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SYSTEM, METHOD AND APPARATUS FOR DETECTING DC
BIAS IN A PLASMA PROCESSING CHAMBER

By Inventors:

Alexei Marakhtanov, Rajinder Dhindsa and Ken Lucchesi

BACKGROUND

[1] The present invention relates generally to plasma processing chambers, and more
particularly, to systems, methods and apparatus for accurately detecting the actual DC bias

on a substrate being processed.

[2] Plasma processing is very common in manufacturing semiconductors. Plasma
processing is typically a plasma etch process where plasma ions produced in the plasma
react with an exposed layer of the substrate. The depth the plasma ions can penetrate into
the exposed layer of the substrate is determined by the energy of the plasma ions. The

energy of the plasma ions is at least partially related to the bias applied to the substrate.

[3] Ever higher aspect ratios of depth/width are sought as semiconductor device sizes
become smaller and more densely packed. The higher aspect ratios require plasma ions

with an increased energy level.

[4] One approach to increasing the energy of the plasma ions is to increase the bias
voltage. Unfortunately, as the bias voltage increases, arcing occurs between the substrate
and the processing chamber and between the electrodes and the processing chamber
structures. Further, even relatively small intrusions into the biased region of the substrate
or the plasma electromagnetic field can cause significant disruption of the respective
electrical fields and thus cause localized plasma ion energy fluctuations. Thus resulting in

localized non-uniformities in the plasma etch process.

[5] The typical method and structure used to detect the DC bias of the substrate is a
contact pin. However, the contact pin disrupts the electromagnetic field of the substrate or
the plasma electromagnetic field. Also, as the bias levels increase, arcing can occur
between the substrate and the contact pin. This arcing can damage the contact pin and

distort the detected level of the actual DC bias present.



WO 2013/078047 > PCT/US2012/065080

[6] In view of the foregoing, there is a need for a system, method and apparatus for
more accurately measuring the DC bias without causing corresponding, localized non-

uniformities in the plasma etch process.

SUMMARY
[7] Broadly speaking, the present invention fills these needs by providing a system,
method and apparatus for more accurately measuring the DC bias without causing
corresponding, localized non-uniformities in the plasma etch process. It should be
appreciated that the present invention can be implemented in numerous ways, including as
a process, an apparatus, a system, computer readable media, or a device. Several inventive

embodiments of the present invention are described below.

[8] One embodiment provides a method of measuring a self bias DC voltage on a
semiconductor wafer in a plasma chamber includes generating a plasma in the region
between a top electrode and a top surface of an electrostatic chuck in a plasma chamber
including applying one or more RF signals to one or both of the top electrode and the
electrostatic chuck. The semiconductor wafer is supported on the top surface of an
electrostatic chuck. The self bias DC voltage is developed on the semiconductor wafer. A
vibrating electrode is oscillated to produce a variable capacitance, the vibrating electrode
being located within the electrostatic chuck, An electrical current is developed in a sensor
circuit connected to the vibrating electrode. An output voltage is measured across a
sampling resistor in the sensor circuit and a second DC potential is applied to the vibrating
electrode to nullify the output voltage. The second DC potential is equal to the self bias

DC voltage on the semiconductor wafer.

[9] Oscillating the vibrating electrode can include oscillating the vibrating electrode at
a frequency of between less than about 10 Hz and more than about 100 Hz. The vibrating
electrode can include oscillating the vibrating electrode at an amplitude of between less

than about 0.05 mm and more than about 3.0 mm.

[10] The vibrating electrode can be separated from the top surface of the electrostatic
chuck by a non-conductive layer. The vibrating electrode can be separated from the top

surface of the electrostatic chuck by a ceramic layer.

[11]  The vibrating electrode can be located under a portion of the top surface of the

electrostatic chuck supporting the semiconductor wafer. The vibrating electrode can be



WO 2013/078047 PCT/US2012/065080

substantially centered under the portion of the top surface of the electrostatic chuck

supporting the semiconductor wafer.

[12]  The vibrating electrode can be located under a portion of the top surface of the
electrostatic chuck not supporting the semiconductor wafer. The electrostatic chuck can
include an edge ring and the vibrating electrode can be located under a portion of the edge
ring,

[13] Another embodiment provides a method of measuring a self bias DC voltage on a
semiconductor wafer in a plasma chamber including generating a plasma in the region
between a top electrode and a ceramic layer of a top surface of an electrostatic chuck in a
plasma chamber including applying one or more RF signals to one or both of the top
electrode and the electrostatic chuck. The semiconductor wafer is supported on the
ceramic layer of the top surface of an electrostatic chuck. The self bias DC voltage is
developed on the semiconductor wafer. A vibrating electrode is oscillated at a frequency
of between less than about 10 Hz and more than about 100 Hz to produce a variable
capacitance, the vibrating electrode being located within the electrostatic chuck and
separated from the semiconductor wafer by the ceramic layer. An electrical current is
developed in a sensor circuit connected to the vibrating electrode. An output voltage is
measured across a sampling resistor in the sensor circuit. A second DC potential is applied
to the vibrating electrode to nullify the output voltage, the second DC potential is equal to

the self bias DC voltage on the semiconductor wafer.

[14]  Yet another embodiment provides a system for measuring a self bias DC voltage on
a semiconductor wafer in a plasma chamber. The plasma chamber includes a top
electrode, an electrostatic chuck for supporting a semiconductor wafer and a vibrating
electrode inside the electrostatic chuck. The system also includes at least one RIF source
coupled to at least on of the top electrode and the electrostatic chuck, a sensing circuit
connected to the vibrating electrode, a process gas source and a controller coupled to the at

least one RIF source and the plasma chamber.

[15]  Other aspects and advantages of the invention will become apparent from the
following detailed description, taken in conjunction with the accompanying drawings,

illustrating by way of example the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
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[16] The present invention will be readily understood by the following detailed

description in conjunction with the accompanying drawings.

[17] Figure 1 is a block diagram of a plasma chamber system, in accordance with

embodiments of the present invention.

[18] Figure 2A is a block diagram of a bias voltage detecting circuit, in the plasma

chamber, in accordance with embodiments of the present invention,

[19] Figure 2B is a top view of the electrostatic chuck, in the plasma chamber, in

accordance with embodiments of the present invention.

[20] Figure 3 is a flowchart diagram that illustrates the method operations performed in
measuring the self bias DC voltage, in accordance with embodiments of the present

invention.

[21] Fig. 4 is a block diagram of an integrated system including one or more of the

plasma chamber systems, in accordance with embodiments of the present invention.

DETAILED DESCRIPTION

[22]  Several exemplary embodiments for a system, method and apparatus for more
accurately measuring the DC bias without causing corresponding, localized non-
uniformities in the plasma etch process will now be described. It will be apparent to those
skilled in the art that the present invention may be practiced without some or all of the

specific details set forth herein.

[23] A variable capacitance to the surface of the electrostatic chuck can be used as an
accurate, non-contact DC bias measuring system. The capacitance can be varied by
varying the distance between the plates that form the capacitor at a known amount and at a
known frequency. A detected current flow through the variable capacitance can be used to
calculate the DC bias on the surface of the electrostatic chuck, thus providing a non-

contact system and method for measuring the DC bias.

[24] Figure 1 is a block diagram of a plasma chamber system 100, in accordance with
embodiments of the present invention. The plasma chamber system 100 includes a plasma
chamber 101, an electro-static chuck (ESC) 104, an edge ring 112 in the top surface of the
ESC 104, and a top electrode 106. The top electrode 106 and the ESC 104 can be coupled
to one or more respective RE signal sources 120 or ground potentials as desired for the

specific process. A process gas supply 140 is also coupled to the plasma chamber 101.
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[25] A controller 130 is also coupled to the plasma chamber 101 and the one or more RF
signal sources 120 and the process gas supply 140. The controller 130 includes software,
logic, memory systems, input and output systems to monitor control the system 100
according to a desired recipe or process. The input and output systems include user
interface systems for interacting with a user. The input and output systems also include
networking protocols for communicating data to and from other computer systems and
peripherals (e.g., displays, printers, remote storage and other input and output devices).
The controller 130 can be a standard, i.e., generic computer, or a suitable specialized

computer for the specific application.

[26] The electro-static chuck (ESC) 104 is capable of supporting and securing a
semiconductor wafer 102 thereon. The one or more R signal sources 120 can also

include one or more DC bias sources.

[27] A vibrating electrode 202 is located under or within the ceramic layer 104A of
electrostatic chuck (ESC) 104. In an alternative implementation the vibrating electrode

202’ can be located under the surface of an edge ring 112.

[28] The vibrating electrode 202 is physically separated from the ESC 104 by spaces S1,

S2. The spaces S1, S2 can be between about 0.5 mm and about 5.0 mm.

[29] Figure 2A is a block diagram of a bias voltage detecting circuit 200, in the plasma
chamber 100, in accordance with embodiments of the present invention. Figure 2B is a top
view of the electrostatic chuck 104, in the plasma chamber 100, in accordance with
embodiments of the present invention. The vibrating electrode 202 can be substantially
centered in the electrostatic chuck 104 or offset toward an edge or further offset in a
position 202’ under an edge ring 112. A top surface of the vibrating electrode 202 is
substantially flat and in a plane parallel to the ceramic surface 105 of the electrostatic

chuck 104.

[30] The vibrating electrode 202 has a width of between about 2.0 mm and about 15.0
mm. The vibrating electrode 202 can be any suitable shape. A rounded shape can reduce
the possibility of the vibrating electrode arcing. The vibrating electrode 202 is spaced
away from the adjacent structures by spaces S1, S1°, S2. The vibrating electrode 202 can
vibrate or oscillate an amplitude D. The vibrating electrode 202 is separated from the
semiconductor wafer 102 by a non-conductive layer 104A. The non-conductive layer
104 A between the vibrating electrode 202 and the semiconductor wafer 102 has a

thickness M of between about 1.0 mm and about 5 mm.
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[31] Figure 3 is a flowchart diagram that illustrates the method operations 300
performed in measuring the self bias DC voltage, in accordance with embodiments of the
present invention. The operations illustrated herein are by way of example, as it should be
understood that some operations may have sub-operations and in other instances, certain
operations described herein may not be included in the illustrated operations. With this in

mind, the method and operations 300 will now be described.

[32] In an operation 305, one or more RF signals are applied to one or both of the top
electrode 106 and the electrostatic chuck 104 to generate a plasma 110 in the region
between the top electrode 106 and the top surface 105 of the electrostatic chuck. In an
operation 310, a self DC bias voltage (Vbias) is developed on the semiconductor wafer
102. A DC bias voltage Vbias is the DC potential measured of semiconductor wafer 202

with respect to ground.

[33] Inan operation 315, the vibrating electrode 202 oscillates with amplitude D of
between less than about 0.05 mm and more than about 3.0 mm and with a frequency f of
between less than about 10 Hz and more than about 100 Hz. The frequency f is low
enough to not substantially couple with the R signal applied to the electrostatic chuck
104. The vibrating electrode varies the capacitance between itself and ceramic layer 104A
of the electrostatic chuck 104. The top surface 105 of the ceramic layer 104A of the
electrostatic chuck 104 is charged by the DC biased substrate 102 sitting on the top surface
of the ceramic layer of the electrostatic chuck (i.e., on the opposite side of the ceramic

layer 104A from the vibrating electrode 202).

[34] In an operation 320, the variation of capacitance AC develops an electrical current
in the sensor circuit and which can be measured as an output voltage Vr across a sampling
resistor 204. The sampling resistor 204 is a relatively high resistance (e.g., greater than 1
megaohm and as high as 100 megaohm) to help block the R signals from being conducted
through the resistor 204. The value of Vvar, when circuit current is zero, will be equal to

Vbias developed on the semiconductor wafer 102.

[35] In an operation 325, a second DC potential Vvar can be applied to vibrating
electrode 202 to compensate for the charge on the ceramic surface 105 and nullify current
in the sensor circuit as determined by a zero output voltage across the sampling resistor
204. The method operations can then end. The second DC potential Vvar is equal to the

DC self bias voltage on the semiconductor wafer 102.
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[36] The circuit 200 provides dynamic, insitu measurement of wafer DC self bias
voltage on the semiconductor wafer 102 with a high accuracy and without physically
touching the semiconductor wafer 102 or interfering with the plasma electronic field. The
second DC bias voltage (Vbias) can vary as the RI signals interfere constructively and

destructively with each other.

[37] In an exemplary implementation the vibrating electrode 202 width W is 10 mm and
oscillates with amplitude D of 0.2 mm at a frequency f of 20 Hz. The variable capacitance
of the capacitor formed by the vibrating electrode 202 to ceramic layer 104A can be used

to measure the DC bias voltage (Vbias) as follows:
q=Co
[=q=0¢ [dC/dt]

Vr=Rq=Re [dC/dt]
AC = §A/Ad

[38] Where q is the charge on the capacitor formed by the vibrating electrode 202 to
electrostatic chuck 104. C is the capacitance of the capacitor formed by the vibrating
electrode 202 to electrostatic chuck 104. ¢ is wafer DC self bias voltage (e.g., 100v). Iis
the current. dC is the derivative of C. dtis the derivative of time. Vris the output voltage
across sampling resistor 204. R is the resistance of the sampling resistor 204 (e.g., 20

megaohms). AC is the change in capacitance of the capacitor formed by the vibrating
electrode 202 to electrostatic chuck 104. €A is the air gap dielectric constant times an

area of the vibrating electrode 202. AD is the variation in amplitude D.
[39] Thus the relationships above can be resolved as follows:
[= @ [dC/dt] = 100 x [3.47x107%/0.05] = 6.94 nA
With R = 20 megaohms then voltage Vr across resistor 204 equals 0.139 v

[40] Fig. 4 is a block diagram of an integrated system 400 including one or more of the
plasma chamber systems 100, in accordance with embodiments of the present invention.
The integrated system 400 includes the one or more of the plasma chamber systems 100,
and an integrated system controller 410 coupled to the plasma chamber(s) in a single
factory 402. The integrated system controller 410 includes or is coupled to (e.g., via a

wired or wireless network 412) a user interface 414. The user interface 414 provides user
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readable outputs and indications and can receive user inputs and provides user access to

the integrated system controller 410.

[41] The integrated system controller 410 can include a special purpose computer or a
general purpose computer. The integrated system controller 410 can execute computer
programs 416 to monitor, control and collect and store data 418 (e.g., performance history,
analysis of performance or defects, operator logs, and history, etc.) for the plasma chamber
system(s) 100. By way of example, the integrated system controller 410 can adjust the
operations of the plasma chamber system(s) and/or the components therein (e.g., pressures,
flow rates, bias signals, loading and unloading of the substrate 102, etc.) if data collected

dictates an adjustment to the operation thereof.

[42] With the above embodiments in mind, it should be understood that the invention
may employ various computer-implemented operations involving data stored in computer
systems. These operations are those requiring physical manipulation of physical quantities.
Usually, though not necessarily, these quantities take the form of electrical or magnetic
signals capable of being stored, transferred, combined, compared, and otherwise
manipulated. Further, the manipulations performed are often referred to in terms, such as

producing, identifying, determining, or comparing.

[43] The invention can also be embodied as computer readable code on a computer
readable medium. The computer readable medium is any data storage device that can store
data, which can thereafter be read by a computer system. Examples of the computer
readable medium include hard drives, network attached storage (NAS), read-only memory,
random-access memory, CD-ROMs, CD-Rs, CD-RWs, DVDs, Flash, magnetic tapes, and
other optical and non-optical data storage devices. The computer readable medium can
also be distributed over a network coupled computer systems so that the computer readable

code is stored and executed in a distributed fashion.

[44] It will be further appreciated that the instructions represented by the operations in
the above figures are not required to be performed in the order illustrated, and that all the
processing represented by the operations may not be necessary to practice the invention.
Further, the processes described in any of the above figures can also be implemented in
software stored in any one of or combinations of the RAM, the ROM, or the hard disk

drive.

[45]  Although the foregoing invention has been described in some detail for purposes of

clarity of understanding, it will be apparent that certain changes and modifications may be
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practiced within the scope of the appended claims. Accordingly, the present embodiments
are to be considered as illustrative and not restrictive, and the invention is not to be limited
to the details given herein, but may be modified within the scope and equivalents of the
appended claims.

What is claimed is:
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Claims

1. A method of measuring a self bias DC voltage on a semiconductor wafer in a
plasma chamber comprising:

generating a plasma in the region between a top electrode and a top surface of an
electrostatic chuck in a plasma chamber including applying one or more RF signals to one
or both of the top electrode and the electrostatic chuck, wherein the semiconductor wafer is
supported on the top surface of an electrostatic chuck;

developing the self bias DC voltage on the semiconductor wafer;

oscillating a vibrating electrode to produce a variable capacitance, the vibrating
electrode being located within the electrostatic chuck;

developing an electrical current in a sensor circuit connected to the vibrating
electrode;

measuring an output voltage across a sampling resistor in the sensor circuit; and

applying a second DC potential to the vibrating electrode to nullify the output
voltage; wherein the second DC potential is equal to the self bias DC voltage on the

semiconductor wafer.

2. The method of claim 1, wherein oscillating the vibrating electrode includes
oscillating the vibrating electrode at a frequency of between less than about 10 Hz and

more than about 100 Hz.

3. The method of claim 1, wherein oscillating the vibrating electrode includes
oscillating the vibrating electrode at an amplitude of between less than about 0.05 mm and

more than about 3.0 mm.

4. The method of claim 1, wherein the vibrating electrode is separated from the top

surface of the electrostatic chuck by a non-conductive layer.

5. The method of claim 1, wherein the vibrating electrode is located under a portion

of the top surface of the electrostatic chuck supporting the semiconductor wafer.
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6. The method of claim 5, wherein the vibrating electrode is substantially centered
under a portion of the top surface of the electrostatic chuck supporting the semiconductor

wafer.

7. The method of claim 1, wherein the vibrating electrode is located under a portion

of the top surface of the electrostatic chuck not supporting the semiconductor wafer.

8. The method of claim 1, wherein the electrostatic chuck includes an edge ring and

wherein the vibrating electrode is located under a portion of the edge ring.

9. The method of claim 1, wherein the vibrating electrode is separated from the top

surface of the electrostatic chuck by a ceramic layer.

10. A method of measuring a self bias DC voltage on a semiconductor wafer in a
plasma chamber comprising:

generating a plasma in the region between a top electrode and a ceramic layer of a
top surface of an electrostatic chuck in a plasma chamber including applying one or more
RF signals to one or both of the top electrode and the electrostatic chuck, wherein the
semiconductor wafer is supported on the ceramic layer of the top surface of an electrostatic
chuck;

developing the self bias DC voltage on the semiconductor wafer;

oscillating a vibrating electrode at a frequency of between less than about 10 Hz
and more than about 100 Hz to produce a variable capacitance, the vibrating electrode
being located within the electrostatic chuck and separated from the semiconductor wafer
by the ceramic layer;

developing an electrical current in a sensor circuit connected to the vibrating
electrode;

measuring an output voltage across a sampling resistor in the sensor circuit; and

applying a second DC potential to the vibrating electrode to nullify the output
voltage; wherein the second DC potential is equal to the self bias DC voltage on the

semiconductor wafer.

11. A system for measuring a self bias DC voltage on a semiconductor wafer in a

plasma chamber comprising:
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a plasma chamber including:
a top electrode;
an electrostatic chuck for supporting a semiconductor wafer; and
a vibrating electrode inside the electrostatic chuck;

at least one RF source coupled to at least on of the top electrode and the

electrostatic chuck;
a sensing circuit connected to the vibrating electrode;
a process gas source; and

a controller coupled to the at least one RF source and the plasma chamber.

12. The system of claim 11, wherein the vibrating electrode is capable of oscillating at

an amplitude of between less than about 0.05 mm and more than about 3.0 mm.

13. The system of claim 11, wherein the vibrating electrode is separated from the top

surface of the electrostatic chuck by a non-conductive layer.

14. The system of claim 11, wherein the vibrating electrode is separated from the top

surface of the electrostatic chuck by a ceramic layer.

15. The system of claim 11, wherein the vibrating electrode is located under a portion

of the top surface of the electrostatic chuck supporting the semiconductor wafer.

16. The system of claim 15, wherein the vibrating electrode is substantially centered
under a portion of the top surface of the electrostatic chuck supporting the semiconductor

wafer.

17. The system of claim 11, wherein the vibrating electrode is located under a portion

of the top surface of the electrostatic chuck not supporting the semiconductor wafer.

18. The system of claim 11, wherein the electrostatic chuck includes an edge ring and

wherein the vibrating electrode is located under a portion of the edge ring.

19. The system of claim 11, wherein the vibrating electrode is capable of oscillating at

a frequency of between less than about 10 Hz and more than about 100 Hz.
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