto larger substrates 500. In the case of an upscaling, a
driving RF frequency may change in order to avoid a standing wave effect, which primarily
affects the coating uniformity. Connectors 401 (power brackets), which have been shown in
FIG. 5 and described herein above, may be provided along the electrode length 305 in order to

provide a uniform excitation of the plasma in the plasma volume. At least two connectors 401
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may be arranged along the electrode length 305 which is perpendicular to the substrate

transport direction 501.

[0060] The electrode length 305 perpendicular to the substrate transport direction 501 may be
in a range from 80 cm to 200 cm and typically in a range from 120 cm to 180 cm. According

to another typical embodiment the electrode length 305 amounts to about 150 cm.

[0061] The at least two connectors 401 provided along the electrode length 305 of an
individual RF electrode 301 and which can be used for connecting the RF electrodes 301 to
each other may be used to adjust an electric field uniformity and thus a plasma uniformity in
the plasma volume (not shown in FIG. 7). Furthermore, by connecting the individual RF
electrodes 301 separately to at lest one RF generator 400, a push-pull mode between two

adjacent RF electrodes may be provided.

[0062] As shown in FIG. 7, a gas flow direction, i.e. a gas flow from the gas inlet 201 to the
gas outlet 202 across a RF electrode 301, is parallel to the substrate transport direction 501.
Furthermore, it is possible that gas flow directions across two adjacent RF electrodes are
aligned such that they are opposite to each other. Furthermore, according to yet another
embodiment which can be combined with other embodiments described herein, a gas flow of
the deposition gas may be adjusted such that the gas flow directions across all RF electrodes

301 are anti-parallel to the substrate transport direction 501.

[0063] According to some of the embodiments described above, an electrode width 304 of the
RF electrode 301 may be adjusted in relation to a depletion profile of the precursor gas such
that a silane dust formation is reduced. Furthermore, deposition rates may be increased if the
electrode width 304 is tuned with respect to the plasma parameters of the plasma provided in
the plasma volume 101 and a depletion profile of the precursor gas. A further advantage is a

more effective utilization of the deposition gas.

[0064] Thus, advantageously, a quality of thin films deposited onto the substrate surface 502
of the moving substrate 500 is improved. The plasma deposition source 100 including the
multi-region electrode device 300 may be used for deposition processes, as described herein
above. Furthermore, according to yet further embodiments, the multi-region electrode device
300 may be designed for a use for etching and other surface modification processes such as,

but not limited to, surface activation, surface passivation, etc.
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[0065] The deposition rate may be increased with a degree of activation of gas-phase
precursors in a direct vicinity of the substrate surface 502 of the moving substrate 500. These
gas-phase precursors are controlled by a RF power density, the electrode-surface gap distance
308, a process gas flow 203 and a process gas composition. A formation of silane dust may
be reduced on the basis of an adjustment of the electrode width 304 with respect to the
depletion length of the precursor gas silane. A tuning of the electrode width 304 may thus

effectively be provided to match a desired precursor depletion length profile.

[0066] FIG. 8 is a flowchart illustrating a method for depositing a thin film onto a substrate.
The method includes steps S1 to S7. The procedure starts at a step S1 and proceeds to a step
S2 where a multi-region electrode device including at least two locally separated RF
electrodes is provided. At a step S3, a substrate is guided past the RF electrodes in a substrate
transport direction. Each of the at least two locally separated RF electrodes has a separate gas
inlet and a separate gas outlet arranged at edges of the RF electrode which are perpendicular
to the substrate transport direction. In step S4, a deposition gas is guided from a respective
gas inlet to a respective gas outlet of an individual RF electrode. At step S5, RF power is
supplied to the at least two RF electrodes. Thereby, in step S6, a thin film is deposited onto
the guided substrate, which moves in the substrate transport direction. The procedure is

ended at a step S7.

[0067] In light of the above, a plurality of embodiments have been described. For example,
according to one embodiment, a plasma deposition source adapted for transferring a
deposition gas into a plasma phase and for depositing, from the plasma phase, a thin film onto
a substrate moving in a substrate transport direction in a vacuum chamber is provided. The
plasma deposition source includes a multi-region electrode device adapted to be positioned in
the vacuum chamber and including at least one RF electrode arranged opposite to the moving
substrate and an RF power generator adapted for supplying RF power to the RF electrode.
The RF electrode has at least one gas inlet arranged at one edge of the electrode and at least
one gas outlet arranged at the opposed edge of the RF electrode. According to an optional
modification thereof, an electrode width of the RF electrode parallel to the substrate transport
direction is less than the critical depletion length of the deposition gas, the critical depletion
length being defined at a point at which the deposition gas mole fraction has dropped to a
value of about 10% of its original value. According to yet further additional or alternative
modifications, the RF electrode defines a plasma volume between an electrode surface and an

opposite substrate position within the vacuum chamber. According to yet further
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embodiments, which can be combined with any of the other embodiments and modifications
above, a normalized plasma volume is provided by the plasma volume defined between the
electrode surface and the opposite substrate position, divided by an electrode length, wherein
the normalized plasma volume is provided on the basis of a deposition gas flow, a plasma
pressure, the RF power and an RF frequency provided at the RF electrode. According to yet
further additional or alternative modifications, a gas supply device is provided which is
adapted for supplying the deposition gas to the plasma volume. According to yet further
embodiments, which can be combined with any of the other embodiments and modifications
above, the at least one gas inlet is arranged at a leading edge of the RF electrode, and the at
least one gas outlet is arranged at a trailing edge of the RF electrode, with respect to the
substrate transport direction. According to yet another modification, the gas inlet and the gas
outlet are arranged essentially perpendicular to the substrate transport direction. According to
yet further embodiments, which can be combined with any of the other embodiments and
modifications above, the plasma deposition source further includes at least one connector
adapted for electrically connecting RF electrodes to each other. According to yet another
modification, the plasma deposition source includes at least two connectors adapted for
connecting RF electrodes to each other, wherein the at least two connectors are arranged
along the electrode length being perpendicular to the substrate transport direction. At least
two electrodes may be connected to a common generator pole. According to an optional
modification, a matching network is provided for connecting the RF power generator to the
multi-region electrode device. Furthermore, a counter-electrode may be arranged at a side of
the moving substrate opposite to the at least RF electrode. According to a further
modification, a RF frequency applied at the RF electrode is in a range from 10 to 100 MHz,
and typically amounts to about 40.68 MHz. According to yet a further modification, the
electrode width is in a range from 10 cm to 18 cm, typically in a range from 12 cm to 17 cm,
and more typically amounts to about 15 cm. According to yet further embodiments, which
can be combined with any of the other embodiments and modifications above, the electrode
length perpendicular to the substrate transport direction is in a range from 80 cm to 200 cm,

typically in the range from 120 cm to 180 cm, and more typically amounts to about 150 cm.

[0068] According to another embodiment, a method for depositing a thin film onto a substrate
is provided. The method includes providing a multi-region electrode device including at least
one RF electrode; guiding a substrate past the RF electrode in a substrate transport direction;

flowing a deposition gas from a gas inlet to a gas outlet of RF electrode; supplying RF power
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to the RF electrode; and depositing the thin film onto the guide substrate. According to an
optional modification thereof, the method further may include controlling the deposition gas
flow across the RF electrode from the gas inlet to the gas outlet separately for each RF
electrode. According to yet further embodiments, which can be combined with the above
modification or the above embodiment, the at least two RF electrodes are driven in phase.
According to yet another modification, two adjacent electrodes are driven by a predetermined
phase difference between each other. According to yet another embodiment, an electric field
uniformity is adjusted by means of at least two connectors which are provided for connecting
the RF electrodes to each other, along an electrode length being perpendicular to the substrate
transport direction. According to yet another modification which may be combined with
other modifications described above, an electrode-substrate gas distance is adjusted such that
a depletion length of the deposition gas is equal to or larger than an electrode width parallel to
the substrate transport direction. According to yet a further modification, at least one
different deposition gas is fed into the plasma volume provided by at least one RF electrode
with respect to the remaining RF electrodes. Furthermore, according to yet another
embodiment, the at least two RF electrodes are driven in a push-pull mode. An electrode
width of the RF electrode is adjusted, according to yet another embodiment, such that a
particle residence time is in a range from 0.01 s to 1 s, and typically amounts to about 0.4 s.
According to yet further embodiments, which may be combined with embodiments and
modifications described herein above, a gas flow of the deposition gas is adjusted such that
gas flow directions across two adjacent RF electrodes are opposite to each other.
Furthermore, a gas flow of the deposition gas may be adjusted such that the gas flow
directions across all RF electrodes are parallel or anti-parallel to the substrate transport

direction.

[0069] While the foregoing is directed to embodiments of the invention, other and further
embodiments of the invention may be devised without departing from the basic scope thereof,

and the scope thereof is determined by the claims that follow.
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Claims

1. A plasma deposition source adapted for transferring a deposition gas into a plasma
phase and for depositing, from the plasma phase, a thin film onto a substrate moving in a

substrate transport direction in a vacuum chamber, the plasma deposition source comprising:

a multi-region electrode device adapted to be disposed in the vacuum chamber and
comprising at least one RF electrode, the electrode having an electrode width parallel to and
an electrode length perpendicular to the substrate transport direction, and being arranged

opposite to the moving substrate,

wherein a normalized plasma volume is provided by a plasma volume defined between an
electrode surface and an opposing substrate position, divided by the electrode length, and
wherein the normalized plasma volume is tuned to a depletion length of the deposition gas;

and
a RF power generator adapted for supplying RF power to the RF electrode,

wherein the RF electrode has at least one gas inlet arranged at one edge of the RF electrode

and at least one gas outlet arranged at the opposing edge of the RF electrode.

2. The plasma deposition source in accordance with claim 1, wherein the electrode width
of the RF electrode parallel to the substrate transport direction is less than a critical depletion
length of a depletion profile of the deposition gas, the critical depletion length being defined

at about 10% of a maximum mole fraction of the deposition gas.

3. The plasma deposition source in accordance with claim 1 or 2, wherein the RF
electrode defines a plasma volume in a range from 1200 cm’ to 7200 cm’ between an

electrode surface and an opposite substrate position, within the vacuum chamber.

4. The plasma deposition source in accordance with claim 3, wherein the normalized
plasma volume is in a range between 5 cm” and 50 cm®, and more typically in a range

between 10 cm? and 36 cm?.

5. The plasma deposition source in accordance with any one of the preceding claims,

wherein the at least one gas inlet is arranged at a leading edge of the RF electrode, and the at
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least one gas outlet is arranged at a trailing edge of the RF electrode, with respect to the

substrate transport direction.

6. The plasma deposition source in accordance with any one of the preceding claims, further
comprising at least one connector adapted for electrically connecting at least two RF

electrodes to each other.

7. The plasma deposition source in accordance with any one of the preceding claims,
further comprising at least two connectors adapted for connecting at least two RF electrodes
to each other, wherein the at least two connectors are arranged along the electrode length

being perpendicular to the substrate transport direction.

8. The plasma deposition source in accordance with any one of the preceding claims,

wherein the at least two electrodes are connected to a common generator pole.

9. The plasma deposition source in accordance with any one of the preceding claims,
wherein the electrode width of the RF electrode is provided such that a particle residence time

is in a range from 0.01 s to 1 s, and typically about 0.4 s.

10.  The plasma deposition source in accordance with any one of the preceding claims,
wherein the electrode width parallel to the substrate transport direction is in a range from 10
cm to 18 cm, typically in a range from 12 cm to 17 cm, and more typically amounts to about

15 cm.

11. A method for depositing a thin film onto a substrate, the method comprising:
providing a multi-region electrode device comprising at least one RF electrode;
guiding a substrate past the RF electrode in a substrate transport direction;

flowing a deposition gas from a gas inlet to a gas outlet;

supplying RF power to the RF electrode; and

depositing the thin film onto the guided substrate, wherein the width of the RF electrode
parallel to the substrate transport direction is tuned to the depletion profile of the deposition

gas.
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12. The method according to claim 11, wherein the width of the RF electrode parallel to
the substrate transport direction is less than a critical depletion length of the deposition gas,
the critical depletion length being defined at a point at which a deposition gas mole fraction

has dropped to a value of about 10% of its original value..

13. The method in accordance with claims 11 or 12, wherein at least two RF electrodes are

driven in phase.

14. The method in accordance with any one of the claims 11 to 13, wherein an electric
field uniformity is adjusted by means of at least two connectors which are provided for
connecting at least two RF electrodes to each other, along an electrode length being

perpendicular to the substrate transport direction.

15.  The method in accordance with any one of the claims 11 to 15, wherein an electrode-
substrate gap distance is adjusted such that the depletion length of the deposition gas is equal
to or larger than an electrode width of the RF electrode parallel to the substrate transport

direction.
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