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/ARIABLE INDUCTOR DEVICE

CLAIM OF PRIORITY
[0001] This application claims the priority benefit to U.S.
Patent Application Serial No. 62/858,568, filed on 7 June 2019, which

is incorporated by reference herein in its entivety.

FIELD

{6002} The present disclosure relates to a variable inductor device and, in
some examples, to systems and methods for tuning an impedance matching
network in semiconductor mamufacturing. Some examples also relate to

micromechanical or printed circuit board (PCB) applications and circuits for use

therewith.
BACKGROUND
{0003] Inductors and variable inductors can be useful circuit elements in

a varicty of important applications and products. For example, inductors and
variable inductors are tegral elements of many RF-wircless products. In some
other applications, they are used for matching and loading RF supply systems in
semiconductor manufacturing operations. For exaraple, a plasma system for
semiconductor processing typically includes one or more multiple radio
frequency (RF) sources, an impedance match, and a plasma reactor. A workpiece
{c.g. awafer) is placed inside a plasma chamber and plasma is generated within
the plasma chamber to process the work piece. It is important that the workpiece
be processed in a similar or uniform manner. To do so, it 1s important that the RF
sources and the impedance match be tuned.

[0004] Several difficultics have impeded the development of tuning
systems. Regarding inductors in particular, a performance improvement in one
parameter (for example, indactance L, capacitance C, or resistance R} 18
typically obtained at the expense of the other. fo certain high-power applications,
vacuum variable capacitors are used as the resistive loss in such capacitors is
very low. If a tunable inductor i1s needed, a vacuum vanable capacitor can be
used in sertes with a fixed inductor and operated in a region where the total

reactance of the system is positive (inductive}. Such a configuration requires an
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additional circuit clement as compared to a variable inductor alone. Also, this
configuration results in a direct current (DC) block due to the presence of a
series capacitor; therefore, a low frequency signal will be blocked by the
capacitor. If low frequency signals are to pass through the circuit, additional
circuit elements are needed which can significantly complicate the circuit
configuration.

[0005] The background description provided herein is to generally
present the context of the disclosure. It should be noted that the information
described in this section is presented to provide the skifled artisan some context
for the following disclosed subject matter and should not be considered as
admutted prior art. More specifically, work of the presently named inventors, to
the extent it 1s described in this backgroand section, as well as aspects of the
description that may not otherwise qualify as prior art at the time of filing, are
neither expressly nor impliedly admitted as prior art agaiost the present

disclosure.

SUMMARY

[0006] The present disclosure relates generally to a variable inductor
device. In some embodiments, the device acts as a tunable resonator, or delay
line. Some examples of the device include a shorted parallel plate-tvpe
transmission ling in which an angular spacing between two plancs of the
transmission hine is vanable to alter the inductance, capacitance, or impedance of
the transmuission line. Bepending on the frequency of operation and details of a
circuit 1n which the device is to be used, the device can behave as a varniable
inductor if the electrical length is between (n-1)/4 and (n)/4 guided wavelengths
{where n = 1,3.5 and so forth} or a capacitor if the electrical length is between
{n-1)/4 and {n)/4 guided wavelengths (where n = 2.4,6, and so forth).

{0007] In some examples, when used as a variable inductor, the
transmission hine {or device} length is less than 1/4 wavelength as this may
mintnize resistive loss. Some embodiments can operate at a frequency i the
range 25 to 30 MHz with an RF current in the range 15-25 Amps, particularly
when used with fan cooling. Some device embodiments have a tunable
mductance in the range of 30 to 100 nanoHenry (nH) which represents a tunable

range more than three times the base inductance.

9]
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[{0008] In some embodiments, a vanable inductor deviee is provided. An
example variable inductor device may include a shorted transmission line, the
shorted transmission line having a variable geometry to vary the inductance of
the variable inductor device; the variable inductor device connectable to a circuit
to act as a variable inductor in the cirouit.

{0009] In some embodiments, the shorted transmission line includes a
parallel plate transmission ling.

[0019] In some embodiments, the paraliel plate transmission Ine
includes at Ieast one flat conductor.

[0011] In some embodiments, an example variable inductor device may
include a first planar loop comprising a first planar face and a material that
supports electromagnetic coupling; a second planar loop comprising a second
planar face and a material that supports electromagnetic coupling: the first planar
loop separable from the second planar loop to vary the inductance of the variable
mductance device; and the first and second planar faces overlapping cach other
i a closed configaration of the device.

{0012] In some embodiments, the first planar loop is separable from the
second planar foop by pivoting about a hinge point.

{06013} In some embodiments, the first and second planar loops are
selectively separable with respect to one another between open and closed
positions, the closed position corresponding to the closed configuration of the
device, the open position corresponding 1o a desired inductance value of the
variable inductor device.

[06014) In some embodiments, the open and closed positions correspond
to a separation angle between the first and second planar loops m the range zero
{0} to twenty (20) degrees.

{0015] In some embodiments, substantially an entirety of the first planar
loop overlaps the second planar loop in the closed position.

[0016] In some embodiments, substantially an entirety of the first planar
loop overlaps substantially an entirety of the second planar loop in the closed
position.

{6017] In some embodiments, the variable inductor device further
comprises a hinge at which one of the first and second planar loops is hinged

relative to the variable inductor device, or to the other planar loop.
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{31 8] In some embodiments, the hinge 1s provided at a termination
point of the first and second planar loops.

10019] In some embodiments, the hinge is provided at an RF power
terminal of the variable inductor device.

{0020} In some embodiments, the closed configuration of the variable
inductor device corresponds to a base or miminum inductance value of the
variable inductor device.

[821] In some embodiments, an open configuration of the vanable
inductor device corresponds to a maximum inductance valae of the variable
inductor device.

{0022} In some embodiments, the maximum inductance value is greater
than the base or minimum inductance value by a factor of three (3) to seven (7)
times greater.

{0023] In some cmbodiments, a variable inductor device includes a first
planar loop comprising a first planar face and a material that supports
electromagnetic coupling; a second planar loop comprising a second planar face
and a material that supports electromagnetic coupling; a hinge; and the first
planar loop separable from the second planar loop by pivoting about the hinge to
vary the inductance of the variable indactance device.

{0024] in some embodiments, the first and second planar faces overlap
cach other in a closed configuration of the device.

[0025] In some embodiments, the first and second planar loops are
selectively separable with respect to one another between open and closed
posttions, the closed position corresponding to the closed configuration of the
device, the open position corresponding to a desired mductance value of the
variable inductor device.

{0026] In some embodiments, the open and closed positions correspond
to a scparation angle between the first and second planar loops in the range zero
{0) to twenty (20) degrees.

[0027] In some embodiments, substantially an entirety of the first planar
loop overlaps the second planar loop in the closed position.

[0028] In some embodiments, substantially an entirety of the first planar
loop overlaps substantially an entirety of the second planar loop in the closed

position.
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[0029] In some embodiments, the hinge 1s provided at a termination
point of the first and second planar loops.

100330] In some embodiments, the hinge is provided at an RF power
terminal of the variable inductor device.

[0631] In some embodiments, a closed configuration of the variable
inductor device corresponds to a base or miminum inductance value of the
variable inductor device.

[0032] In some embodiments, an open configuration of the vanable
inductor device corresponds to a maximum inductance valae of the variable
innductor device.

{0033] In some embodiments, the maximum inductance value is greater
than the base or minimum inductance value by a factor of three (3) to seven (7)
times greater.

[0034] In some cmbodiments, the variable inductor device further

comprises an actuator to move at least one of the first and second planar loops.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] Some enmboduments are illustrated by way of example and not
limitation in the views of the accompanying drawing:

{0036] FIG. 1 is a schematic diagram of a reaction chamber within
which some exampies of the methods of the present disclosure may be
employed, according to some examples.

{B80637] FIGS. 2A-2B are pictorial views of a variable indactor device mn
respective open and closed configurations, according to an example
embodiment.

[6038] FIGS. 3A-3B depict plan views of planar loops, according to
example embodiments.

{0039] FIG. 4 depicts a graph of Equivalent Scries Resistance (ESR)
values agamnst separation angle, according to an example embodiment.

[0048] FIG. S depicts a graph of inductance values against separation
angle, according to an example embodiment.

[0041] FIG. 6 15 a pictorial view of a variable mductor device, according

to an example embodiment.
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[0042] FIG. 7 depicts a graph of ESR and imductance values against
separation angle, according to an example embodiment.
10043] FIG. B depicts a graph of inductor heating against current,

according to an examplc embodiment.

DESCRIPTION

[0044] The description that follows includes systems, methods,
techniques, instruction sequences, and computing machine program products
that embody illustrative embodiments of the present disclosure. In the following
description, for purposes of explanation, numerous specific details are set forth
in order to provide a thorough understanding of example embodiments. It will be
evident, however, io one skilled 1 the art that the present disclosure may be
practiced without these specific details.

[0045] A portion of the disclosure of this patent document may contain
maternal that 18 subject to copynight protection. The copyright owner has no
objection to the facsimile reproduction by anvone of the patent document or the
patent disclosure, as it appears in the Patent and Trademark Office patent files or
records, but otherwise reserves all copyright rights whatsoever. The following
notice applics to anv data as described below and in the drawings that form a
part of this document: Copyright Lam Research Corporation, 2019-2020, Al
Rights Reserved.

[(046] Some embodiments of a variable inductor device may be used in
micromechanical or printed circwit board (PCB) applications and circuits for use
therewith. Other examples may be used in systems and methods for tuning an
impedance matching network in semiconductor manufacturing. In this regard,
reference 1 now made to FIG. 1 of the accompanying drawings. An example
chamber in which some examples of the present disclosure may be emploved,
with appropriate chamber modifications for film deposition and control testing,
1s shown in FIG.1 of the accompanying drawings. A typical plasma etching {or
deposition} apparatus comprises a reactor in which there 18 a chamber through
which reactive gas or gases flow. Within the chamber, the gases are ionized into
a plasma, typically by radio frequency energy. The highly reactive ions of the
plasma gas can react with material, sach as a polymer mask on a surface of a

semi-conductor wafer being processed into integrated circurts (MC7s). Prior to
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ctching, the water is placed 1 the chamber and held in proper position by a
chuck or holder which exposes a top surface of the wafer to the plasma gas.
There are several types of chucks known in the art. The chuck provides an
isothermal surface and serves as a heat sink for the wafer. In one type, a
semiconductor wafer is held in place for etching by mechanical clamping means.
In another tvpe of chuck, a semiconductor wafer is held in place by electrostatic
force generated by an electric ficld between the chuck and wafer. The present
methods are applicable to any type of chuck.

[0047] FIG. 1 illustrates a plasma processing chamber 100, representing
an exemplary plasma processing chamber of the types typically emploved to
ctch a substrate. Referring now to FIG. 1, a chuck 102, represents a workpicce
holder on which a substrate, such as a wafer 104, 1s positioned daring etching or
deposition. The chuck 102 may be implemented by any suttable chucking
technique, ¢.g., clectrostatic, mechanical, clamping, vacuum, or the like. During
etching or deposition, the chuck 102 is typically supplicd with dual RF
frequencies {a low frequency and high frequency), for example 2 MHz and 27
MHz, simultaneously, during etching or deposition by a dual frequency source
106. A vacuum transfer module (VTM) (not shown) may be used to place and
center the wafer 104 on the chuck 102, In some examples, a VTM includes one
or more robotic controls or arms to manipulate the wafer 104 as it is placed on
the chuck 102.

(048] Refermng again to FIG. 1, an upper electrode 108 1s located
above the wafer 104. The upper clectrode 108 is grounded. FIG. 1 iflustrates an
etching reactor where the surface of the upper clectrode 108 is farger than the
surface of the chuck 102 and the wafer 104, During etching, plasma 10 1s
formed from etchant source gas supplied via a gas Hne 112 and pumped out
through an exhaust hine 114 An electrical insulator ring 109 insulates the upper
clectrode 108 from the grounded chamber 100.

[0049] Continement rings 116 may be placed between the upper
electrode 108 and a bottom electrode, such as the chuck 102 FIG. 1. In
general, confinement rings 116 help confine the etching plasma 110 to the region
above the wafer 104 to improve process control and to ensure repeatability,
{0056] When RF power 1s supplied to chuck 102 from RF power source

106, equipotential field lines are set up over wafer 104, The equipotential field
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lines are the electric field hines across the plasma sheath that is between wafer
104 and the plasma 110, In some examples, the equipotential surfaces and
electric field lines are normal to cach other. There are equipotential surfaces
between the wafer 104 and the plasma 110, The electric ficld lines accelerate
charged particles across these equipotential surfaces. During plasma processing,
the positive ions accelerate across the equipotential field lines to impinge on the
surface of wafer 104, thereby providing the desired ctch effect, such as
mproving etch directionality. Due to the geometry of the upper electrode 108
and the chack 102, the ficld lines may not be uniform across the wafer surface
and may vary significantly at the edge of the wafer 104. Accordingly, an edge
{or focus) ring 118 is typically provided to improve process uniformity across
the entire wafer surface. With reference to FIG. 1, the wafer 104 is shown
disposed within an edge ring 118, which may be formed of a suitable dielectric
material such as ceramic, guartz, plastic, or the like. Thus, the presence of the
edge ring 118 allows the equipotential ficld lines to be disposed substantally
uniformly over the entire surface of the wafer 104,

[0051] An electrically conductive shield 120 substantially encircles the
focus ring 118, The electrically conductive shield 120 1s contfigured to be
substantially grounded within the plasma processing chamber 100, The shicld
120 prevents the presence of unwanted equipotential field lines outside of the
cdge ring 118,

[0052] An RF matching network 122 is associated with an RF power
source 106. The RF matching network may be used to tune the RF power
network supplving the plasma processing chamber 100, To configure the RF
matching network 122 and tune it approprately, the RF matching network 122
may include one or more filters 124, The filters may include inductors,
capacitors and resistors, for example. Other devices are possible. One or more
variable inductor devices of the present disclosure may be included in the filters
124,

[0053] As mentioned above, there are challenges in developing tuning
systems. Current technology for making a tunable inductor may include the use
of a variometer, but these are not useful at high frequencies or low inductances.
Other approaches include a movable slug made of metal or magnetic matenal

disposed in an inductor coil. These device types have a very narrow tuning range
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and are prone to overheating at high current levels. A saturable magnetic
matenial 1n an inductor coil can be biased by a magnetic field or another winding
on the circuit to alter the imductance, but these inductors are also subject to
overheating at high current levels. They can also suffer from large temperature
coefficients and poor thermal stability.

{0054] Some embodiments of a variable inductor device of the present
disclosute may serve as a tunable element 1o a network or circuit, and in some
examples as a high-power capable tunable mductor. Some examples of the
variable inductor device do not inchude magnetic material and therefore have a
reduced temperature sensitivity. Device-to-device unit varability may in some
cases be determined only by geometry and manufacturing tolerances. For PCB-
manufactured examples, while it is possible that inherent vartances in properties
of the diclectric material may have some impact on overall device inductance,
this issue can be addressed by utilizing high-quality low-vanance dielectric
matenal as appropriate n such applications.

[0B035] In some examples described further below, the inductance
variability (tunability, or inductance change) of a variable mductor device ranges
from a minimum value to a maximum value that is several times higher than the
base (or mimmum) value. Some examples provide a tunable inductor which can
operate substantially independently of other components in an RF matching
network {¢.g. RF matching network 122 above) without affecting other network
parameters. Examples can be manufactured using low-cost PCB based
technigues to avoid the expense of utilizing vacuum variable capacitors in an RF
matching network 122, for example.

[0056] An example of a variable mductor device 200 is shown in FIGS.
2A-2B. FIG. 2A depicts an open configuration of the device 200. FIG. 2B
depicts a closed configuration of the device 200. The device includes two loops
202 and 204. The loops 202 and 204 have planar faces or portions. In that sense,
the variable inductor device may be considered a form of “parallel plate™
transmission line, but this parallel configuration 1s generally adopted only when
the device 200 is in a closed configuration, discussed further below. The loops
202 and 204 are connected (shorted) at a termination point 206. RF power may
be supplied to the connected loops 202 and 204 at terminals 208 and 210. Each

loop 202 and 204 lies in a plane and may assume a generally serpentine shape as

=l
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shown. Other loop shapes and configurations are possible, for exampile as shown
1 the relatively tight or open bends of the example loops 202 {or 204) shown in
FIGS, 3A-38.

[6057] In some examples, the loops 202 and 204 of the device 200 are
selectively adjustable {openable, or pivotable about a hinge pomnt) away from
one another in a range of open and closed positions to vary the inductance of the
device 200, as is explained more fully below. In the llustrated example, the
planes of the loops 202 and 204 are spaced apart from one another by a
separation angle 218. Depending on a given length (also termed a wire length} or
configuration of a loop 202 or 204, a selected degree of separation angle 218
provides an associated or proportional gap 216 at the distal ends of the loops.
Other separation angles 218 and gaps 216 are possible and these may be
selected, in fixed or variable configurations, based on a desired inductance
characteristic or tunability of the variable inductor device 200 in use. The
variable inductor device 200 may be adjusted 1n this manner to vary is
mnductance and thereby assist in tuning an RF matching network 122, for
example. Other network tuning or circuit applications are possible, some at a
micro-mechanical level. Generally speaking, the degree of inductance of the
device 200 is proportional, either as a linear or direct ratio or otherwise, to the
angle of separation 218 between the loops 202 and 204 i.e. generally, the greater
the angle, the higher the inductance.

[(038] In some examples of the device 200, the loops 202 and 204 are
hinged at hinge points 212 and 214. For example, the loops 202 and 204 may be
hinged to each other at a common hinge point or be hinged individually at
respective separate fixtures. One loop 202 or 204 may be held stationary with
respect to a datum or fixture, with the other loop movable, or both loops may be
movable. The hinge points 212 and 214 may be defined by rotatable or foldable
binges provided at ends of the connected loops. The rotatable or foldable hinges
may be configured as shown, but other configurations are possible. In the
lustrated example, the hinge points 212 and 214 are provided respectively at
closed, connected ends of the loops 202 and 204. The termination point 206 may
be coincident with or located with one of the hinge pomnts, for example at the
hinge point 214. The RF power terminals 208 or 210 may be coincident with or

located at a hinge point, for example the hinge point 212, In other examples, a

10
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hinge point may be provided at alternate locations along a loop, for example at
an end of a serpentine bend or other location. Some portions of a loop may not
be movable with respect to another portion of a loop, for example. Portions of
two loops may be held closed, while other portions can be moved away from
cach other, for example.

{0059] A rotatable or foldable nature of the device hinges may allow a
scparation angle to be formed and grow {(and a space to be formed between the
toops 202 and 204) without deforming loop or hinge material, as may occur
through bending the loops into a spaced configuration, for example. The hinge or
loop material of the variable inductor device 200 is therefore held immune from
metal fatigue. Furthermore, a low-~friction hinge can facilitate smoothly
continuous or precise incremental adjustments of the angle of separation 218
{and spaced gap 216) under guidance of a separation actuator, for cxample.
[0068] In some examples of the variable inductor device 200, at least a
portion of the loops 202 and 204 overlap each other when the device 200 isina
closed configuration. For example, i the closed configuration of the device 200
shown in FIG, 2B, the loops 202 and 204 overlap substantially completely. The
profile, size and configuration of cach loop (in this example they are of similar
serpentine configuration) is selected to cause the loops to overlic each other
completely when closed. In some examples, only one or some portions of a loop
may overlie another portion of an opposed loop when the device 200 is closed.
Such partial loop overlap may occur when respective loops of a device 200
include turns of an opposite hand, for example, or when one loop has a different
shape to another, for example as shown in FIGS 3A-3B. The opposed or
matching configuration of partially or compietely overlapping loops 202 and 204
of the variable mducior device is behieved to cause a more predictable and
configurable response from a device 200 during variation of inductance in use.
This may be due, in some examples, to the fact that only one spatial parameter
{not multiple) of the spaced loops is changed during separation angle adjustment.
For a given point along the length of a loop, the separation angle proportionally
and predictably affects the inter-face spacing between opposed faces of the loops
202 and 204 as they draw apart or close together.

{0061} In some examples, the configuration and stability of the hinges

can endow a device 200 with highly repeatable inductance values at open and
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closed positions of the loops 202 and 204 (.. in open and closed configurations
of the device 200) and great device-to-device consistency. In testing, loops 202
and 204 of an example device 200 were opened and closed many times by an
actuator with a one-second delay at each position. The tested device 200 was
repeatedly opened and closed sixteen thousand (1600} times. The average
measured device 200 inductance when closed was 4232 +/- 029 0H (1e. a
variation in accuracy of only 0.68%;). The average measured device 200
mductance when open was 109.69 +/- 0.17 nH (1.¢. a variation in accuracy of
only 0.15%})

10062] Regarding response characteristics and tuning capability of an
example varable inductor device 200, reference is now made to FIGS. 4-5 of
the accompanying drawings. For an example variable indactor device 200, FIG.
4 shows a graph 400 with ESR values of the device on the v-axis plotted against
a scparation angle 218 of the loops 202 and 204 on the x-axis. Here, as shown,
the separation angle 218 runs from zero (0.00) to twenty (20.00) degrees.
Corresponding ESR values as the separation angle range from approximately
0.075 t0 0.113 Ohms. The increase in resistance is therefore relatively small. The
graph 500 n FIG. 5 however shows a much greater range of change in
inductance as the separation 218 angle increases. A much greater change in
inductance may be observed for the same range of separation angles (zero to
twenty degrees), in this instance a change from approximately 65 to 183 nH.
[0863] A further example configuration of a variable inductor device 200
1s shown in FIG. 6. The aspect ratio of the loops 202 and 204 is higher than the
corresponding aspect ratio of the loops 202 and 204 in the example devices
discussed above. For this example, a graph 700 of ESR and inductance values
agamst separation angle is shown in FIG. 7. The ESR values shown on the right
of the graph range from approximately 74 to 2 mQOhms (m2) (e, adeltaof 8
m&2} over a separation angle ranging from zero {0} to twenty (20} degrees. On
the other hand, over the same range of separation angle adjustment, the
wmductance of the device 200 increased from a base value of approximately 20
nH to a maximum value of 140 nH at a separation angle of twenty (20} degrees.
This maximum value represents a seven-fold increase in inductance over the
base value. The high degree of inductance variability may endow an RF

matching network 122 with a correspondingly high degree of tuning capability.
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For a given device 200, the relatively high range of change in inductance against
a minimal change in resistance over the same range of separation angle variation
can be contrasted with the drawbacks in conventional methods of trying to
balance and compromise between competing L, C and R network parameters
discussed further above.

{0064] Some examples of a variable inductor device are resilient and are
configured to handle the application of high powers and frequencics by an RF
power source to a processing chamber. Typically, a high current generated by an
RF power source 106 i3 in the order of fifteen Amps (A). With reference to FIG,
8, the illustrated graph 800 indicates that measured and modelled devices 200
were able to handle current values well in excess of 15A, albeit with some
degree of temperature rise as shown.

{0065] Although examples have been described with reference to
specific example embodiments or methods, it will be evident that various
maodifications and changes may be made fo these embodiments without
departing from the broader scope of the embodiments. Accordingly, the
specification and drawings are to be regarded in an ilhustrative rather than a
restrictive sense. The accompanying drawings that form a part hereof, show by
way of illustration, and not of limitation, specific embodiments in which the
subject matter may be practiced. The embodiments illustrated are described in
sufficient detail to cnable those skilled in the art to practice the teachings
disclosed herein. Other embodiments may be utilized and denved therefrom,
such that structural and logical substitotions and changes may be made without
departing from the scope of this disclosure. This Detailed Description, therefore,
is not to be taken mn a initing sense, and the scope of various embodiments is
defined only by the appended claims, along with the full range of equivalents to
which such claims are entitled.

[0066] Such emboduments of the mventive subject matter may be
referred to herein, individually and/or collectively, by the term “invention”
merely for convenience and without intending to voluntarily hmit the scope of
this application to any single inventton or inventive concept if more than one is
in fact disclosed. Thus, although specific embodiments have been illustrated and
described herein, it should be appreciated that any arrangement calcolated to

achieve the same purpose may be substituted for the specific embodiments

13



WO 2020/247135 PCT/US2020/031518

shown. This disclosure s intended to cover any and all adaptations or varnations
of various embodiments. Combinations of the above embodiments, and other
embodiments not specifically described herein, will be apparent to those of skill

in the art upon reviewing the above description.
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