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IMPEDANCE TRANSFORMATION IN RADIO-FREQUENCY-
ASSISTED PLASMA GENERATION

INCORPORATION BY REFERENCE

{00017 A PCY Reguest Form is filed concurrently with this specification as part of the
present application. Each application that the present application claims benefit of or
priority to as identified in the concurrently filed PCT Request Form is incorporated by

reference herein in their entireties and for all purposes.
BACKGROUND

{00027 Background and contextual descriptions contained herein are provided solely
for the purpose of generally presenting the context of the disclosure. Much of this
disclosure presents work of the inventors, and simply because such worldis described in
the background saction or presented as context elsewhere herein does not mean that

such work is admitted to be prior art.

[0003] Fabrication of semiconductor wafers utilized to form integrated circuits may
include numerous and diverse processing steps. In certain processing steps, which may
occur after various materials are deposited onto a semiconductor wafer, material may
be etched away, 50 as to allow additional materials, such as metals, to be depositad.
Such deposition may involve formation of conductive traces, transistor gates, vias,
circuit elements, and so forth. However, in at least some instanceas, semiconductor
fabrication processes, such as those involving plasma-based etching, plasma enhanced
atomic layer deposition, or other procasses, uncontroliable process variations may
bring about lower yields, costs, redesign of semiconductor layouts and masks, and so
forth. In some instances, such uncontrollable process variations may be brought about
in response to variations in energy coupled to the fabrication chamber that is utilized 1o
form a plasma. Accordingly, technigues to increase control over plasma-based wafer
etching and/or plasma-enhanced atomic laver deposition, or other fabrication

processes, continues to be an active area of investigation.
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SUMMARY

[0004] In one aspect, an apparatus for providing signals to a device is provided, where
the apparatus includes one or more radiofrequency {RF) signal generators, one or more

electrically-small transmission lines to couple signals from the one or more of RF signal

Lh

generators to the fabrication chamber, and a reactive circuit to transform impedance of
each of the electrically-small transmission line from a region having a first impedance-

sensitivity to a region having a second impedance-sensitivity.

[0005]  In some aspects, the reactive circuit includes at least series reactance. In some
aspects, the reactive circuit includes at least shunt susceptance. in some aspects, the

10 reactive circuit includes at least series reactance and shunt susceptance. In some
aspects, the region of relatively high impedance-sensitivity corresponds a region in an
impedance space and the real part of the impedance corresponds to a value greater
than about 100 ochms. In some aspects, the region of relatively low impedance-
sensitivity corresponds to a region in an impedance space and the real part of the

15 impedance corresponds to a value less than about 100 ohms. In some aspects, the
reactive circuit to transform the impedance avoids the possibility of a resonant
transmission line at any frequency less than the frequency of the signals from the one
or more of RF signal generators. In some aspects, the electricalby-small transmission line
corresponds to a transmission line that transforms an impedance from the region of

20 relatively high impedance-sensitivity to the region of relatively low impadance-
sensitivity without traversing a transmission line resonance at a frequency less than the
frequency of the signal generated by the RF signal generator in a medium of the
fransmission line. In some aspects, the resistive loss of the electrically-small
transmission line combined with the loss of the reactive circuit correspond to less than

25  about 20%. in some aspects, the resistive loss of the electrically-small transmission line

corresponds 1o less than 10%.

[0006]  In another aspect, an apparatus is provided, where the apparatus includes an

elactricaliy-small transmission line to couple signals from the one or more of RF signal

generators to the fabrication chamber and a reactive circuit to transform impedance of
33 the electrically-small transmission line from a region of relatively high impedance-

sensitivity to a region of relatively low impedance-sensitivity, the reactive circuit
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operating to move an impedance control point in a direction opposite to the direction

moved by a length of transmission line.

[0007] In some aspects, the electrically-small transmission line corresponds to a

transmission line that moves the impedance control point from the region of relatively

Lh

high impedance-sensitivity to the region of relatively low impedance-sensitivity without
traversing a transmission line resonance at a frequency less than the frequency of the
signal generated by the RF signal generator in a medium of the transmission line. in
some aspects, the reactive circuil includes series capacitive reactance. in some aspects,
the reactive circuit includes at least shunt inductive susceptance. In some aspects, the
10 reactive circuit includes series capacitive reactance and shunt inductive susceptance. In
some aspects, the resistive loss of the electrically-small transmission line combined with
the loss of the reactive dreult correspond to less than about 20%. In some aspects, the

resistive loss of the electrically-small transmission line corresponds to less than 10%.

[0008] In another aspect, an integrated circuit fabrication chamber is provided, where
15 theintegrated circuit fabrication chamber includes a plurality of integrated circuit
fabrication stations, one or more input ports for coupling a radio frequency (RF) signal
to at least one of the plurality of integrated circuit fabrication stations, an electrically-
small transmission line to couple signals from the one or more of RF signal generators
to the fabrication chamber, and a reactive circuit to transform impedance of the
20 electrically-small transmission line from a region of relatively high impedance-sensitivity
to a region of relatively low impedance-sensitivity.
[000%]  In some aspecis, the region of relatively high impedance-sensitivity

corresponds a region in an impedance space and the real part of the impedance

corresponds to a value greater than about 100 ohms. In some aspects, the region of

25 relatively low impedance-sensitivity corresponds to a region in an impedance space
wherein the real part of the impedance corresponds to a value less than about 100
chms. In some aspects, the region having the first impedance-sensitivity corresponds to
a region having low impedance-sansitivity and the region having the second
impedance-sensitivity corresponds to a region having high impedance-sensitivity.
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BRIEF DESCRIPTION OF THE DRAWINGS

[00106] Figure 1 shows a substraie processing apparatus for depositing films on

sermiconductor substrates utilizing any number of processes.

[0011] Figure 2 is a biock diagram showing various components of a system
utilized to perform a semiconductor fabrication process, according to an

embodiment,

{0012} Figure 3 shows a power versus time profile of radiofrequency {RF) power
coupled to stations of a multi-station integrated circuit fabrication chamber,

according to an embodiment

{0013} Figure 4 is a diagram showing a RF matching unit coupled through
transmission lines of differing lengths to aload (2.}, along with corresponding
impedance plots in an impedance space, according to an embodiment.

[0034] Figures 5A and 5B depict impedance-sensitivity at a control point of a RF
matching unit responsive to transmission lines of varying lengths, according to an
emnbodiment.

[0035] Figures 64 and 6B are diagrams showing use of an electrically-small
transmission line and reactive components arranged so as to transform impedance
of the control point from a relatively high impedance-sensitivity region of an
impedance space into a relatively low impedance-sensitivity region of an
impedance space, according to an embodiment.

{0016} Figure 7 is a circuit diagram for a transmission line model according to an

embodiment,

DETAILED DESCRIPTION

{0017} In particular embodiments or implementations, impedance transformation in
radio-frequency {RF}-assisted plasma generation may be utilized in a variety of
sermiconductor fabrication processes, such as plasma-based wafer fabrication.
impedance transformation may bring about a capability to more easily control RF
power delivered to one or more stations of a multi-station process chamberin a

manner that permits dynamic adjustment to varying loads presented by the stations of

PCT/US2020/062924
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the process chamber. Such dynamic adjustment provides a real-time capability to
match the impedance of loads presanted by the plasma within the stations o the
source impedance of one or more RF power generators, even as such loads may

undergo significant increases and decreases during the course of a fabrication process.

[,

Hence, RF power delivered to individual stations can be increased, while RF power

reflected from RF power generators may be decreased.

[0018] Certain embodiments or implementations may be utilized with a number of
water fabrication processes, such as various plasma-enhanced atomic layer deposition
{ALD) processes, various plasma-enhanced chemical vapor depaosition {CVD) processes,

10 ormay be utilized on-the-fly during single deposition processes. In certain
implementations, RF power matching networks utilize simplified circuit topologies to
accommodate load changes at any signal frequency, such as medium frequencias {for
example, frequenciss between 300 kHz and 3 MHz}, high frequencies {for example,
frequencies betweesn 3 MHz and 30 MHz}, and very high frequencies {for example,

15 frequencies between 30 MHz and 300 MHz). However, in other implementations, RF
power matching networks may operate at any signal frequency, such as at relatively low
frequencies, such as between 50 kHz and 300 kHz, as well as higher signal frequencies

such as frequencies above 300 MHz.

[00818] 1t should be noted that although particular embodiments described herain may
20 show and/or describe electrically-small transmission lines and reactive elements for use

with 4 stations of a process chamber, in other embodiments, a smaller number of

stations of a process chamber may be utilized, such as 1 station, 2 stations, or 3

stations. In other embodiments electrically-small transmission lines and reactive

elements may be utilized with a farger number of stations of a process chamber, such as
25 5 stations, 6 stations, 7 stations, 8 stations, 10 stations, 12 stations, or any other

number of stations of a process chamber.

0201 Manufacturing of semiconductor devices typically involves depositing one or
more thin films on a planar or non-planar substrate in an integrated fabrication process.
in some aspeacts of the integrated process, it may be useful to deposit thin films that

33 conform to substrate topography. One type of reaction that is useful in some cases

involves chemical vapor depaosition {CVD). In typical CVD processes, gas phasse
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reactants introduced into stations of a reaction chamber simultaneously and undergo a
gas-phase reaction. The reaction products deposit on the surface of the substrate. The
reaction may be driven by plasma, in which case the process may be referred to as a

plasma-enhanced chemical vapor deposition (PECVD) reaction. As usaed herein, the

[,

term CVD is intended to include PECVD unless otherwise indicated. CVD processes have
certain disadvantages that render them less appropriate in some contexts. For
instance, mass transport imitations of CVD gas phase reactions may cause “bread-
loafing” deposition effects that show thicker deposition at top surfaces {e.g., top
surfaces of gate stacks) and thinner deposition at recessed surfaces {e.g., bottom

10 corners of gate stacks)., Further, because some die may have regions of differing device
density, mass transport effects across the substrate surface may result in within-die and
within-wafer thickness variations. These thickness variations can result in over-etching
of some regions and under-etching of other regions, which can degrade device

performance and die yield. Another problem related to VD processes is that they are

[
[9)

often unable to form conformal films in high aspect ratio features. This issue is

increasingly problematic as device dimensions continue to shrink,

[0021] In another example, some deposition processes involve multiple film
deposition cycles, each producing a discrete film thickness. For example, in atomic
fayer deposition {ALD), thin layers of film and used in a repeating sequential matter may
20 be viewed as involving multiple cycles of deposition. As device and features size
continue to shrink in the semiconductor industry, and also as three-dimensional devices
structures become more prevalent in integrated circuit {IC) design, the capability of
depaositing thin conformal films {films of material having a uniform thickness relative to
the shape of the underiying structure, even if non-planar) continues to gain importance.
25  ALD s a film forming technigue which is well-suited to the deposition of conformal films
due to the fact that a single cycle of ALD deposits a single thin laver of material, the
thickness being limited by the amount of one or more film precursor reactants which
may adsorb onto the substrate surface {i.e., forming an adsorption-limited layer) prior
to the film-forming chemical reaction itself. Multiple ALD cycles may then be used to

30 build up a filim of the desired thickness, and since each layer is thin and conformal, the
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resuiting film substantially conforms to the shape of the underlying devices structure,

In certain embodiments, each ALD cyde includes the following steps:
[0022] Exposure of the substrate surface to a first precursor.
[0023] Purge of the reaction chamber in which the substrate is located.

[0024] Activation of a reaction of the substrate surface, typically with a plasma and/or

a second precursor.
{00251 Purge of the reaction chamber in which the substrate is located.

[0026] The duration of an ALD cycle may typically be less than 25 seconds or less than
10 seconds or fess than 5 seconds. The plasma exposure step {or steps) of an ALD cydle

may be of a short duration, such as a duration of 1 second or less,

[0027] Figure 1 shows a substrate processing apparatus for depositing films on
semiconductor substrates using any number of processes. The apparatus 100 of Figure
1 utilizes single processing station 102 of a process chamber with a single substrate
holder 108 {e.g., a pedestal) in an interior volume which may be maintained under
vacuum by vacuum pump 118, Also fluidically coupled to the process chamber for the
delivery of {for example) film precursors, carrier and/or purge and/or process gases,
secondary reactants, etc. is gas delivery system 101 and showerhead 106. Eguipment
for generating plasma within the process chamber is also shown in Figure 1. The
apparatus schematically illustrated in Figure 1 may be adapted for performing, in

particular, plasma-enhanced CVD.

[0028] Forsimplicity, processing apparatus 100 is depicted as a standalone process
station {102) of a process chamber for maintaining a low-pressure environment.,
However, it will be appreciated that a plurality of process stations may be included in a
comman process tool environment-—e.g., within a common reaction chamber—as
described herein. For example, Figure 2 depicts an implementation of a multi-station
processing tool and is discussed in further detail below. Further, it will be appreciated
that, in some implementations, one or more hardware parameters of processing
apparatus 100, including those discussed in detail herein, may be adjusted

programmatically by one or more system controllers.

PCT/US2020/062924
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[0028] Station 102 of the process chamber fluldically communicates with gas delivery
system 101 for delivering process gases, which may include liquids and/or gases, to a
distribution showerhead 106. Gas delivery system 101 includes a mixing vessei 104 for

blending and/or conditioning process gases for delivery to showerhead 106, One or

[,

more mixing vessel inlet valves 120 may control introduction of process gases to mixing

vasse! 104,

[0030] Some reactants may be stored in liguid form prior to vaporization and
subsequent delivery to station 102 of a process chamber. The implementation of Figure
1 includes a vaporization point 103 for vaporizing hguid reactant to be supplied to

10 mixing vessel 104, In some implementations, vaporization point 103 may be a heated
iguid injection module. in some other implementations, vaporization point 103 may be
a heated vaporizer. Invet other implementations, vaporization point 163 may be
eliminated from the process station. In some implementations, a liguid flow controller
{LFC} upstream of vaporization point 103 may be provided for controlling a mass flow of

15 liguid for vaporization and delivery to processing station 102,

[0031] Showerhead 106 distributes process gases and/or reactants {e.g., film
precursors) toward substrate 112 at the process station, the flow of which is controlled
by one or more valves upstream from the showerhead {e.g., valves 120, 1204, 105). In
the implementation shown in Figure 1, substrate 112 is located beneath showerhead

20 106, and is shown resting on a pedestal 108. Showerhead 106 may have any suitable
shape, and may have any suitable number and arrangement of ports for distributing
process gases to substrate 112, In some implementations with two or more stations,
gas delivery system 101 includes valves or other flow controf structures upstream from
the showerhead, which can independently control the flow of process gases and/or

25  reactants to each station such that gas may be flowed to one station but not another.
Furthermore, gas delivery system 101 may be configured to independently control the
process gases and/or reactants delivered to each station in a multi-station apparatus
such that the gas composition provided to different stations is different; e.g., the partial

pressure of a gas component may vary between stations at the same time,

30 [9932] A volume 107 is located heneath showerhead 106. In some implementations,

pedestal 108 may be raised or lowered to expose substrate 112 to voiume 107 and/or
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to vary a volume of volume 107, Optionally, pedestal 108 may be lowered and/or
raised during portions of the deposition process to modulate process pressurs, reactant

concentration, etc., within volume 107,

[0033] In Figure 1, showerhead 106 and pedestal 108 are electrically coupled to radio

Lh

frequency power supply 114 and matching network 116 for powering a plasma
generator. In some implementations, the plasma energy may be controlled {e.g., via a
system controller having appropriate machine-readable instructions and/or control
fogic) by controlling one or more of a process station pressure, a gas concentration, a
source of RF power, and so forth. For example, radio freguency power supply 114 and
10 matching network 116 may be operated at any suitable power to form plasma having a
desired composition of radical species. Likewise, RF power supply 114 may provide RF

powser of any suitable frequency, or group of frequenciss, and power.

[0034] In some implementations, the plasma ignition and maintenance conditions are
controlled with appropriate hardware and/or appropriate machine-readable

15 instructions in a system controller which may provide control instructions via a
sequence of input/output control {I0C) instructions. In one example, the instructions
for setting plasma conditions for plasma ignition or maintenance are provided in the
form of a plasma activation recipe of a process recipe. In some cases, process recipes
may be sequentially arranged, so that all instructions for a process are executed

20 concurrently with that process. In some implementations, instructions for setting one
or more plasma parameters may be included in a recipe preceding a plasma process.
For exampie, a first recipe may inciude instructions for setting a flow rate of an inert
{e.g., helium)} and/or a reactant gas, instructions for setting a plasma generator to a
power st point, and time delay instructions for the first recipe. A second, subsequent

25  recipe may include instructions for enabling the plasma generator and time delay
instructions for the second recipe. A third recipe may include instructions for disabling
the plasma generator and time delay instructions for the third recipe. L will be
appreciated that these recipes may be further subdivided and/or iterated in any

suitable way within the scope of the present disclosure.

3¢ [0035] Insome deposition processes, plasma strikes last on the order of a few

seconds or more in duration. In certain implementations described herein, much
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shorter plasma strikes may be applied during a processing cycle. These may be on the
order of lass than 50 milliseconds, with 25 milliseconds being a specific example.
[0036] Forsimplicity, processing apparatus 100 is depicted in Figure 1 as a standalone

station {102} of a process chamber for maintaining a low-pressure environment.

Lh

However, it may be appreciated that a plurality of process stations may be included ina
multi-station processing tool environment, such as shown in Figure 2, which depicts a

schematic view of an embodiment of a multi-station processing tool.

{0037} Processing apparatus 200 employs an integrated circuit fabrication chamber
263 that includes multiple fabrication process stations, each of which may be used to

10 perform processing operations on a substrate held in a wafer holder, such as pedestal
108 of Figure 1, at a particular process station. in the embodiment of Figure 2, the
integrated circuit fabrication chamber 263 is shown having four process stations, 2513,
252, 253, and 254, as well as 4 cables 266, which provide RF power to sach of the four
process stations through input ports 267. Other similar multi-station processing

15 apparatuses may have more or fewer process stations depending on the
implementation and, for example, a desired level of parallel wafer processing,
size/space constraints, cost constraints, etc. Alse shown in Figure 2 is substrate handler
robot 275, which may operate under the control of system controlier 280, configured to
move substrates from a wafer cassette (not shown in Figure 2} from loading port 280

20 and into integrated circuit fabrication chamber 263, and onto one of process stations

251, 252, 253, and 254.

[0038] Figure 2 also depicts an embodiment of a system cantroller 290 employad to
control process conditions and hardware states of processing apparatus 200. System

controller 290 may include one or more memory devices, one or more mass storage

)
L

devices, and one or more processors. The one or more processors may include a
central processing unit, analog and/or digital input/output conneactions, stepper motor
controller boards, ste. In some embodiments, system controller 280 controls all of the
activities of processing tool 200, System controller 290 executes system control
software stored in a mass storage device, which may be loaded into a memory device,
33 and executed on a hardware processor of the system controller. Software to be

executed by a processor of system controller 286 may include instructions for

10
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controlling the timing, mixture of gases, fabrication chamber and/or station pressure,
fabrication chamber and/or station temperature, wafer temperature, substrate
padestal, chuck and/or susceptor position, number of cycles performed on one or more

substrates, and other parameters of a particular process performed by processing tool

[,

200. These programed processes may include various types of processes including, but
not limited to, processes related to determining an amount of accumulation on a
surface of the chamber interior, processes related to deposition of film on substrates
including numbers of cycles, and processes related to cleaning the chamber. System
control software, which may be executed by one or more processors of system

10 controller 290, may be configured in any suitable way. For example, various process
tool component subroutines or control objects may be written to control operation of

the process tool components necassary to carry out various tool processes.

[003%]  In some embodiments, software for execution by way of a processor of system
controller 290 may includs input/output contral {(I0C) sequencing instructions for

15 controliing the various parameters described above. For example, each phase of
deposition and depaosition cycling of a substrate may include one or more instructions
for execution by system controller 290. The instructions for setting process conditions
for an ALD/CFD deposition procass phase may be included in a corresponding ALD/CFD
deposition recipe phase. In some embodiments, the recipe phases may be sequentially

20 arranged, so that all instructions for a process phase are executed concurrently with
that process phase.
[004G6]  Other computer software and/or programs stored on a mass storage device of
system controller 290 and/or a memaory device accessible to system controlier 290 may
be employed in some embaodiments. Examples of programs or sections of programs for

25  this purpose include a substrate positioning program, a process gas control program, a
pressure control program, a heater control program, and a plasma controf program. A
substrate positioning program may include program code for process tool components
that are used to load the substrate onto pedestal 108 {of Figure 2) and to control the
spacing between the substrate and other parts of processing apparatus 200. A

30 positioning program may include instructions for appropriately moving substrates in

11
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and out of the reaction chamber as necassary to deposit films on substrates and clean

the chamber.

[0041] A process gas control program may include code for controlling gas
cormposition and flow rates and optionally for flowing gas into one or more process
stations prior to deposition in order to stabilize the pressure in the process station. in
some embodiments, the process gas control program includes instructions for
introducing gases during formation of a film on a substrate in the reaction chamber.
This may include introducing gases for a different number of cycles for one or more
substrates within a batch of substrates. A pressure control program may include code
for controlling the pressure in the process station by regulating, for example, a throttle
valve in the exhaust system of the process station, a gas flow into the process station,
etc. The praessure control program may include instructions for maintaining the same
pressure during the deposition of differing number of cycles on one or more substrates

during the processing of the batch.

[0042] A heater control program may include code for controlling the current to
heating unit 110 {of Figure 1) that is used to heat the substrate. Alternatively, the
heater control program may control delivery of a heat transfer gas {such as helium)} to

the substrate.

[0843] Insome embodiments, there may be a user interface associated with systam
controller 290. The user interface may include a display screen, graphical software
displays of the apparatus and/or process conditions, and user input devices such as

pointing devices, keyboards, touch screens, microphones, etc.

[0044]  In some embodiments, parameters adjustad by system controller 290 may
relate to process conditions. Non-limiting examples include proceass gas composition
and flow rates, temperature, pressurg, plasma conditions, ete. These parameters may
be provided to the user in the form of a recipe, which may be entered utilizing the user
interface. The recipe for an entire batch of substrates may include compensated cycle
counts for one or more substrates within the batch in order to account for thickness

trending over the course of processing the batch.

12
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[0045] Signals for monitoring the process may be provided by analog and/or digital
input connections of system controller 280 from various process tool sensors. The
signals for controliing the process may be output by way of the analog and/or digital

output connections of processing tool 200. Non-limiting examples of process tool

[,

sensors that may be monitored include mass flow controilers, pressure sensors {such as
manometars}, thermocouples, ete. Sensars may alsa be included and used to monitor
and determine the accumulation on one or more surfacaes of the interior of the
chamber and/or the thickness of a material layer on a substrate in the chamber.
Appropriately programmed feedback and control algorithms may be used with data

10 from these sensors 1o maintain process conditions.

[0046]  System controller 290 may provide program instructions for implementing the
above-described deposition processes. The program instructions may control a variety
of process parameters, such as DC power level, pressure, temperature, number of
cycles for a substrate, amount of accumulation on at least one surface of the chamber
15  interior, etc. The instructions may control the parameters to operate in-situ deposition

of film stacks according to various embodiments described herein.

{00471 fFor example, the system controller may include control logic for performing
the techniques described herein, such as determining an amount of accumulated
deposition material currently on at least an interior region of the deposition chamber
20 interior, applying the determine the amount of deposited material, or a parameter
derived therefrom, to a relationship between {i} a number of ALD cycles required to
achieve a target deposition thickness, and {ii} a variable representing an amount of
accumulated deposition material, in order to obtain a compensated number of ALD
cycles for producing the target deposition thickness given the amount of accumulated
25  deposition material currently on the interior region of the deposition chamber interior,
and performing the compensated number of ALD cycles on one or more substrates in
the batch of substrates. The system may also include control logic for determining that
the accumulation in the chamber has reached an accumulation limit and stopping the
processing of the batch of substrates in response to that determination, and for causing

33 acleaning of the chamber interior.

i3
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[0048] In addition to the above-identified functions and/or operations performed by
system controller 290 of Figure 2, the controller may additionally control and/or
manage the operations of RF subsystem 285, which may generate and convey RF power

to integrated circuit fabrication chamber 263 via radio frequency input ports 267. As

[,

described further herein, such operations may relate to, for example, determining
upper and lower thresholds for RF power to be delivered to integrated circuit
fabrication chamber 263, determining actual {such as real-time) levels of RF power
delivered to integrated circuit fabrication chamber 263, RF power
activation/deactivation times, RF power on/off duration, operating frequency, and so

10 forth.

[0048]  In particular embodiments, integrated circuit fabrication chamber 283 may
comprise input ports in addition to input port 267 {additional input ports not shown in
Figure 2). Accordingly, integrated circuit fabrication chamber 263 may utilize 8 RF input
ports. In particular embodiments, process stations 251-254 of integrated circuit

15 fabrication chamber 165 may each utilize first and second input ports in which a first
input port may convey a signal having a first frequency and in which a second input port
may convey a signal having a second frequency. Use of dual frequencies may bring
about enhanced plasma characteristics, which may give rise to deposition rates within
particular limits and/or more sasily controlied deposition rates. Dual frequencies may

20 bring about other desirable consequences other than those described herein. In certain
embodiments, freguencies of betweesn about 300 kHz and about 300 MHz may be

utilized.

[00506] In Figure 2, RF power from a RF signal source 276 may be split among four
output channels, which may be coupled to a corresponding one of input port 267 of
25  integrated circuit fabrication chamber 263, in at least particular embodiments, it may
be useful for RF power from a RF signal source 276 to be split into relatively equal
portions {such as about + 1%). Thus, in an example, if RF signal source 276 provides an
output power of 1000 W, about 250 W {+ 134} is conveyed to each of input port 267 of

fabrication chamber 263.

3¢ [0051} Figure 3 shows a power varsus time profile of RF power coupled to stations of

a multi-station integrated circuit fabrication chamber, according to an embodiment. in

14
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Figure 3, the vertical axis indicates delivered power, which corresponds to total power
delivered to a fabrication chamber by a RF distribution unit, such as single-input RF
distribution unit 289, {of Figure 2}. As indicated by the fluctuating profile of the Total
Power Input, power delivered to the single-input RF distribution unit can undergo
significant variations, which may include variations of up to 100W, 150 W, or 200
Watts, for example. Although Figure 3 depicts a Total Power Input along with power
input profiles for first and second process stations {Sta 1 and Sta 2}, in other
embodiments, power may be coupled to a greater number of stations of a multi-station

fabrication chamber, such as 3 stations, 4 stations, 5 stations, and so forth.

[0052] Fluctuations in power deliverad to a single-input RF distribution unit may occur
in response to highly dissimilar RF loads corresponding to an individual station of multi-
station integrated circuit fabrication chamber 263. For example, during transitions
occurring within a station of fabrication chamber 263, such as during purging of gases
utilized during an atomic layer deposition process, a RF load impedance presented by
the individual station {e.g., one of stations 251, 252, 253, 254) may increase. In some
instances, during a purge portion of an atomic layer deposition cycle when precursor
gases are purged or evacuated from a process station, load impedance presented by a
particular station may significantly increase. Such increases in load impedance may
operate to decrease power coupled to the process station. In contrast, during a portion
of an atomic laver distribution cycle when a volume of precursor gases is injected into a
fabrication chamber, input impedance presentad by a particular station of a multi-

station fabrication chamber may significantly decrease.

[0053] As shown in Figure 3, RF power coupled to station 1 {Sta 1) combined with RF
power coupled to station 2 (Sta 2) sums to the Total Power Input. Accordingly,
although not shown in Figure 3, it may be appreciated that if the Total Power input
increases, power coupled to sach station of the multi-station fabrication chamber may
increase proportionally. Additionally, as Total Power input decreases, power coupled to
each station of a multi-station fabrication chamber may decrease proportionally.
However, it may also be appreciated that when Total Power Input to the multi-station

fabrication chamber decreases while power coupled to a particular station {e.g., Sta 1)

15
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increases, power coupled to one or more other stations {e.g., Sta 2} may decrease, so

as to maintain a substantially constant Total Power Input.

[0054] In the example of Figure 3, which may relate to a multi-station fabrication

chamber having two process stations {Sta 1 and 5ta 2}, if Total Power input is held

Lh

steady, such as at a level of 100% of a nominal value, power coupled 1o an individual
station of a multi-station fabrication chamber may remain at a value that approaches,
for example, about 50% of the nominal value. However, also as shown in Figure 3, at
times, RF power coupled to a particular station {e.g., Sta 1} may increase, perhaps for a
brief period in response to, for example, a decrease in load impedance resulting from
10 conversion of a gaseous precursor 1o an ionized plasma material. Responsive to RF
power increasing at Sta 1, RF power coupled to Sta 2 may decrease by an amount
corresponding to the increase for a similar brief period 50 as to sum to the Total Power
input. However, as shown in Figure 3, Total Power Input to the fabrication chamber
may occasionally decrease, which may occur in response to a mismatch between the
15 outputimpedance of the RF power generator and the input impedance of the
fabrication chamber. Under such circumstances, when total power input decreases,
and power to an individual station {e.g., Sta 1} increases, power coupled to a different

station {e.g., Sta 2} may approach the lower threshold shown in Figure 3.

[0855] In particular embodiments, it may be undesirable for power coupled to an

20 individual station to approach or to reach a particular lower thrashold. In some
instances, responsive to power flow to a station of a multi-station fabrication chamber
falling below a lower threshold, the station may represent a high-impedance load.
Accordingly, power coupled to other stations of a multi-station fabrication chamber
may increass, which may undeasirably increase plasma density in the other fabrication

25  stations. In some instances, such increases in power consumption at stations of a muit-
station integrated circuit fabrication chamber may bring about arcing or other
anomalous plasma events. In some instances, power coupling lower than a threshold
fevel may additionally bring about an imbalance in deposition rates occurring within a
multi-station fabrication chamber. Thus, for example, if power coupled to a station falls

30 below a lower threshold at Sta 2, fabrication processes at Sta 2 may be required to be

extended. Such extensions may include additional cycles, such as atomic layer
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deposition cycles, or may involve other additional processing and/or metrology to
determine if such power decreases have negatively impacted guality of a fabricated

wafer.

[0056] Thus, to reduce incidence of power flow falling below a lower threshold, it may
be useful to ensure that RF power coupled from a RF power generator {such as RF signal
source 276} is maintained at a consistent and relatively high level. Accordingly, an
output port, such as an output port of single-input RF distribution unit 289 of Figure 2,
may comprise a matching unit {not shown in Figure 2), which may operate without user
input to insert reactive components {e.g., a series capacitance, a serigs inductance, a
shunt capacitance, a shunt inductance) into the input signal path from RF signal source
276. In some instances, single-input RF distribution unit 289 may make use of one or
more computer processors coupled to one or more memory circuits to permit
execution of a set of computer-implemented instructions {e.g., an algorithm} which may
operate to dynamically insert reactive components into the signal path from BF signal

source 278.

[0087] Figure 4 is a diagram showing a RF matching unit coupled through transmission
lines of first or second lengths to a load impedance {71}, along with corresponding

impedance plots in a representative impedance space, according to an embodiment.

[0058] In Figure 4, diagram 401 shows RF signal source 276 is indicated as providing
an input to single-input RF distribution unit 289. As previously mentioned herein,
single-input RF distribution unit 289 may utilize reactive components {e.g., a series
capacitance, a series inductance, a shunt capacitance, a shunt inductance), which are
indicated as Cser and Cshu in Figure 4. Values of reactive components Cser and Cshu
may be controlied via a computer, so as 1o be dynamically adjusted according to varying
loads presented by an individual station of multi-station integrated circuit fabrication
chamber 263. The load impedance presented by an individual station of fabrication
chamber 263 is indicated as 7, in Figure 4. Although not shown in Figure 4, additional
foad impedances are presented by other stations of fabrication chamber 263 {e.g., St
1, Sta 2, Sta 3, etc.). In particular embodiments, individual station load 72, may
correspond to a load having a relatively small real part and a relatively significant

imaginary part. In the particular example of Figure 4, the impedance measured at the
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plane of Z| may be characterized as having a real impedance value of between about 1-

10 ohms and having an imaginary impedance of between about 10-40 chms,

[0059] In particular embodiments, electrically short cable 266, such as a coaxial cable

between about 35 inches and about 45 inches, may be utilized to couple single-input RF

Lh

distribution unit 289 to an input port of a station of a multi-station integrated circuit
fabrication chamber. Thus, in the example of Figure 4, transforming the load
impedance presented by Z; in representative impedance space 402 from the plans of 2,
to the control point at an output port of single-input RF distribution unit 289
corresponds to rotating the plane of 7 through approximately a fractionof a
10 wavelength in a transmission medium {e.g., a coaxial cable). In thisinstance, a
transmission medium may correspond to a 50-ohm coaxial cable. Accordingly, rotating
the load through a fraction of a wavelength at the signal frequency {with respect to the
center point of representative impedance space 402} transforms the load to an
impedance value corresponding to an impedance having a real component of between
15 about 25-50 ohims and a reactive component of between about 1006-200 ohms.
Representative impedance space 402 shows point {1} being is rotated through an path
{2}, which correspond to approximately a fraction of one wavelength to arrive at point

{3).

[0060] 1t may be appreciated that representative impedance space 402 of Figure 4

20 includes a region of relatively low impedance-sensitivity {corresponding to areas of the
representative impedance space at which real and imaginary components of an
impedance are less than about 100 ohms). Representative impedance space 402 may
additionally include a region of relatively high impedance-sensitivity {corresponding to
areas of the impedance space in which the real and imaginary components of an

25 impedance are greater than about 100 ohims). Thus, it may be appreciated that
rotation of the plane of load impedance 7, through a fraction of a wavelength has the
effect of transforming impedance 7, from a region of low impedance-sensitivity, such as
a region corresponding to relatively low real and imaginary impedances {e.g., a ratio of
reactance to resistance < 2.5}, 1o a region of high impedance-sensitivity, such as a

3¢ region corresponding to relatively high real and imaginary impedances {e.g., a ratio of

reactance to resistance > 2.5). However, as further discussed in relation to Figure 54 in
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some instances, it may be difficult to determine accurate values for reactive
components, such as Cser and Cshu of Figure 4, so as to arrive at capacitive reactance
or inductive susceptance that provide a conjugate match or other type of match that
operates to provide maximum power flow to load impedance Zi and minimum reflected

pOWEr,

[0081] Figures 5A and 5B depict impedance-sensitivity at a control point of a RF
rmatching unit responsive to transmission lines of varying lengths, according to an
embodiment. As depicted in Figure 54, determining real and imaginary components
necessary to bring about a match, such as a conjugate match, resulting in a low
reflection coefficient from if a load impedance positioned in a region of high
impedance-sensitivity, may he problematic. Accordingly, transforming an impedance,
such as through an electrically short transmission line {at a frequency of between 10
and 100 MHz) may result in an undesirably high standard deviation in impedance
introduced by resistive and reactive circuit elements. Thus, efforts to match such loads
may require multiple iterations as resistive and reactive elements are inserted into a
matching network, tested to determine the effect of the insertion of such elements on
a reflection coefficient {or voltage standing wave ratio), and then adjusted and
remeasurad, in an effort to drive the reflection coefficient to below a threshold value.
Such impedance transformation is illustrated in representative impedance space 402 of
Figure 4 in which load impedance Z; at point {1} lies in a region of low impedance-
sensitivity. Rotation of point {1) through path {2) of the representative impedance
space resuits in transformation of load impedance 71 to point {3) within a region of high

impedance-sensitivity.

[0062] However, referring again to Figure 4 al represeniative impedance space 403,
use of a RF cable {268) having a greater electrical length at a frequency of between
about 10 MHz and about 100 MHz may operate to transform load impedance Zy from a
first region of low impedance-sensitivity to a second region of low impedance-
sensitivity. As shown in representative impedance space 403 of Figure 4, rotation from
point {1) through a path {4} to arrive at point {5} corresponds to an impedance
transformation from a point within a region of low impedance-sensitivity 1o a second

point within the region of low impedance-sensitivity. The length of path {4)
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corresponds to the number of wavelengths represented by a 10-20 cable at an
operating frequency of hetween 10 MHz and 100 MHz. In an example, such as that of
Figure 4 {lower right portion)}, a 15-foot coaxial cable transmission Hne represents

slightly more than one-haif wavelength. 1t may also be appreciated that such rotation

[,

through path {4} avoids attempting to provide a conjugate match within a region of high

impedance-sensitivity.

[0063] Figure 5B illustrates uncertainty in real and imaginary impedances
corresponding to point {5) indicated in representative impedance space 403 {of Figure
4}, As shown in Figure 5B, uncertainty surrounding point {3} corresponds to refatively
10 low standard deviation in impedance introduced by reactive elements to provide a
conjugate match. Thus, matching such loads may require anly a single measurement of
reflection coefficient followed by insertion of a suitable resistive and/or reactive circuit

element to drive the measured reflection coefficient to a value below a threshold valus.

[0064] However, it should be pointed out that in addition to regions of low

15 impedance-sensitivity and high impedance-sensitivity, representative impedance spaces
402 and 403 of Figure 4 may include areas of resonance and anti-resonance. For
example, referring to impedance space 403, transformation of load impedance {Z:) from
point {1} to point (5} via an electrically long {s.2., between about 10 feet and about 20
feet} coaxial cable corresponds to crossing resonant and anti-resonant points of the

20 impedance space. For example, transformation of load impedance 7 from point {1}
through path {4} shown on representative impedance space 403 is shown as crossing
point {6}, which may correspond to a point of theoretically infinite impedance. At such
a point, voltage present on a transmission line {e.g., a coaxial cable) may increaseto a
relatively high value while current decreases to a relatively low value. Such high values

25  of voltage occurring in a transmission line responsive to traversing anti-resonant point

{8} may bring about breakdown of a dielectric of the coaxial cable and/or biring about

other undesirable conseguences.

[0065] It should he noted that in particular embodiments, impedance transformation
may take place from a region having a first impedance-sensitivity to a region having a

33 sscond impedance-sensitivity.
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[0068] Path {4} shown on representative impedance space 403 additionally crossas or
traverses point {7), which may represent a point of theoretically 0 {zero) impedance. At
such a point, a voltage present on a transmission line {e.g., a coaxial cable} may

decrease to a very low or negligible value while current increases to a very high value.

[,

Such high values of current may bring about excessive heating of a coaxial cable, which

may damage the coaxial cable and/or RF signal source 276.

[0067] Further, aside from traversal of resonant {e.g., high current/low voltage) points
and anti-resonant {e.g., high voltage/low current} points, use of longer cables, such as a
15-foot cable may bring about other undesirable consequences, such as increased

10 resistive losses. In addition, use of longer cables may give rise to cable routing
concerns, in which excess cable lengths must be coiled, stowed, or otherwise set aside
s as not to interfere with other equipment associated with a fabrication chamber.
Such coiling of excess cable lengths, for example, may give rise to parasitic effects, in
which adjacent sections of a coiled cable interact with one ancther, which may give rise

15 toincreased capacitance which, in turn, can affect characteristic impedance {Z0) of the

cable.

[0068] Thus, for the above-identified reasons, it may be desirable to utilize
electrically-small transmission lines {s.g., an approximately 10-inch to 50-inch coaxial
cable) rather than electrically longer transrission lines {&.g. an approximately 10-foot
20 to 20-foot coaxial cable). in this context, the term “electrically-small” refers toa
transmission line that transforms an impedance from a region of relatively high
impedance-sensitivity to a region of relatively low impedance-sensitivity without
fraversing a transmission line resonance, or a transmission line anti-resonance, at a
frequency less than the frequency of the signal generated by the RF signal generator in
25  a medium of the transmission line. Thus, as an example, a 40-inch transmission line
conveying a signal having a frequency of between 1 MHz and 50 MHz may be
categorized as electrically-small in that transforming a load impedance 2, from point {1)
to point (3} of a representative impedance space does not traverse an anti-resonance
point {6). On the other hand, a 15-foot transmission line conveying a signal having a

30 frequency of between about 1 MHz and 50 MHz may be categorized as not being
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electricaliy-small in that transforming a load impedance 7, from point {1} to point {8) of

a representative impedance space traverses anti-resonance point {8).

[0068] Figures 6A and 6B are diagrams showing use of an electrically-small
transmission line and reactive components arranged so as to transform impedance of
the control point from a relatively high impedance-sensitivity region of an impedance
space into a relatively low impedance-sensitivity region of an impedance space,

according to an embodiment.

[0076] As shown in Figure 6A, an electrically long {e.g., 15-foot) cable is utilized to
transform a load impedance {2}, which represents a load presented by a process
station of muiti-station integrated circuit fabrication chamber 263, As previously
discussed in reference to Figure 4 and 5A and 58, a load impedance {Z) may be
transformed from a first point in a region of low impedance-sensitivity to a second
point in the region of low impedance-sensitivity. Such control may be brought about by
way of a computer-controlled matching network {e.g., via execution of an appropriate
algorithm} at single-input RF distribution unit 289, However, also as previously
mentioned, use of an electrically long {e.z., 15-foot) cable, or other transmission line
that permits traversal of resonant or anti-resonant points of a representative
impedance space, may bring about undesirable consequenceas, such as increased
resistive losses, changes in parasitic capacitance, cable routing/stowage issues, and so
forth.

[0071] Accordingly, to avoid the above-identified shortcomings, an electrically-small
cable, along with an appropriate reactive circuit, may be utilized to transform a load
impedance from the plane corresponding to an input port of a station of a multi-station
fabrication chamber to a desired control point. Particular embodiments may overcome
disadvantages in the use of an electrically- small cable, such as transformation of a load
impedance from a region of low impedance-sensitivity to a region of high impedance-
sansitivity. Accordingly, in Figure 6B, a load impedance {Z,) is shown as being
transformed from point {1} to point {2A). As previously described herein, such
transformation corresponds to transformation of an impedance from a region of low
impedance-sensitivity to a region of high impedance-sensitivity. However, by way of

insertion of a lumped-element shunt inductor {e.g., L1 in Figure 68} the impedance at 3
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control point of single RF distribution unit is moved in a representative impedance
space through a path created by the insertion of L1. Accordingly, it may be appreciated
that such transformation of the impedance of the control point may be desirable in that

such transformation assists in avoiding the necessity of matching at a high impedance-

[,

sensitivity portion of an impedance space. An additional transformation of the load
impedance from an area of high impedance-sensitivity to an area of low impedance-
sensitivity may be achieved through the use of a lumped-element series reactance, such
as insertion of C1 in a circuit, as shown in Figure 6B. i may be appreciated that
insertion of such reactance brings about movement of the control point, such as from

13 point {3A} to point {4} in the impedance space of Figure 6B.

{00721 Thus, in particular embodiments, electrically-small transmission lines may be
utilized to couple a RF distribution unit to an input port to a station of a multi-station
fabrication chamber. Use of such electrically-small transmission lines may avoid various
shortcomings, such as attempting to provide a conjugate match in an area of high

15 Impedance-sensitivity. Such electrically-small transmission lines may be utilized in
conjunction with insertion of circuit elements that bring about capacitive reactance or
inductive susceptance. Use of such circuit elements assists in transforming an
impedance from an area of high impedance-sensitivity back to an area of low
impedance-sensitivity. Further, use of such electrically-small transmission lines, along

20 with appropriate inductive/capacitive circuit elements, which may be coupled as series
devices or shunt devices, may provide relatively low resistive losses, decreased
capacitive coupling, such as among adjacent segments of longer and perhaps coiled
transmission lines as well as avoiding cable routing concerns. in particular
embodiments, through the use of electrically-small transmission lines {such as 1G-inch

25 to 50-inch coaxial cables) resistive loss of a transmission line may be reduced to a
minimal amount, such as below 5%, below 10%, or below 15%. In addition, although
insertion of various circuit elements such as shunt inductors and series capacitors may
give rise to resistive losses. Combined losses, which include transmission line losses as
well as losses from various circuit elements, may be maintained below nominal levels,

30 such as below about 209%.
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[0073] Although the example of Figure 6B utilizes insertion of a shunt inductor to
provide inductive susceptance, and a series capacitor to provide capacitive reactance, in
other embodiments, different circuit topologies may be utilized. Thus, other
embodiments may include various combinations of capacitive elements, inductive
elements, resistive elements, transmission line lengths, etc., according to particular

impedance transformation requirements.

[0074] Figure 7 is a circuit diagram for a transmission line model according to an

embaodiment.

[0075]  In Figure 7, a series inductance {1} and a shunt capacitance {{} are indicated,
The lumped elements of Figure 7 are contrasted with the lumped elements of Figure
6B, in which a series capacitance {C1) and shunt inductance {L1) are utilized. Thus, the
lumped circuit elements of Figure 6B reprasent the opposite {or inverse) of the

standard transmission line model of Figure 7.

[0076]  In the foregoing detailed description, numerous specific details are set forth to
provide a thorough understanding of the presented embodiments or implementations.
The disclosed embodiments or implementations may be practiced without some or all
of these specific details. In other instances, well-known process operations have not
been described in detail 50 as to not unnecessarily obscure the disclosed embodiments
or implementations. While the disclosed embodiments or implementations are
described in conjunction with the specific embodiments or implementations, it will be
understood that such description is not intended to limit the disclosed embodiments or

impliementations.

{00771 The foregoing detailed description is directed to certain embodiments or
implementations for the purposes of describing the disclosed aspects. However, the
teachings herein can be applied and implemented in a multitude of different ways. In
the foregoing detailed description, references are made to the accompanying drawings.
Although the disclosed embodiments or implementation are described in sufficient
detail to enable one skilled in the art to practice the embodiments or implementation,
it is to be understood that these examples are not limiting; other embodiments or
implementation may be used and changes may be made to the disclosed embodiments

or implementation without departing from their spirit and scope. Additionally, it shouid
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be understood that the conjunction “or” is intended herein in the inclusive sense where
appropriate unless otherwise indicated; for example, the phrase “A, B, or C7 is intended
to include the possibilities of “A,” “B,” “C,”" “Aand B,”" “Band {,”" “Aand {,” and “A, B,

and C.”

Lh

[0078]  In this application, the terms “semiconductor wafer,” “wafer,” “subsirate,”

“wafer substrate,” and “partially fabricated integrated circuit” are used

interchangeably. One of ordinary skill in the art would understand that the term

“partially fabricated integrated circuit” can refer to a silicon wafer during any of many

stages of integrated circuit fabrication thereon. A wafer or substrate used in the

10 semiconductor device industry typically includes a diameter of 200 mm, or 300 mm, or
450 mm. The foregoing detailed description assumes embodiments or
implementations are implemented on a wafer, or in connection with processes
associated with forming or fabricating a wafer. However, the claimed subject matter is
not so limited. The work piece may be of various shapes, sizes, and materials. In

15 addition to semiconductor wafers, other work pieces that may take advantage of

claimed subject matter may include various articles such as printed circuit boards, or

the fabrication of printed circuit boards, and the like.

[0078]  Unless the context of this disclosure clearly requires otherwise, throughout the
description and the claims, the words “comprise,” “comprising,” and the like are to be
20 construed in an inclusive sense as opposed to an exclusive or exhaustive sense; that is
to say, in a sense of “including, but not limited to.” Words using the singular or plural
number also generally include the plural or singular number respectively. When the
waord “or” is used in reference to a list of two or more items, that word covers all of the
following interpretations of the word: any of the items in the list, all of the items in the
25 list, and any combination of the items in the list. The term “implementation” refers o
implementations of technigues and methods described herein, as well as to physical
ohijects that embody the structures and/or incorporate the techniques and/or methods

described herein.
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CLAIMS

1. An apparatus for providing signals to a device, comprising:

one or more radiofrequency (RF) signal generators;

one or more electrically-small transmission lines to couple signals from the one
or more RF signal generators to a fabrication chamber; and

a reactive circuit to transform impedance of each of the one or more
electrically-small transmission lines from a region having a first impedance-sensitivity to

a region having a second impedance-sensitivity.

2. The apparatus of claim 1, wherein the reactive circuit comprises at least

series reactance.

3. The apparatus of claim 1, wherein the reactive circuit comprises at least

shunt susceptance.

4. The apparatus of claim 1, wherein the reactive circuit comprises at least

series reactance and shunt susceptance.

5. The apparatus of claim 1, wherein the region having the first impedance-
sensitivity corresponds to a region of relatively high impedance-sensitivity in an
impedance space and wherein the real part of the impedance corresponds to a value

greater than about 100 ohms.

6. The apparatus of claim 1, wherein the region having the second impedance-
sensitivity corresponds to a region of relatively low impedance-sensitivity in an
impedance space and wherein the real part of the impedance corresponds to a value

less than about 100 ohms.
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7. The apparatus of claim 1, wherein the reactive circuit to transform the
impedance avoids the possibility of a resonant transmission line at any frequency less

than the frequency of the signals from the one or more RF signal generators.

8. The apparatus of claim 1, wherein an electrically-small transmission line of
the one or more electrically-small transmission lines corresponds to a transmission line
that transforms an impedance from a region of relatively high impedance-sensitivity to
a region of relatively low impedance-sensitivity without traversing a transmission line
resonance at a frequency less than the frequency of the signal generated by an RF
signal generator of the one or more RF signal generators in a medium of the

transmission line.

9. The apparatus of claim 1, wherein a resistive loss of the electrically-small
transmission line combined with a loss of the reactive circuit correspond to less than

about 20%.

10. The apparatus of claim 1, wherein a resistive loss of the electrically-small

transmission line corresponds to less than 10%.

11. An apparatus, comprising:

an electrically-small transmission line to couple signals from one or more of RF
signal generators to a fabrication chamber; and

a reactive circuit to transform impedance of the electrically-small transmission
line from a region of relatively high impedance-sensitivity to a region of relatively low
impedance-sensitivity, the reactive circuit operating to move an impedance control

point in a direction opposite to the direction moved by a length of transmission line.

12. The apparatus of claim 11, wherein the electrically-small transmission line
corresponds to a transmission line that moves the impedance control point from the
region of relatively high impedance-sensitivity to the region of relatively low

impedance-sensitivity without traversing a transmission line resonance at a frequency
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less than the frequency of the signal generated by the RF signal generator in a medium

of the transmission line.

13. The apparatus of claim 11, wherein the reactive circuit comprises series

capacitive reactance.

14. The apparatus of claim 11, wherein the reactive circuit comprises at least

shunt inductive susceptance.

15. The apparatus of claim 11, wherein the reactive circuit comprises series

capacitive reactance and shunt inductive susceptance.

16. The apparatus of claim 11, wherein the resistive loss of the electrically-small
transmission line combined with the loss of the reactive circuit correspond to less than

about 20%.

17. The apparatus of claim 12, wherein the resistive loss of the electrically-small

transmission line corresponds to less than 10%.

18. An integrated circuit fabrication chamber, comprising:

a plurality of integrated circuit fabrication stations;

one or more input ports for coupling a radio frequency (RF) signal to at least one
of the plurality of integrated circuit fabrication stations;

an electrically-small transmission line to couple signals from one or more of RF
signal generators to the integrated circuit fabrication chamber; and

a reactive circuit to transform impedance of the electrically-small transmission
line from a region of relatively high impedance-sensitivity to a region of relatively low

impedance-sensitivity.

19. The apparatus of claim 18, wherein the region of relatively high impedance-
sensitivity corresponds to a region in an impedance space and wherein the real part of

the impedance corresponds to a value greater than about 100 ohms.
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20. The apparatus of claim 18, wherein the region of relatively low impedance-
sensitivity corresponds to a region in an impedance space and wherein the real part of

the impedance corresponds to a value less than about 100 ohms.

21. The apparatus of claim 1, wherein the region having the first impedance-
sensitivity corresponds to a region having low impedance-sensitivity and wherein the
region having the second impedance-sensitivity corresponds to a region having high

impedance-sensitivity.
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