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appears in front of the target and serves as the
virtual plasma cathode at the vicinity of target.
This plasma then disappears alowing the ab-
lated target materia in a form of a plasma
plume to propagate toward the substrate. Sever-
al virtual cathodes operating in parallel provide
plumes that merge into a uniform plasma which
when condensing on a nearby substrate leads to
wide area deposition of auniform thickness thin
film.
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TITLE

Virtual Cathode Deposition (vCD) for thin film manufacturing

Field of |nvention

The present invention concerns a device for deposition of thin film on

substrat es

Background of the Invention

Fabrication of a film on a substrate generally requires a stream of

nol ecul es, atoms, or ions directed toward the substrate. This stream
condenses to form a solid state film on the appropriate substrate surface,
generally such deposition methods are termed as Physical Vapor Deposition
(PvD) . Exanples include Pulsed Laser Deposition (PLD) and Pulsed Electron
Deposition (PED) . The extrenely high energy density pulse of from the |aser
or electron beam can ablate the target (turn sonme amount of solid target into
plasma) . This plasma expands outward towards the target in the form of a

plasma plume with a conposition conprising the target compounds.

To enable PED an electron beam source is required providing an electron beam
energy density of =108 Wcm2 at the target surface. Known apparatuses and

nmet hods to produce such electron beans (US7557511 or WO20111 TO0301) are based
on channel -spark discharge (CSD) introduced in US. Pat. No. 5,576,593 by cC.
Schul t heiss. The CSD apparatus conprises a hollow cathode plasma source, wth
an activation group to trigger the plasma generation, and a dielectric
tubular element. The tubular elenent guides the flux of electrons extracted
from the hollow cathode plasnma towards the target which serves as an anode.
Under optinmal conditions, which are strongly dependent on the pressure in a
process chanber, as described in US7557511, it is possible to generate well-
collimted beam directed by the tube, which energes fromits exit, and is
able to propagate beyond the tube due to the beaminduced space charge

neutralization



10

15

20

25

30

WO 2016/042530 PCT/IB2015/057205

The PED technique has been used to manufacture different types of films
conprising netals, seniconductors, and dielectric materials coatings having
superior quality. In spite of successful deposition experinents in a nunber
of worldw de |aboratories, there is as yet no successful industrial
application of the pulsed electron beam for deposition of thin films. The
main reason that the electron beam source based on CSD has failed for
industrial applications is because of the short life-tinme (generally <108
shots) of the dielectric tubular element, low reproducibility of the pul ses

fromshot-to-shot, and scalability problenms for wi de area deposition.

Di scl osure of | nvention

A new type of thin film deposition apparatus and nethod are proposed. The
deposition apparatus operation is based on application high voltage (1-60 kVv)
high current (0.1-10 kA) electrical pulse, generated by a pulsed power group,
to a virtual cathode group. The virtual cathode group apparatus generates
initial plasma from a gas supplied in a gas container. This initial plasmg,
being injected in front of target, forms a virtual plasma cathode. This
virtual cathode plasma obtains a negative potential bias, provided by the
pul sed power supply, that |eads to generation of an electron beam The
formation of the electron beam occurs in the thin sheath which is forned
between the boundary of the plasma serving as virtual cathode and the target
serving as an anode. Due to the snall distance between the plasnma boundary
and target the space-charge limt is high and this allows high-energy and

hi gh-current pulsed electron beam generation, sufficient for the solid target

abl ation .

The virtual plasma cathode appears tenporarily in front of the target,
ablates it with electron beam and then disappears allowi ng the ablated

material of target to propagate towards the substrate, where it condenses to

2
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forma thin film The ablated material, in a form of a plasm plune,
propagates outward the target surface through the section where the virtual
cathode plasma was located. In this way, the factor restricting the uptine of
el ectron beam sources - contanination of the cathode by the ablated material
- is avoided because the cathode is a virtual one, formed from plasma and it
cannot becone contanminated in the way that a conventional solid material

cat hode can.

According to a first aspect of the invention there is provided a thin film
deposition apparatus conprising a hollow cathode, a substrate holder and a
target holder, the substrate holder and the target holder being |ocated on
opposite sides of the hollow cathode, a plasna supply elenment to supply
plasma to the interior of the hollow cathode at an end of the hollow cathode
nearest the target holder, and a power unit connected to the hollow cathode
to supply a high voltage pulse to the hollow cathode, such that when the

pl asma supply element supplies plasma to the hollow cathode and a high
voltage pulse is applied to the hollow cathode, a virtual plasm cathode
forms, and such that the virtual plasma cathode generates an el ectron beam
directed towards a target held in the target holder, and wherein a plune of

abl ated target material passes through the holl ow cathode.

The plasma supply elenent may conprise a hollow cap electrode adjacent the

hol | ow cathode and defining a gas container.

The hollow cap electrode may be spaced from the hollow cathode by an

insulating ring and a gas flow slit extends from the gas container to the

interior of the hollow cathode.

The gas flow slit may have a width in the range 0.1 mMm to 10 mm
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The thin film deposition apparatus may conprise an electrical trigger unit

connected to the hollow cap electrode to generate an initial plasma within

the hollow cap el ectrode.

The electrical trigger unit may be operable to generate an electrical pulse

with a voltage in the range |kV to 60kV.

The electrical trigger unit may be operable to generate an electrical pulse

with a current in the range 0.01 kA to 1 kA

The electrical trigger unit may be operable to generate an electrical pulse

with a duration of < I]is.

The thin film deposition apparatus nmay conprise a gas conduit to supply gas

to the gas container.

The gas conduit may be conductive and connect the trigger unit to the hollow

cat hode .

The hollow cathode may be substantially cylindrical.

The holl ow cathode may have a longitudinal axis, wherein the |ongitudinal

axis is substantially normal to a surface of a target held in the target

hol der and to a surface of a substrate held in the substrate holder.

The dianmeter of the hollow cathode may be in the range 0.1 nm to 100 mm

The dianeter of the hollow cathode may be in the range 2 to 40 mm

The dianeter of the hollow cathode may be in the range 0.1 nmto 2 mm

4
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The hollow cathode may have a diameter to length ratio in the range 0.1 to

10.

The ratio of the distance between a surface of a target held in the target
hol der and the hollow cathode to the dianeter of the hollow cathode may be in

the range 0.1 to 10, and preferably may be about 1.

The power unit nmay be operable to generate an electrical pulse with a voltage

in the range -1kV to -60kV and preferably in the range -5kV to -20kV.

The power unit nmay be operable to generate an electrical pulse with a current

in the range OIlkA to IOkA to provide the energy for ablation of the target.

The power unit nmay be operable to generate an electrical pulse with aduration

in the range 0.1 ;is to 100 jis.

The thin film deposition apparatus nay conprise a process chanber containing
the hollow cathode, substrate holder, target holder, and plasna supply
element, and a punp element to naintain the pressure within the process

chanber .

The pressure within the process chanber nmay be naintained in the range 105

nbar to 100 nbar.

The thin film deposition apparatus nay conprise a plurality of hollow

cat hodes .



10

15

20

25

WO 2016/042530 PCT/IB2015/057205

The thin film deposition apparatus may further conprise an auxiliary gas
container, the gas container being connected to the gas container by a

plurality of apertures.

The thin film deposition apparatus nay further conprise an auxiliary trigger

el ectrode located in the gas container.

The thin film deposition apparatus nmay further conprise an auxiliary trigger

electrical trigger unit connected to the auxiliary trigger electrode

According to a second aspect of the invention there is provided a nmethod of
thin film deposition conprising providing a hollow cathode, a substrate and a
target, the substrate and the target being |ocated on opposite sides of the
hol | ow cat hode, supplying plasma to the interior of the hollow cathode at an
end of the hollow cathode nearest the target, and supplying a high voltage
pul se to the hollow cathode, such that an electron beam is generated directed
towards a target held in the target holder, and wherein a plune of ablated

target material passes through the hollow cathode towards the substrate.

The nmethod may conprise supplying gas to a hollow cap el ectrode adjacent the
hol | ow cat hode and defining a gas container, and supplying an electrica
trigger pulse to the hollow cap electrode to generate plasma within the

hol | ow cap el ectrode

The electrical trigger pulse nay have a voltage in the range 1 kV to 60 kV

and a current in the range 0.01 kA to 1 kA

The electrical trigger pulse may have a duration of < 1 us.
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such that the ratio of the

and the hollow cathode to the

di ameter of the hollow cathode is in the range 0.1 to 10, and preferably i

about 1.

The high voltage pul se may have a voltage up to -60kV and current of 0.1 -

kA.

The high voltage pulse nay have a duration in the range 0.1 ps to 100 pus.

Accor di ng
accordi ng

appar at us

to a third aspect of the invention there is provided a nethod

to the second aspect of the invention where carried out using an

according to the first aspect of the invention.

Brief Description of Draw ngs

For a nore conplete explanation of the present

advant ages

i nvention and the technical

thereof, reference is now nmade to the follow ng description and

t he acconpanyi ng drawi ngs in which:

Figure 1.
appar at us
Figure 2.
formati on
Figure 3.
appar at us
Figure 4.

Figure 5.

Figure 1 shows cross-sectional view of a virtual cathode

enbodyi ng the present invention.

Figure 2 illustrates initial plasma and virtual cathode plasma

in the apparatus of figure 1.

Figure 3 illustrates plune plasma propagation features in the

of figure 1.

Figure 4 shows an alternative apparatus

S

10

for wide area deposition.

Figure 5 shows a further alternative apparatus.
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Best Mbde for Carrying Qut the Invention

Wth specific reference now to the drawings in detail, it is stressed that
the particulars shown are by way of exanple and for purposes of illustrative
di scussion of the preferred enbodinents of the present invention only, and
are presented in the cause of providing what is believed to be the nost
useful and readily wunderstood description of the principles and conceptual
aspects of the invention. In this regard, no attenpt is made to show
structural details of the invention in nore detail than is necessary for a
f undanent al understanding of the invention, the description taken wth the
drawi ngs making apparent to those skilled in the art how the several forns of

the invention may be enbodied in practice.

Before explaining at |east one enbodinent of the invention in detail, it is
to be understood that the invention is not limted in its application to the
details of construction and the arrangenent of the conponents set forth in
the following description or illustrated in the draw ngs. The invention is
applicable to other enbodinments or of being practiced or <carried out in
various ways. Al so, it is to be wunderstood that the phraseol ogy and
term nology enployed herein is for the purpose of description and should not

be regarded as limting.

A virtual cathode deposition (VCD) apparatus, prior to the plasma activation,
is showmm in FIG 1. The VCD apparatus is wholly indicated wth reference

nuneral 1 in FIG 1.

The device 1 according to the present invention conprises a process chanber
131. The process chanmber 131 is provided by a constant punping (not shown in

FIG 1) of the gases to provide the pressure in the range of 105 - 100 nbar
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inside the process chanber. Obviously, the process chanber 131 is built in
such a way that it is vacuumtight wth regards to the external environnent.
The device 1 further conprises a Virtual Cathode group, wholly indicated with

reference nuneral 3.

The device 1 further conprises a feeding and supporting group, wholly

indicated with reference nuneral 5.

The device 1 further conprises a pulsed power group, wholly indicated wth

reference nuneral 7.

The device 1 further ~conprises a target group, wholly indicated wth

reference nuneral 9.

The target group 9 further conprises a target 115 which is hold in a suitable
target holder 117. The target material conprises chemcal elenents that have
to be deposited in a formthe thin film on a substrate surface 125.

The substrate 125 is also kept in the process chanber 131 and nmay be
constituted by a part or a conponent of electric or electronic devices |ike
solar cells, organic transistors, displays, |light sources, and the like, or

even by a nechanical part or conponent, wth no lintations.

The target holder 117 is at l|least partially contained in the chanber 131 and
conprised of any known material having electrical conductivity > 1-103 S/m
and nelting tenperature >300° C preferably stainless steel, tungsten, copper,
bronze or other netal alloy. The target holder 117 provides the electrical
connection of the process chanber 131 and the target 115. The electrical
potential of the chanber 131, target 115, and target holder 117 have to be as
close as possible to a zero value (ground potential) during the apparatus

operation. This nmay require a mnimal electrical i nductance of the target
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hol der 117 and the tight electrical contact between chanber, target holder,

and target.

The target 115 can have the shape of a rod, cylinder, pellet, parallelepiped,
or any other with no limtations characterized in that it provides at least 1
nmm of its surface at an axis of symetry of the Virtual Cathode group 3.
This is target ablation area, designated as 116 in FIG 1, has nornal
orientation of surface with respect to the axis of symetry of the Virtual
Cathode group 3 and it should preferably not change its position or
orientation during rotation, or any other of target nobvenent provided by the

target holder 117 in a per se any known way.

The Virtual Cathode group 3 is suitable to generate plasma in the target 115
vicinity. The plasma serves as virtual cathode to generate an electron beam
to ablate the target surface, as better described hereafter. The virtual
cathode plasma is formed from the initial plasma which provided by initial
pl asma supply assenbly. In a preferred enbodinent of the present invention,
the Virtual Cathode group 3 is wholly contained in the chanber 131. The
Virtual Cathode group 3 conprises a hollow cathode 101, an insulator ring

103, and a hollow cap electrode 105.

The hollow cathode nmade of any known material having electrical conductivity
> 1-103 S/m and nelting tenperature >300° C preferably stainless steel,
tungsten, copper, bronze or other netal alloy. The hollow cathode has shape
of a hollow cylinder having a dianeter to length ratio in the range of O0.1-
10, with thickness of wall >0.05 mm The dianeter of the hollow cathode 101
is on the range of 0.1-100 mm depending on the pressure of the gas in the
process chanber. In nmore particular, for the pressure of 1-.1074 nbar (1 -102
Pa) the dianeter is in the range of 2-60 mm and for a 100 nbar (1 -104 Pa)
pressure the dianeter is in the range of 0.1-10mm as non-limting exanples.

10
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The symetry axis of the hollow cathode cylinder is normal to the target
ablation area 116, and the ratio of target surface - hollow cathode distance
to the hollow cathode dianeter is in the range of 0.1- 10, preferably close

to 1.

The insulating ring 103 is <connected to the hollow cathode 101. The
insulating ring 103 is conprised of any dielectric material having nelting
tenmperature > 300° c, preferably aluminum oxide or other ceramic or plastic
material. The insulating ring 103 is attached to the hollow cathode in any
known way to prevent gas flow through the connection and fixed positioning on

the hollow cathode 101.

The hollow cap electrode 105 is connected to the insulating ring 103. The
hollow cap electrode 105 is attached to the insulating ring 103 in any known
way to prevent gas flow through the connection and fixed positioning on the
holl ow cathode 101. The hollow cap electrode 105 is conprised of any known
material having electrical conductivity > 1-103 S/m and nelting tenperature
>300° c, preferably stainless steel, tungsten, copper, bronze or other netal

alloy .

Also, to the hollow cap electrode 105 is connected a gas conduit tube 107.
The gas conduit tube 107 is attached to the hollow cap electrode 105 in any
known way to prevent gas flow through the connection and fixed positioning on

the hollow cap el ectrode 105.

The hollow cap electrode shape, as shown in the FIG 1, together wth hollow
cathode 101 and insulating ring 103 form a gas container 127. In nore
detail, the gas supplied by the gas conduit 107 enters the gas container and
then through a slit 129 flows into the internal volune of hollow cathode in
the vicinity of target 115. The gap defined by slit 129 should be less than

11



10

15

20

25

WO 2016/042530 PCT/IB2015/057205

or equal to half the difference between radius of the hollow cap electrode
105 and the radius of the hollow cathode 101. This in turn is equal to the
radial dinension of the insulating ring 103 - i.e. its width. The slit wdth
deternmnes the gas flux passing through it and hence the pressure difference
of the gas inside the gas container 127 and in the process chanber 131. The
slit width can be regulated in the range of 0.1-10 nm to achieve the pressure
in the gas container at least tw ce higher than inside the chanber 131 due to

the constant punping of the process chanber.

The gas conduit 107, a gas flow restrictor 109, a vacuum feedthrough 113, and
a support elenment 111 conbined together form the feeding and supporting group
5. The feeding and supporting group 5 serves as support and suppliers of gas
and electrical power for the Virtual Cathode group 3.

The gas conduit 107 is a tube with internal dianmeter of 1-10 mm as a non-
l[imting exanple. The gas conduit 107 is conprised of any known material

having electrical conductivity > 1-103 S/m and nelting tenperature >300° cC,

preferably stainless steel, tungsten, copper, bronze or other netal alloy.

Al so, the gas conduit 107 serves as an electrical conductor to provide the
electrical connection between an electrical trigger wunit 121 and hollow cap

el ectrode 105.

More in detail, the electrical trigger unit generates, wth any known nethod,
a high voltage (from 1 to 60 kV as a non-linmting exanple) electrical pulse
with a current in the range OOKA to kA, which delivered to the gas conduit
end outside the process chanber with electrical cable. The gas conduit 107
conducts the electrical pulse to the hollow cap electrode 105 through an

insul ating vacuum feedthrough 113.

12
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The gas conduit 107 connects the hollow cap electrode 105 with the vacuum
feedthrough 113. Mre in detail, as shown in FIG 1, gas conduit 107 has its
distal end partially inserted inside the internal <cavity of the hollow cap
el ectrode 105, in such a way that the gas conduit 107 conmunicates wth the

internal cavity of the gas container 127.

The vacuum feedthrough 113 conprised of any known dielectric material having
nmelting tenperature >300° C preferably aluminum oxide or any other known
ceramic or plastic material, for exanple Teflon as a non-linmting exanple.

The vacuum feedthrough 113 provides vacuum tighten connection in any known
way to the gas conduit 107 in such a way that the internal volume of vacuum
chanber and the internal volunme of gas conduit do not communicate wth the

at nosphere outside the processing chanber 131.

Al so, the vacuum feedthrough 113 connected to a support element 111 in a way
to provide vacuum tight connection (no gas flow through connection from
outside the process chanber) . The support elenment 111 is conprised of any
known naterial having electrical conductivity > 1-103 S/m and nelting
tenperature >300° c, preferably stainless steel, tungsten, copper, bronze or
other netal alloy. The support elenent 111 serves as an electrical conductor
to provide the electrical connection between an electrical pulsed power unit

119 and the hollow cathode 101.

More in detail, the electrical pulsed power wunit 119 generates, wth any
known nethod, a high-voltage (from-60 kV to -1 kV as a non-linmiting exanple)
hi gh- current (0.1-10 kA) electrical pul se which delivered to the support
element 111 outside the process chanber end wth electrical cable. The
support elenent 111 conducts the electrical pulse to the hollow cathode 101

through an insulating vacuum feedthrough 113.

13
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Qutside the process chanmber the gas conduit 107 is provided with a gas flow
restrictor 109. The gas flow restrictor 109 connects to a gas feed assenbly
123 - not shown - providing the gas pressure higher or equal to atnospheric
pressure. The gas could be, as a non-linmting exanple, oxygen, nitrogen,
argon, helium xenon, and others. The gas flow restrictor 109 provides the
pressure difference of the gas. The gas pressure in the internal cavity of
the gas conduit 107 is lower that atnospheric pressure (1075 - 100 nbar, as a

non-limting exanple) .

The dynamics of the VCD operation wll be now presented in conjugation wth
FIG 2. Each pulse of VCD starts with activation of the pulsed power group.

The pul sed power group 7 is wholly placed outside the process chanber 131 and
conprises the electrical pulsed power wunit 119 and the electrical trigger

unit 121.

The pulsed power wunit 119 conprises the bank of capacitors having a total
capacitance of 1-60 nF as a non-limting exanple. Also, pulsed power unit 119
conprises a high-voltage charger allowing it to charge the capacitors bank at
a voltage in the range of -1 to -60 kV and an appropriate high voltage swtch
allowing fast delivery (<50 microseconds as a non-limting exanple) of the
electrical <charges stored into capacitors through electrical cables to the
external end of support element 111. The internal parts of the pulsed power
group 7 are not shown and can be any known devices characterized in ability
to produce electrical pulses of a 0.1 - 100 microsecond duration, in the
voltage range of -1 kV to -60 kv, at repetition rate up to 20kHz. In
practice, for nost nmaterials a pulse voltage in the range -5kV to -20kV will

be suitable.

The high voltage switch activation leads to triggering of an initial plasm
supply operation by a negative potential biasing of the hollow cathode 101.

14
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At this nonent, the hollow cap electrode 105 has a zero potential that |eads
to appearance of potential difference between hollow cathode and the hollow
cap electrode. Optional ly, the triggering of the initial plasma can be
assisted by an electrical trigger wunit. Nanely, the potential difference can
be additionally increased when the electrical trigger wunit activates to
enhance the initial plasma 201 formation. The electrical trigger wunit 121
serves as provider of potential difference of 1 - 60 kV between the hollow
cathode 101 and the hollow cap electrode 105 during the initial phase of the
hi gh voltage pulse formation by the pulse power wunit 119. Nanmely, the hollow
cathode 101 has rising negative potential while the hollow cap electrode has
zero potential during the rise time of the pulse. Then, the electrical

trigger unit can generate a short (<lus) positive pulse to provide positive
bias of the hollow cap electrode 105 to increase the potential difference
with respect to the hollow cathode 101. The potential difference conbined
with the higher pressure of the gas inside the gas container favors an
initial plasma 201 formation. The electrical trigger wunit 121 has exit
capacitance of 1-10 nF that leads to the current pulse flow through the

initial plasma 201 to equalize the potential difference.

In sone pressure ranges a trigger pulse is not needed, and the main pulse

voltage is enough to ignite the initial plasna.

In nore detail, the pulsed power wunit 119 provides a current flow from hollow
cathode through the initial plasma 201 to the hollow cap electrode. This
current flows toward the electrical trigger unit 121 to charge the entrance
capaci tance. Wen the entrance capacitance is charged the hollow cap

el ectrode acquires the negative high voltage potential. This current pulse
increases the initial plasma density - the bigger the exit capacitance of
electrical trigger unit, the higher the charge that will be transferred
through the initial plasma and hence the denser initial plasna. When the

15
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initial plasma 201 obtains density = 1013 cnr3, the potential difference
between the hollow cathode and hollow cap electrode becones < 100 V due to
the high conductivity of this initial plasma. The main pul se provides the

energy required for plasma heating and ablation of the target.

This initial plasma 201 will expands from the gas container 127 through the
gas slit 129 into the hollow cathode cavity and wll form hollow cathode
plasma 203. This hollow cathode plasnma wll have the potential of hollow

cat hode plus approximately 50 Volts due to the hollow cathode effect. Wth
respect to the grounded target this plasna will have high negative potential,
nanely potential provided by the pulsed power group plus 50 Volts (from -0.95
to -59.95 kV depending on the pulsed power wunit voltage) . The holl ow cathode
pl asma having high negative potential wll act as virtual cathode emtting
the electron beam toward the target. At this stage of VCD apparatus operation
the pulsed power group delivers negative charges to the hollow cathode, the
holl ow cathode enits the electrons into the hollow cathode plasnma 203. The
holl ow cathode plasma in its turn enmts the electron beam toward the grounded
t ar get 115. The pulsed power unit provides the energy stored in the

capacitance bank to electron beam

The density of the virtual cathode plasma will increase with: the increase in
the charge transferred through the plasma due to the ablation of target,
ioni zation of residual gases, and due to a pinch effect. The pinch effect is
the conpression of the plasma by the nagnetic field generated by the current

passing through this plasna.

When the pulsed power wunit capacitance bank is discharged - enpty - the
plasma conprised of the ablated target material wll start to expand in
expl osive-like manner due to the plasma pressure which is not conpensated by
the magnetic field. At this noment the plasma density can be >1015 cm3.

le



10

15

20

25

30

WO 2016/042530 PCT/IB2015/057205

The next stage of the VCD operation will be now presented in conjugation wth
FIG 3. The pulsed power group 7 at this stage has finished the high voltage
pul se generation and the hollow cathode 101 and the hollow cap electrodes
have potential <1 kV in absolute value with respect to the ground potential

of the process chanber 131.

The plasma conprising the target material chemical elements wll propagates
toward the substrate 125 with velocity 104 - 107 cmls along the axis of
symmetry of virtual cathode group 3 and normal to the target ablation area
116. The propagation velocity wll depend on the target naterial, power of
the electrical pulse, and the pressure in the process chanber. Aso this
plasma will expand in the directions orthogonal to the axis of symetry -
radial expansion - due to the tenperature expansion effect or anbipolar

pl asma diffusion effect.

Conbi ned  propagation and radial velocities will lead to plasma ions
trajectories shown as arrows in FIG 3. These ion trajectories lead to the
plume-1ike shape of the plasma which is symetrical wth respect to the axis

of symretry of virtual cathode grope. Wen this plune plasna 305 arrives to

the substrate 125 it will condense on the substrate surface as a thin film
303. The deposited thin film 303 will have thickness profile symetrical to
the axis of symetry of the virtual cathode group. The deposited filmwll be

thicker in the centre and thinner at the edges of the deposition spot.
The deposited film composition conprises the target material elenents. Also,
the deposited film conposition can conprise the chemcal elenments of the gas

supplied by the gas feed assenbly 123.

The deposited film crystal structure can be varied with the ionization state,
ki netic energy, and flux density of the plume plasma 305 species that in its
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turn can be varied with the electrical pulse voltage, duration, current and

the pressure of the gas in the process chanber.

A wide area deposition apparatus based on tw or nmore the VCD devises
operation wll be now presented in conjugation wth FIG 4.The wide area
deposition apparatus further conprises nore than one Virtual Cathode groups

3.

The wide area deposition apparatus further conprises a feeding and supporting
and pul sed power group groups for each of the virtual cathode groups - not
shown in FIG 4. The virtual cathode groups can be positioned in a row along
the y-direction and with the axis of symetry parallel to each other - as a

non-limting exanple.

The wide area deposition apparatus further conprises a target 415. The target
415 can have a cylindrical shape, having a diameter which is larger than the
dianeter of the hollow cathode 101 and a length which is larger than the
di stance between axes of symetry of two lateral virtual cathodes groups.
Also, the target 415 can have any other known shape providing the target
ablation areas 116 for all of the virtual cathodes groups 3 with the sane
positioning wth respect to the corresponding cathodes group. Also, the
target can be conprised of separate target groups simlar to the described

before and shown in FIG 1 as the target group 9.

In the case of the cylindrical shape of the target 409, the target supporting
system - not shown - of any known type can provide the rotation of the
around the axis of symetry conmbined with displacement in the y-direction of
the FIG 4 to provide the uniform consummation of the target 409 by all the

virtual cathode groups during operation.
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The wi de area deposition apparatus further conprises the substrate 125. The
substrate can have a form of a ribbon or a sheet that is long in they-
direction, as non-limting exanples. The substrate can be provided with a
novenent system - not shown. The novenent system can displace the substrate

125 in the y-direction.

The mutual positioning of the virtual plasma groups in a row of y-direction,
cylindrical target having rotation and displacenent in the y-direction, and
the substrate parallel to the y-z plane defines the deposited film
uniformty. Mre in detail, the plume plasmas provided by each of virtual
cat hode groups can nerge and conmbine in a uniform plasm before arriving to
the substrate. The deposited film of this plasma will have uniform thickness
profile in y-direction at the substrate if the distance between the substrate
and the target is greater than or equal to the distance between the axes of
symmetry of the virtual cathodes group. The plasma plunme radial expansion
velocity is approximately equal to or less than its propagation velocity in

the x-direction. The trajectories of the plume plasnma species are shown in

FIG 4.
The constant speed novenent of the substrate in z-direction wll provide a
honogenous film profile on the substrate in the z-direction, in conbination

with the constant repetition rate of the pulses provided by pulsed power

groups to each of the virtual cathode groups.

A further enbodinent of a virtual cathode device is showmn in figure 5. In
some applications, in particular the deposition of dianond-like car bon
("DLc') films onto a substrate, a much higher electron beam energy density is
required to ablate the target surface. In the exanple of DLC deposition, this

is a graphite target.
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Referring now to figure 5, the further enbodiment is shown at 1. In simlar
manner to the apparatus of figure 1, the apparatus 1' conprises a hollow
cathode 101 and a hollow cap electrode 105. A gas conduit 107 supplies gas to
chanmber 127. The apparatus 1+ further conprises a insulator 103" which
defines an auxiliary gas chanber 506. Auxiliary gas chanber is connected to
an addition gas supply 503 through a flow restrictor 504, allowing the rate
of supply of gas to the auxiliary gas chanber 506 to be controlled. The
auxiliary gas chanber 506 is connected to the gas chanber 127 by a plurality
of apertures 507, and preferably at least three, to stinulate a uniform gas
density in chanmber 127. An additional electrode 501 is located w thin chanber
127, in this exanple conprising a generally cylindrical stainless steel grid.
In this exanple a trigger pulse voltage of 3-30kV with a rise tine below 5 jis
and total energy nore than 0.1 J are be generated by the additional trigger
pul sed power source 502. Those nodifications allow the electron beam to be
focused to a spot with a dianeter of <lmm at the graphite target surface. The
pressure of the gas, preferably argon, in the chanber should be <102 mb (1
Pa) . The pulsed power unit 119 generates pulses of 10-20kV with a total pulse
energy of nore than 2J to ablate the graphite target and to provide the
deposition of DLC film on substrate. The substrate can be any solid state
mat eri al or device wth a nelting tenperature above 40 °C conpri si ng
plastics, metals, ceranmcs, electronic and optical devices, or 3D printed

parts as non-limting exanples .

In an exanple nmethod, the apparatus 1* is provided with a graphite target
117" (99% purity), and a substrate 125, which may be glass, stainless steel,
a golf ball, 3D printed parts, or any other suitable material. The chanber
127 is punped down to 105 nbar (1073 Pa) initial pressure. Then argon gas is
introduced from sources 123, 503 to increase the pressure in the chanber up
to 3.104 - 1.102 nbar (3 -1072 - 10 Pa) , wWith the gas supply from source 503
provding 80% -100% of the gas flow Pulsed power source 119 is operated to
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generate pulses of 10-30 kV voltage at 20 Hz - 20 kHz repetition rate. Wen
the pulse reaches its maxinal voltage the trigger pulse is supplied by the
trigger pulse generators 121, 502. The trigger pulse voltages are in the
range of +5 - +15 kV and have a duration in the range 100ns - lus, preferably
100ns. A first trigger pulse is generated by trigger pulse generator 502 and
a second pulse by trigger pulse generator 121, with a delay between the first
and second pulses in the range 100-500ns. The electrical pulses cause the
formation of a virtual plasma cathode as in the exanple of figure 1, which in
its turn generates an electron beam to ablate the target. The plume plasm
then condenses on the substrate which is placed at 10-50 cm distance from the
target. A DLC film is formed on the substrate with the rate of 10- 1000
nmnmn depending on the pulse repetition rate (linear dependence) and
di st ance (inverse square dependence) . The substrate tenperature did not
exceeded 40 °C for the pulse repetition rate of 200Hz and 15cm distance from
the target. The DLC film obtained has a conpact, partially anorphous
partially crystalline structure with smoth surface (~100 nm rnms) for filns
of 200nm thickness. The target 117 can be rotated to utilise a |larger
fraction of the target surface during the operation. This enables a nore

uni form consunption of the target material.

A DLC film deposited with these paraneters wll have a variable sp3/sp2 ratio
depending on the electron beam power density at the target surface. The
hardness of the DLC film can be higher than 20 GPa, the surface is nano-
crystalline and snooth with low friction coefficient. It can also be flexible
and does not delaminate with bending - up to 2mm radius - on a plastic (PET

for exanple) substrate.

The applications of this type of DLC film may include protective or hard or
bi o-conpatible coatings for optics, nedical purposes, or sport equipnment. The
low friction coefficient can also decrease air friction over the surface,
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reducing the air friction loses of aircraft, cars, or golf balls as non-
limting examples. It was found a 10-20% increase in the average distance of
golf ball flight was observed, if the ball was coated with DLC film by VCD
met hod. Anot her exanpl e application for such DLC filnms application is
providing a chemcally protective l|ayer, for exanple for ZnSe, where the DLC
is transparent for infrared light and is resistant to nobst chemically active
solvents, while also inproving the scratch resistance of the ZnSe or other
infrared optics. A DLC coating over 3D printed parts wll inprove the wear
resistance of the parts and nake them bio-conpatible. Hence DLC- coated
plastic parts can be used for nmedical applications such as inplants, needles,

catheters, or surgical instruments as non-limting exanples.

Further advantages of using VCD technology to deposition DLC filnms are the
fast deposition rate of nore than |OOnminmin, |low tenperature of deposition
<60°C, | ow cost, variable hardness flexibility, snoboth surface of the
deposited film and suitability for deposition on a wi de range of substrates

or devices w thout damaging them by thermal 1oading during deposition.

O her applications for the apparatus and nmethod shown herein include the
deposition of transparent conductive oxide ("TCO') filnms, such as In,8,, ZnO,
I TO and any other suitable transparent doped sem conductor. In one exanple,
an In,06, film may be deposited using the apparatus of figure 1. The apparatus
was provided with an 1n,6, target (99.99% purity), and a substrate (glass,
PET, etc.) placed at 10-50 cm distance from the target. The pressure in the
chanber 137 is reduced to 105 mb (103 Pa) . Oxygen gas is then introduced
through the gas source causing the pressure in the chanber to increase up to
3.-104 - 8-1003 mb (3-102 - 0.8 Pa) . The pulsed power source is operated to
generate pulses of 10-30 kV voltage at 20 Hz - 20 kHz repetition rate. Wen
the pulse reaches its maxinal voltage the trigger pulse is supplied by the
trigger pulse generator. The electrical pulses cause to the formation of
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virtual plasma cathode which in its turn generates the electron beam ablating
the target. The plume plasma then condenses on the substrate. The transparent
conductive oxide, TCO film forns on the substrate at the rate of 10- 1000
nmnmn depending on the pulse repetition rate (linear dependence) and
di stance (inverse square dependence) . In a test the substrate tenperature did
not exceeded 60 °C for a pulse repetition rate of 200Hz and 15cm distance
from the target (PET substrate was not danmaged by the plune) . The obtained
TCO film has a compact columar crystalline structure with a snooth surface
(=20 nm rnms) for films of [O0Owm thickness. The |100Onm thick film can be
deposited within 1 minute at 200Hz pulse repetition rate. The film has better
that 80% transparency in the visible region of the electro-magnetic spectrum
and its sheet resistance is less than 100 Q/sq. The target can be rotated to
so that the target material is uniformy exposed over a larger area of the

target surface during the operation.

In,8, films have a transparency >90% in visible region, and resistivity of 20
Ohm m with a thickness of >100 nm A deposition rate higher then 100NN mn
was achi eved. TCO deposition wusing the VCD apparatus is advantageous because
of the low substrate tenperature, high deposition rate, and the high quality
of the TCO film without requiring post annealing, and it is scalable for

industrial processes with |ow cost.

A further potential addi ti onal advantage of VCD for sem conductor film
manuf act uri ng is the possibility of doping the basic TCO nmaterial with

precise control of doping distribution and anmpbunt, for exanple by adding the

doping material into the target or introducing a second VCD source which in a
pul sed node wll deposit the doping material from a separate target onto the
same substrate during the deposition of the base nmaterial. In this way the
doping material distribution wthin the basic naterial, energy of arriving

dopi ng species, density of the doping flux, and the relative amunt of doping
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can be controlled by the separate control of the second VCD source frequency,
energy of the pulse, voltage, focusing of the electron beam and the delay
with respect of the basic material depositing VCD pulse. This technique wll
enabl e devel opnent of new naterial conpositions, such as, as a non-liniting
exanpl e, p-doped ZnO with Li or N. The min problem of conventional
deposition techniques is a low solubility of doping in the basic material
which can be solved by forcing the doping species with high energy to be

imersed into the base material by nmeans of the second VCD source.

A further possible application is depositing |I|ithium phosphorous oxy-nitride
(LiPON) to form a solid state electrolyte for use in solid state batteries.

Solid state batteries wth LiPON have shown superior performance, but the
i ndustrial deposition process of LiPON nade with RF sputtering has a very |ow
deposition rate of a few nmmin that makes it expensive and comercially

unsust ai nable. The | ow cost of deposition using a VCD technique and apparatus
as described herein, conbined with industrial scalability enables LiPON
manufacture to be comercially sustainable. An advantage of VCD for LiPON
deposition is the ability to transfer the conplex conposition of the target
to the film necessary to obtain a high quality LiPON film having a high ion

conductivity above 108 S/cm and |ower electron conductivity.

In the above description, an enbodinent is an exanple or inplenentation of
the invention. The various appearances of "one enbodinment”, "an enbodinent”

or "sone enbodi nents" do not necessarily all refer to the same enbodi nents.

Al though various features of the invention may be described in the context of
a single enbodinment, the features may also be provided separately or in any
sui tabl e conbination. Conversely, although the invention nmay be described
herein in the context of separate enbodinents for clarity, the invention nmay
also be inplenented in a single enbodinent.

24



10

WO 2016/042530 PCT/IB2015/057205

Furthernore, it is to be understood that the invention can be carried out or
practiced in various ways and that the invention can be inplemented in

enbodi ments other than the ones outlined in the description above.

Meani ngs of technical and scientific terms used herein are to be conmmonly

understood as by one of ordinary skill in the art to which the invention

bel ongs, unless otherw se defined.
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Cl ai ns

1. A thin film deposition apparatus conprising;

a hollow cathode, a substrate holder and a target holder,

the substrate holder and the target holder being |ocated on opposite

sides of the holl ow cathode,

a plasma supply elenent to supply plasma to the interior of the hollow

cathode at an end of the hollow cathode nearest the target holder, and

a power unit connected to the hollow cathode to supply a high voltage

pul se to the hollow cathode,

such that when the plasma supply element supplies plasma to the holl ow
cat hode and a high voltage pulse is applied to the hollow cathode, a virtual

pl asma cat hode forns,

and such that the virtual plasma cathode generates an el ectron beam

directed towards a target held in the target holder, and

wherein a plume of ablated target nmaterial passes through the hollow

cat hode .

2. A thin film deposition apparatus according to claim 1 wherein the
pl asma supply elenent conprises a hollow cap el ectrode adjacent the hollow

cat hode and defining a gas container.

3. A thin film deposition apparatus according to claim 2 wherein the
holl ow cap electrode is spaced from the hollow cathode by an insulating ring
and a gas flow slit extends fromthe gas container to the interior of the

hol | ow cat hode.
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4 A thin film deposition apparatus according to claim 3 wherein the gas

flow slit has a width in the range 0.1lmm to 10 mm

5. A thin film deposition apparatus according to any one of clainms 2 to 4
conprising an electrical trigger unit connected to the hollow electrode to

generate an initial plasma within the hollow el ectrode.

6. A thin film deposition apparatus according to claim 5 wherein the
electrical trigger unit is operable to generate an electrical pulse with a

voltage in the range |kV to 60kV

7. A thin film deposition apparatus according to claim5 or claim 6
wherein the electrical trigger unit is operable to generate an electrical

pulse with a current in the range 0.01 kA to 1 kA

8. A thin film deposition apparatus according to any one of claimse 5 to 7
wherein the electrical trigger is operable to generate an electrical pulse

with a duration of < I]is.

9. A thin film deposition apparatus according to any one of clains 2 to 8

conprising a gas conduit to supply gas to the gas container.

10. A thin film deposition apparatus according to claim 9 where dependent
directly or indirectly on claim 5 wherein the gas conduit is conductive and

connects the trigger unit to the hollow cathode.

11. A thin film deposition apparatus according to any one of the preceding

clains wherein the hollow cathode is substantially cylindrical.

12. A thin film deposition apparatus according to claim 11 wherein the
cathode has a longitudinal axis, wherein the longitudinal axis is
substantially normal to a surface of a target held in the target holder and

to a surface of a substrate held in the substrate hol der.
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13. A thin film deposition apparatus according to claim 11 or claim 12

wherein the diameter

of the hollow cathode

is

in the range 0.1 nmm to 100 nm

14. A thin film deposition apparatus according to claim 13 wherein the

di ameter of the hollow cathode is in the range 2 to 40mm

15. A thin film deposition apparatus according to claim 13 wherein the

di ameter of the hollow cathode is in the range 0.1nm to 2mm

16. A thin film deposition apparatus according to any one of clains 11 to

15 wherein the hollow cathode has a diameter

to 10.

to length ratio in the range 0.1

17. A thin film deposition apparatus according to any one of clains 11 to

16 wherein the

ratio of the distance between a surface of a target held in

the target holder and

cathode is in the

range 0.1 to 10,

the hollow cathode to the dianeter of the holl ow

and preferably is about 1.

18. A thin film deposition apparatus according to any one of the preceding

clainms wherein

the power unit is operable to generate an electrical pulse

with a voltage in the range -1kV to-60kV and preferably in the range -5kV to
- 20k V.
19. A thin film deposition apparatus according to any one of the preceding

clainms wherein

with a current

the power unit is operable to generate an electrical pulse

in the

range 0.1 kA to 10 kA

20. A thin film deposition apparatus according to claim 18 or claim 19

wherein the power

aduration in the

range 0.1 ;is to 100 j;s.

unit is operable to generate an electrical pulse with

21. A thin film deposition apparatus according to any one of the preceding

clains conprising a process chanber
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hol der, target holder, and plasma supply element, and a punp elenment to

maintain the pressure within the process chanber.

22. A thin film deposition apparatus according to claim 21 wherein the

pressure within the process chanber is maintained in the range 103 Pa to 1

Pa. 23. A thin film deposition apparatus according to any one of the

preceding claims conprising a plurality of hollow cathodes.

24, A thin film deposition apparatus according to any one of the preceding

clains further conprising an auxiliary gas container, the gas container being

connected to the gas container by a plurality of apertures.

25. A thin film deposition apparatus according to claim 24 further

conprising an auxiliary trigger electrode located in the gas container.

26. A thin film deposition apparatus according to claim 25 further

conprising an auxiliary trigger electrical trigger unit connected to the

auxiliary trigger electrode.

27. A nmethod of thin film deposition conprising;

providing a hollow cathode, a substrate and a target,

the substrate and the target being |ocated on opposite sides of the

hol | ow cat hode,

supplying plasma to the interior of the hollow cathode at

hol | ow cat hode nearest the target, and

supplying a high voltage pulse to the hollow cathode,

such that a virtual plasnma cathode is formed and such that

an end of the

the virtual

pl asma cat hode generates an electron beam directed towards a target held in

the target hol der
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wherein a plume of ablated target naterial passes through the hollow

cathode towards the substrate.

28. A nethod according to claim 27 conprising supplying gas to a hollow cap
el ectrode adjacent the hollow cathode and defining a gas container, and
supplying an electrical trigger pulse to the hollow electrode to generate a

plasma within the hollow cap el ectrode.

29. A method according to claim 28 wherein the electrical trigger pulse has
a voltage in the range IkV to 60 kV and a current in the range 0.01 KA to

I kKA.

30. A method according to claim 28 or claim 29 wherein the electrical

trigger pulse has a duration of < 1 ps.

31. A nethod according to any one of clainms 27 to 30 conprising |ocating
the target such that the ratio of the distance between a surface of the
target and the hollow cathode to the dianeter of the hollow cathode is in the

range 0.1 to 10, and preferably is about 1.

32. A nethod according to any one of claims 27 to 31 wherein the high
voltage pulse has a voltage in the range -1 kV to -60 kV and preferably in

the range -5 kV to -20 kv, and a current in the range 0.1 kA to 10 kA

33. A nethod according to any one of claims 27 to 32 wherein the high

voltage pulse has a duration in the range 0.1 ;is to 100 jis.

34. A method according to any one of clains 27 to 33 where carried out

using the apparatus of any one of clains 1 to 26.
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