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Figure 10 
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WAFER PROBE FOR MEASURING PLASMA AND 
SURFACE CHARACTERISTICS IN PLASMA 

PROCESSING ENVIRONMENTS 

RELATED APPLICATIONS 

0001. This is a continuation-in-part of U.S. patent appli 
cation Ser. No. 10/194526, filed Jul. 12, 2002. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of the Invention 
0003. This invention relates generally to apparatus and 
methods in which Surface-based Sensors measure incident 
charged-particle currents, charging Voltages, temperatures 
and other physical parameters at a work piece Surface during 
plasma processing, and more particularly to a Semiconductor 
wafer utilizing Surface-based Sensors to provide real time 
measurement of plasma characteristics adjacent to the wafer 
Surface as well as Select physical properties during plasma 
processing. 

0004 2. Brief Description of the Prior Art 
0005 Spatial and temporal variation in plasma charac 
teristics and the work piece Surface temperature can Strongly 
influence the performance and yield of plasma-based pro 
cesses, Such as those encountered in Semiconductor manu 
facture. In Such processes, variations in physical plasma 
parameters that occur adjacent to the process work piece 
directly impact process metrics which may include the 
following: (1) etch rates and etch profile control, (2) Surface 
charging effects and device or film damage, and (3) thin film 
deposition rates, density, coverage, morphology, StreSS and 
adhesion. Some common plasma parameters that drive Sur 
face processes on a work piece, Such as a Semiconductor 
Substrate wafer, include charged-particle density and flux 
(ion and electron density), apparent electron temperature, 
ion energies, neutral gas temperature, density and flux of 
reactive gas Species, and plasma radiative emissions. It is 
also known that Surface temperature of the work piece or 
wafer can play a very critical role in many of the Surface 
reactions and results of the plasma process. 
0006 Because of the criticality of both plasma charac 
teristics and Substrate temperature and their impact on 
process yield, Several workers have attempted to monitor 
plasma characteristics and Surface temperatures during pro 
ceSSes by means of diagnostic probes that are directly 
mounted to a work piece, Such as a Semiconductor wafer 
Substrate. In these devices, diagnostic probes Such as ther 
mocouples, DC-biased electrical probes, ion energy analyZ 
ers, and Surface charging collectors have been used to 
measure Spatial and temporal variation of Surface tempera 
ture, Selected plasma parameters, and plasma-induced charg 
ing effects. One such device is the Stanford Plasma On 
wafer Real Time (SPORT) probe as described in an article 
by S. Ma and J. P. McVittie in the proceedings of the 1996 
International Symposium on Plasma Process-Induced Dam 
age pg. 20-23. The SPORT probe is capable of measuring 
electroStatic charging and plasma-induced currents at the 
wafer surface. The SPORT probe utilizes large conductive 
pads placed on a thick oxide layer of a Silicon wafer. 
Polysilicon leads make direct current contact to the pads and 
the silicon substrate. Wire leads connected to the edge of the 
wafer carry current and Voltage Signals outside the plasma 
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processing chamber to a low pass RF filter to a dc measure 
ment circuit. By means of the external measurement circuit, 
plasma induced charging Voltages are measured between the 
pads and the Substrate in order to quantify plasma induced 
electroStatic charging effects that could result in damage to 
electrically Sensitive Semiconductor device Structures during 
plasma processing and fabrication. 
0007 Another apparatus is described in U.S. Pat. No. 
5,801,386 issued to Valentin N. Todorov et al. This patent 
discloses an apparatus that comprises a plurality of conduc 
tive collector pads for detection of plasma induced ion 
currents and Self-biased Voltages. The collector pads are 
arranged in an array So that plasma-induced properties of ion 
current and Self-bias Voltage can be spatially resolved over 
the wafer Surface in real time. Each collector pad is con 
nected to a conductive lead that extends outside the chamber 
to an external data acquisition System. 

0008 Also in U.S. Pat. No. 5,959,309 entitled “Sensor to 
Monitor Plasma Induced Charging Damage, Tsui, et al. 
describe a discrete monitoring circuit that measures the 
plasma-induced Voltage and currents to a Sampling pad or 
antenna that is in communication with a ground or common. 
In this device, the Sampling pad is connected to ground 
through a blocking diode, a blocking transistor, and a Storage 
capacitor. Once the monitor is exposed to the plasma, the 
Voltage between the charged pad or antenna and the elec 
trical common or ground is recorded by charging a Storage 
capacitor. The workers also disclosed how a plurality of 
these monitors, each with different loading resistances, can 
be integrated onto a Single chip to measure the magnitude of 
the charging Voltage and the plasma-induced current 
between the antenna and common or ground of the chip. The 
charging Voltage and pad-to-common currents are deter 
mined by electrically measuring the Voltages of the Storage 
capacitors after the Sensor or chip is removed from the 
plasma processing environment. 
0009 Freed et al. describe the development of sensor 
methods in “Autonomous On-Wafer Sensors for Process 
Modeling, Diagnostic and Control” (IEEE Transactions on 
Semiconductor Manufacturing, Vol. 14, No. 3, pp. 225-264). 
This paper describes the basic design challenges faced in the 
development of an in Situ or in-line wafer Sensor including 
power Source concepts, wireleSS communications methods, 
and electrical isolation of on-wafer electronics. In their 
examples, they illustrate two design concepts. In the first 
design concept is an on-wafer thermistor Sensor powered 
with re-chargeable batteries and Voltage regulator. The 
design also includes an A/D converter and LED optical 
communication electronics for transferring data off the 
wafer in a thermally elevated process environment and a 
plasma etching environment. In another version of the 
design, the workers illustrate how a van der Pauw sheet 
resistance device may be adapted with CMOS processing 
methods for measuring polysilicon etch rates. They demon 
strate the viability of this sensor with a wired wafer as 
applied to a XeF2 (non-plasma) etching reactor. These 
devices have varying degrees of effectiveness in monitoring 
the wafer temperature or the characteristics of a plasma body 
adjacent to the wafer when disposed in a plasma processing 
environments. However, all the examples of the prior art 
have Several limitations that restrict their use for obtaining 
real-time plasma and Substrate temperature measurement 
within a plasma processing System. Many of these measur 
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ing devices are intrusive in that they require the use of wires 
into the plasma processing System and others are passive 
recording devices that cannot make real-time measurements. 
Also, those devices that do not use external wires are limited 
in on-time operation and power Supply current draw since 
they rely entirely upon on-board battery power Sources that 
have limited milliamp-per-hour capacity or limited Sustain 
able trickle current capacity when attempting to power a 
Sizable array of Sensors, microprocessor(s) and wireless 
communication Subsystems. Moreover, in the context of 
these in Situ measurement apparatuses, none of the prior art 
teachings discuss in detail how to devise a Sensor capable of 
obtaining plasma measurements, Such as charged-particle 
(ion or electron) fluxes, densities and energies that can be 
adapted to a wireleSS Sensing apparatus. 

0010. It would be desirable if there were provided a 
Surface-based Sensor apparatus that could make Spatially 
resolved, real-time measurements of plasma properties adja 
cent to the Surface of the apparatus, as well as other 
properties Such as Surface temperature. It would also be 
desirable if the device were non-invasive to the plasma 
proceSS and if the time-dynamic data recorded by the device 
could be either transmitted in real-time through a wireleSS 
interface or, alternatively, be recorded for downloading once 
the Sensor apparatus is removed from the plasma proceSS 
chamber. It would be further desirable if the device had a 
Self-contained power Supply means that did not rely entirely 
upon the limited lifetime or trickle current ratings of a 
battery or alternative conventionally power source. 

SUMMARY OF THE INVENTION 

0.011 There is provided by this invention apparatus and 
methods for making real time measurements of physical and 
electrical properties within a plasma processing environ 
ment. Properties measured by Sensor apparatus of the inven 
tion include incident plasma currents, charging Surface Volt 
ages, optical emissions, Surface temperatures, and other 
plasma related parameters. The apparatus generally com 
prises at least one integrated Sensor circuit mounted on a 
work piece Such as a Silicon wafer Substrate. The apparatus 
is disposed into a plasma processing System and exposed to 
the plasma for purposes of obtaining measurements of the 
plasma processing environment. The apparatus also com 
prises a wireleSS communication transceiver disposed to 
transmit Sensor measurement data from the Substrate outside 
the plasma processing System. 

0012 Embodiments of the invention include sensor appa 
ratus comprising a dual floating probe to measure ion 
currents from the plasma, a topographical dependent charg 
ing Structure to measure plasma induced Surface charging 
effects, filtered photodiodes to measure optical emissions 
Signals, a thermal Sensing device to monitor Surface tem 
perature, or combinations thereof. The Sensor inputs are 
transmitted to a central microprocessor and transceiver that 
is provided for processing Sensor Signals, memory Storage, 
and real-time transmission of data via infrared- or rf-wire 
leSS communication to a receiver outside the plasma cham 
ber. 

0013 To power the apparatus, a battery is contained 
within the apparatus to provide power to the integrated 
Sensor devices, microprocessor and wireleSS transceiver. 
Alternately, the apparatus may include one or more topo 
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graphically dependent charging Structures to electroStati 
cally couple power from the plasma boundary that is then 
regulated and used to provide all or part of the power to the 
apparatus electronics. 
0014. In one embodiment of the invention, a sensor probe 
apparatus comprises Sensors that detect triggering events for 
gating and Synchronization of other probe Sensors in a 
pulsed plasma processing System. By triggering Sensors on 
Specific physical events of the plasma, noise or aliasing 
asSociated with un-gated, averaged measurements taken in a 
pulsed plasma environment can be reduced or avoided. In 
addition, gating and Synchronization of data collection con 
Serves the limited onboard memory and power resources that 
may be available in an in-situ diagnostic probe device. 
0015 The invention is particularly useful in spatial and 
real-time monitoring of plasma and Substrate conditions in 
plasma-based non-depositing processes Such as etching, 
photo-resist Stripping or Surface cleaning. Devices and tech 
nology of the invention are also Suitable for use in other 
plasma applications and proceSS environments. For 
example, embodiments may be employed in the production 
of flat panel displays, architectural glass, Storage media, and 
the like. Substrates comprising technology of the invention 
may include but are not limited to all Semiconductor Sub 
Strates (silicon, gallium arsenide, germanium or others), as 
well as micro machine Substrates, quartz, Pyrex and poly 
meric Substrates. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0016 FIG. 1 illustrates a simplified cross-sectional view 
of a Semiconductor manufacturing process chamber in 
which to utilize the Sensor apparatus for measurements 
acroSS the Surface of a wafer or work piece; 
0017 FIG. 2a illustrates the sensor apparatus of the 
invention as manufactured on a Silicon wafer Substrate and 
which is comprised of a plurality of integrated circuit 
Sensors and a central microprocessor with wireleSS commu 
nication capability; 
0018 FIG. 2b illustrates the sensor apparatus of the 
invention as manufactured on a vacuum compatible work 
piece and which is comprised of a plurality of integrated 
circuit Sensors and a central microprocessor with wireleSS 
communication capability; 
0019 FIG. 3 illustrates a schematic diagram that is 
representative of the electrical architecture of invention in 
which output of a discrete Sensor is collected by micropro 
ceSSor with Signal processing and wireleSS communication 
capability; 

0020 FIG. 4 illustrates a schematic diagram that is 
representative of electrical architecture of invention in 
which the analog output of a plurality of discrete Sensors are 
transmitted to a central microprocessor with multiplexing, 
analog-to-digital conversion, Signal processing and wireleSS 
communication capability; 
0021 FIG. 5 illustrates a schematic diagram that is 
representative of electrical architecture of invention in 
which a plurality of discrete Sensors have an integrated 
analog-to-digital and Signal conditioning capability and are 
digitally tied to a central microprocessor with Signal pro 
cessing and wireless communication capability; 
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0022 FIG. 6a illustrates the diagram of an integrated 
Sensor which includes a thermocouple or thermistor device 
for monitoring Surface temperatures, a dual-floating Lang 
muir probe for monitoring ion currents and apparent electron 
temperature, one or more topographical dependent charging 
Structures for monitoring plasma-induced Surface charging 
effect; 
0023 FIG. 6b illustrates the diagram of an integrated 
Sensor which includes a thermocouple or thermistor device 
for monitoring Surface temperatures, a dual-floating Lang 
muir probe for monitoring ion currents and apparent electron 
temperature, one or more topographical dependent charging 
Structures for monitoring plasma-induced Surface charging 
effect, Signal conditioning circuitry and a microprocessor for 
analog-to-digital conversion of Sensor output and Serial 
communication; 
0024 FIG. 7 illustrates a block diagram of a dual floating 
probe (DFP) structure with a typical current-voltage 
response curve when exposed to a plasma and Voltage bias 
Signal; 

0.025 FIG. 8 illustrates a capacitively-coupled circuit for 
pulsing the DFP device and the typical current response 
when exposed to a plasma; 
0.026 FIG. 9 illustrates a topography dependent charging 
(TDC) structure in the presence of a plasma and means by 
which a Voltage is induced on the Structure by a plasma; 
0027 FIG. 10 illustrates how multiple TDC structures 
can be ganged together to provide power to one or more 
DC-to-DC converter sub-components in order to power 
multiple integrated Sensors, 

0028 FIG. 11 illustrates an a surface charging structure 
utilizing Stacked capacitors, 

0029 FIG. 12a illustrates how a TDC structure sensor 
can be dynamically loaded to obtain current and Voltage 
characteristics for the purpose of measuring current flux and 
Surface charging effects resulting from ion transport within 
the TDC structure; and 

0030 FIG. 12b is a graph that illustrates a load line and 
power line obtained from the loaded TDC device diagnostic 
circuit. 

0.031 FIG. 13 illustrates the use of optical emission 
Sensors with band-pass optical filters in accordance with one 
embodiment of the invention. 

0.032 FIG. 14 illustrates an example of gating and syn 
chronizing Sensor measurements in a pulsed-RF plasma 
processing System in accordance with an embodiment of the 
invention. 

0.033 FIG. 15 illustrates an example of gating and syn 
chronizing Sensor measurements in a pulsed-DC plasma 
processing System in accordance with an alternative embodi 
ment of the invention. 

DETAILED DESCRIPTION 

0034) Referring to FIG. 1 there is illustrated an apparatus 
10 that is capable of making real-time measurements of 
incident plasma current flux and Surface temperatures of a 
work piece in a plasma processing System 12. In this 
particular illustration a diagnostic probe 14 is comprised of 
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a Silicon wafer Substrate that incorporates plasma probe and 
Surface temperature diagnostic circuitry and wireleSS com 
munications and a Stored power System. In the preferred 
embodiment, the probe 14 is powered up outside the plasma 
processing System 12 to enable diagnostic communications 
prior to use for real-time measurements. The plasma pro 
cessing System of FIG. 1 is one of many possible plasma 
processing Systems and is presented here to illustrate the 
function and use of the present invention. The processing 
System is comprised of a vacuum processing chamber 16, a 
pumping manifold 18, a plasma Source electrode mounted to 
the top of the chamber 20, a gas delivery manifold or gas 
Shroud 22, gas flow and power connections to the plasma 
Source electrode 24, a wafer chuck 26 with clamp ring 28, 
RF power, fluid coolant, lifting pin, and helium backside 
cooling Services to the chuck 30, and a load lock transfer 
Stage with mechanical roboticS 32 to manipulate the wafer 
into the chamber 16 onto the chuck 26. Plasma 34 is ignited 
to perform an etching or deposition proceSS on the Surface of 
the wafer at which time the apparatus Sensors and micro 
processor is triggered to collect Surface properties or plasma 
properties in close proximity to the apparatus Surface in real 
time. An on-board wireless transceiver System 36 is used to 
communicate data and instruction with a base Station trans 
ceiver 38 outside the plasma processing System. The base 
station transceiver 38 allows for communication of data and 
instructions between the Software of the external computer 
40 and the probe 14 in real time. Alternatively, it is possible 
to have the probe collect information inside the process and 
then download data once it is removed from the process 
chamber. 

0035) In the preferred embodiment the sensors can be 
fabricated on a Semiconductor wafer Such as a 200 mm or 
300 mm diameter silicon wafer. However, they may also be 
fabricated on any proceSS work piece Such as a ceramic, 
plastic, metal or glass work piece Surface that can be 
introduced into the vacuum chamber. These configurations 
are illustrated in FIGS. 2a and 2b respectively. FIG. 2a 
shows how an array of Spatially distributed Sensor elements 
42 are disposed on the semiconductor wafer 14 with mul 
tiple interconnects 44 for communication and/or power 
distribution from a central processor and wireleSS commu 
nication subsystem 46. FIG.2b shows how a similar device 
with Sensors 42, interconnects 44 and central processor with 
wireleSS communication module 46 could be patterned on 
any flat article or work piece 14 to be placed into the plasma 
processing System. 
0036) There are three specific architectures of interest 
that may be used in within the apparatus of the present 
invention. These are given as 

0037 (1) single-point sensing devices with dedi 
cated Single conditioning circuitry, analog-to-digital 
(A/D) converter, micro-processor, wireless commu 
nications and power Source; 

0038 (2) multiple-point or distributed sensing 
devices with analog and control Signals multiplexed 
to a central Signal condition circuitry, A/D converter, 
micro-processor, wireleSS communications and 
power Source; and 

0039 (3) multiple-point or distributed sensing 
devices with dedicated Signal conditioning circuitry, 
A/D converter, local power Source and with Serial 
communications to a central micro-processor, wire 
leSS communications and power Source. 
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0040. The choice of any particular architecture is depen 
dent upon the need for collecting real-time Spatial informa 
tion, use of materials and manufacture constraints, and data 
collection issues related to noise immunity and Speed of data 
collection over a distributed Serial or multiplexed electrical 
System. These basic architectures are described in more 
detail hereinafter. 

0041. There are three sensor devices or means that are of 
particular interest for measurement of parameters at the 
work piece Surface or from the adjacent plasma body. These 
Sensors are used in examples to illustrate the operation and 
function of the apparatus. These Sensors are: 

0042 a) a thermal Sensing element, Such as a ther 
mocouple or thermistor, for measuring work piece 
temperatures, 

0043 b) a dual-floating Langmuir probe (DFP) for 
measuring plasma ion current fluxes, apparent elec 
tron temperatures and estimates of ion and electron 
densities, 

0044 c) a topographically dependent charging 
(TDC) devices for measuring Surface charging 
effects and for coupling power from the plasma 
sheath. 

004.5 The common aspect of these particular sensor 
devices is that they are examples of Sensing devices that can 
be electrically floated and thus they are viable for Sensing 
proceSS properties on a work piece when the work piece is 
electrically floating or if there is an active RF self-bias 
applied to the work piece. In Such cases there can be no 
ground connection between the processing System ground 
and the work piece. These Sensing devices may be used 
alone or in certain combinations depending upon the needs 
or the application. While these three Specific devices are 
used to describe the apparatus or the present invention, there 
are other possible Sensors that may be used in the context of 
the apparatus, which are described in the following Speci 
fication. 

0.046 FIG. 3 is an illustration of a single point sensing 
architecture of the apparatus of the present invention. The 
Sensors are mounted to a Surface of the wafer 14 Such that 
they are exposed to the flux of charged-particle Species from 
the plasma 34. In this case the multiple Sensors include 
electrodes to a dual-floating Langmuir probe 48, a Surface 
temperature Sensor 50, topographically dependent charging 
sensors 52 with varying aspect ratio and a TDC bank 54 that 
feeds a voltage to a DC-DC converter and regulator 56 for 
optional or auxiliary Sensor power. A protective package 58 
is used to shield most all other electronics from the exposure 
to the plasma environment. The Supporting electronic archi 
tecture includes a Sensor Signal power and conditioning 
circuit 60, an A/D converter Section for analog signals 62, a 
central microprocessor 64, additional memory 66, a crystal 
oscillator 68 and the wireless transceiver 36 that includes a 
radio antenna 70. Alternately, the transceiver maybe infrared 
LEDs 72 as a means for wireless communications. The 
wafer also includes an energy Source 74 which may be a 
capacitor or battery that powers the System through a 
magnetic reed switch 76 and DC-DC regulator 56. This 
particular arrangement is preferred when temporal data from 
the Sensors is a critical Single point or Zone that is required 
to monitor the phenomenon in real-time. 
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0047 FIG. 4 is an illustration of a multiple-point or 
distributed Sensing architecture wherein Several Sensor Sig 
nals are multiplexed to a central Signal condition circuitry, 
A/D converter, or microprocessor. AS with the prior archi 
tecture, the Sensors are mounted to a Surface of the wafer 14 
Such that they are exposed to the flux of charged-particle 
Species from the plasma 34. However in this arrangement, 
several multi-sensor modules 78 are separate from the 
electronics enclosure 58, yet have communication lines 80 
to a multiplexing component 82. In this manner, the Signal 
from Several multi-sensor modules, which may be built up 
from repeated hybrid devices or System-on-chip modules, 
can be spatially polled through an array of distributed 
communication lines 84. Each multi-sensor module 78 
includes electrodes for the DFP48, the Surface temperature 
sensor 50, and a TDC sensor 52 for recording surface 
charging. An optional TDC bank 54 may be included in a 
separate module package 88 in order to power the DC-DC 
converter and regulator 56 for optional or auxiliary Sensor 
power. In this multiplexing arrangement, the Supporting 
electronic architecture includes the multiplexer 82, the Sen 
Sor Signal power and conditioning circuit 60, the A/D 
converter Section for analog signals 62, the central micro 
processor 64, additional memory 66, the crystal oscillator 68 
and wireleSS transceiver 36 that has either the radio antenna 
70 or the infrared LEDs 72 as a means for wireless com 
munications. AS with the first architecture, the Second archi 
tecture includes an energy Source 74 which may be a 
capacitor or battery that powers the System through the 
magnetic reed switch 76 and DC-DC regulator 56. This 
particular arrangement is preferred when temporal and Spa 
tial data from several replicated sensor modules 78 can be 
collected with little risk of noise and interference along 
patterned communication lines 80 and 84. It would be 
economical to use this particular architecture as the collec 
tive elements of the central microprocessor, Signal condi 
tioning circuit, and multiplexer could be incorporated into a 
Single Application Specific Integrated Circuit (ASIC) com 
ponent or, alternatively, into an integrated multi-chip hybrid 
circuit. Also, with this architecture, it is possible to use a 
hermetically Sealed electronics package for enclosure 58 and 
electrically insulated connections to deposited or printed 
conductive traces for communication lines 80 and 84 and 
connections 94 between TDC auxiliary power bank 54 and 
DC-DC regulator 56. Such preferred methods of fabrication 
would allow the apparatus to be fabricated on a Semicon 
ductor wafer 14 with materials that are compatible with 
Semiconductor plasma processing environments. 
0048 FIG. 5 is an illustration of a multiple-point sensing 
architecture wherein Several replicated Sensing modules 
with dedicated Signal conditioning circuitry, A/D converter, 
and optional TDC-base power Source are connected to a 
central microprocessor and wireleSS transceiver through 
shared Serial communications. In this version of the archi 
tecture several sensor modules or subsystems 78 are 
mounted to a Surface of the wafer 14 Such that the Sensing 
components are exposed to the flux of charged-particle 
species from the plasma 34. Each sensor module 78 is 
comprised of a DFP sensor 48, a temperature sensor 50 and 
at least one TDC sensor 52. An additional bank of TDC 
devices 54 may be used to couple power from the plasma 
boundary to a DC-DC regulator 56 to locally power the 
Sensor module when operated in the presence of a plasma. 
In order to make local measurements, each Sensor module 78 
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has a Sensor Signal power and conditioning circuit module 
96, a local microprocessor 98 with A/D conversion 100 and 
isolation for serial communications 102. Data is transmitted 
to the central processor 64 within package 58 through 
communication lines 103 and serial interface 106 as distrib 
uted along a shared Serial buS 108. AS with previous appa 
ratus architectures, the main microprocessor module 64 has 
additional memory 66, a crystal oscillator 68 and a wireless 
transceiver 36 that has either a radio antenna 70 or infrared 
LEDs 72 as a means for wireless communications. The 
module also includes an energy Source 74 which may be a 
capacitor or battery that powers the System through a 
magnetic reed Switch 76 and DC-DC converter 56. This 
arrangement is preferred when temporal and Spatial data 
from several replicated sensor modules 78 can be fabricated 
from an ASIC or hybrid circuit component. The digital 
communications between the Sensors and the central pro 
ceSSor should provide good immunity to noise and address 
common mode Voltage issues Since analog signals are not 
being Spatially routed over the apparatus Surface. Moreover, 
the localized Sampling and Storage capability of the local 
microprocessors 98 may enable faster Sampling rates and 
real-time transmission of the Sensor data when compared to 
a multiplexed architecture as illustrated in FIG. 4. 
0049. As mentioned earlier, the surface sensor devices 
could be fabricated from a hybrid circuit components or an 
ASIC to form the replicated sensor modules 78 as shown in 
FIGS. 4 and 5. Such modular sub-components could be 
mounted on a discrete circuit Substrate Such as a ceramic or 
high temperature thermal plastic with output leads bonded to 
patterned interconnections on the wafer 14. Alternatively, 
the Sensor modules and interconnections could be patterned 
directly into the surface of a silicon wafer 14 to provide an 
integrated sensor array. FIGS. 6a and 6b show a represen 
tative top view of sensor modules. In particular FIG. 6a 
shows a layout of a sensor module 78 as applicable to the 
multiplexed architecture of FIG. 4. This sensor module 
includes DFP collection probes 48, Surface temperature 
sensor 50 and four separate TDC sensors 52 along with 
bondable pad connections 110 to the various sensors. FIG. 
6b shows a layout of a sensor module 78 as applicable to the 
serial architecture of FIG. 5. Along with the DFP collection 
probes 48, surface temperature sensor 50 and TDC sensors 
52, this module also includes a secondary TDC bank 54 for 
local power generation, DC-DC converters 56, Signal con 
ditioning circuitry 60, a local microprocessor 98 with A/D 
100 and isolated serial communications 102, and bondable 
pads connections for Serial communications 112 and distri 
bution of auxiliary power 114. 
0050. With respect to surface temperature sensing 
devices, there are three types that may be used. These 
include 1) thermocouples and thermistors that are encapsu 
lated in integrated circuit package for Surface mounting to 
the wafer and which provide a varying bi-metal Voltage or 
electrical impedance with respect to temperature, 2) IC 
packaged thermocouple or thermistors which have inte 
grated electronics and which provide a digital output of 
temperature and 3) thermocouple or thermistor devices that 
have been patterned and integrated into the Surface of the 
wafer with conventional Semiconductor-IC manufacturing 
methods. Those thermal Sensors that are based on IC pack 
ages are economically advantageous in architectures where 
hybrid electronics are used, but because of their local 
thermal mass, they provide only an estimated measure of the 
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wafer Surface temperature. Sensors that are fabricated 
directly into the wafer surface are preferable because of their 
exactness, but their use can involve considerable cost in 
pattering and manufacture when compared to IC Surface 
mount devices. 

0051) Detailed knowledge of plasma parameters in prox 
imity to the wafer surface can be extremely helpful in 
understanding the dynamics of plasma-based processes. 
Spatial and temporal measurements of plasma parameters 
Such as ion current flux, charged-particle density, electron 
energies (or apparent electron temperatures) and ion ener 
gies are physical parameters of the plasma that directly 
influence rates and quality of Surface modification and 
material deposition and etching. In the preferred embodi 
ment of this invention, the double-floating Langmuir probe 
or DFP is used to collect Some of these plasma parameters. 
Described in the early 1950s, the double-floating Langmuir 
probe allows one to obtain I-V characteristics of a plasma 
between two conductive probes that are allowed to electri 
cally float apart from an electrical common or ground. A 
detailed description of the DFP diagnostic technique and 
theory has been given by Swift, J. D. and Schwar, M. J. R., 
Electric Probes for Plasma Diagnostics, Chapter 7, pp. 
137-155, (Elsevier, N.Y., 1969). 
0.052 FIGS. 7a and 7b illustrate the basic working prin 
ciples of the DFP. Two planar conductive probes 48 are 
isolated from the wafer Surface 14 and exposed to plasma 
34. A floating bias potential 116 is induced between the 
probes to force a net current 118 through the plasma and 
DFP circuit. When placed at relatively high bias potentials, 
the net DFP current is limited by ion current flux 120 to the 
negatively biased probe Surface due to the rejection of 
electrons currents 122 to the probe; this is known as the ion 
Saturation current. The ion current 124 and electron current 
126 to the Second probe compensate in order to Sum all 
plasma currents to Zero. When the probes are nearly Sym 
metric and the plasma is relatively uniform acroSS the 
surface, an I-V trace 128 is produced that is similar to 
back-to-back diode I-V characteristics shown in FIG. 7b. 
The saturating current regions 130 and 132 correspond to 
ion saturation currents 120 and 124 respectively. The inter 
mediate region of the I-V curve 134 is determined by the 
electron currents 122 and 126 between the probes and may 
be used to determine the apparent electron temperature, 
<T>, which is indicative of “high-energy electron popu 
lation of the electron energy distribution as manifested at the 
boundary of the wafer surface 14. 
0053. The current characteristics versus bias voltage for 
a Symmetric double-floating probe is approximated by 

e(Vo - vote) (1) ldFP a lar tanh T 
e 

0054 where I is the ion saturation current, Vo is the 
floating potential of the probes when no bias is applied, 
V is the differentially applied probe voltage, and T is the 
apparent electron temperature. Equation 1 may be modified 
to take into non-ideal Situations that include effective probe 
area expansion with increasing bias potential, asymmetric 
probe areas, non-uniform plasmas and non-Maxwellian 
electron energy distributions. The conventional analysis that 
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results in Eq. 1 is for a DC floating DFP case, but there is 
no-where in the prior art where workers experimentally or 
theoretically examined the DFPI-V characteristics when the 
DFP is placed on an RF-biased workpiece. Without analysis 
or experimentation, one may Suspect that an RF-bias 136 
would distort the I-V characteristics and potentially con 
found the probe technique and analysis. Such distortion 
could be due to RF modulation of the plasma sheath bound 
ary and potential disruption of electron currents 122 and 126 
to the probe electrodes 48. As a result the I-V characteristics 
properties under RF-biased conditions might not resemble 
128 or follow Eq. 1 when the wafer 14 is placed on an RF 
biased electrode, as often done in plasma processing SyS 
temS. 

0055) To see how the DFP sensor responds in the pres 
ence of an RF-bias signal, an arrangement shown in FIG. 8a 
was prepared in which Several pairs of Square DFP alumi 
num thin film probes 48 (-0.7 cm) were sputter-deposited 
over a 200 mm silicon wafer 14 with a ~1.5 um thick 
insulating oxide 140. The probes were attached to an exter 
nal AC floating power Source 142 that was Swept with at 
peak differential voltage about 40 V at 30 Hz to simulate 
a slow Voltage Sweep. Currents were Sensed with a floating 
resistor and a differential voltage probe. The silicon wafer 
was placed in a commercial oxide etching chamber which 
had a 13.56 MHz inductively-coupled plasma source with 
planar induction coil (top) and a 13.56 MHz capacitively 
coupled electrode (bottom) in a manner commonly used in 
high-density plasma Semiconductor manufacture, i.e. With 
the wafer on the bottom capacitively-coupled electrode 144 
to provide an RF induced Self-bias in order to accelerate ions 
to the wafer Surface. In order to inject the AC signals without 
disrupting the RF induced Self-bias, two pairs of balanced 
series RF resonant choke filters tuned to 13.56MHz, 146 and 
27.12 MHZ 148 were placed in line with low pass filters 150 
to allow external injection of the 30 Hz AC Sweep yet allow 
the wafer and DFPS to follow RF signal and obtain an 
effective self-bias of several hundred volts of -100 to -300 
V. Such RF blocking circuits have been commonly used in 
plasma-based diagnostic Systems and manufacturing fixtures 
in order to mix DC or low frequency AC signals without 
perturbing concurrent RF-Signals and circuitry within the 
processing system. The measured I-V trace of the DFP under 
RF self-bias conditions is shown in FIG. 8b. The oscillo 
scope trace shows the 30 Hz sinusoidal Sweep 152 and the 
responding DPF current 154. After accounting for small 
displacement current offset due to parasitic capacitances 
between the probes and the shape of the sinusoidal DFP 
Voltage Sweep, it is clear that the measured I-V trend is 
virtually identical to that seen with no RF self-bias. This 
suggests that the DFP diagnostic method can effectively be 
used to Sample plasma charged-particle characteristics even 
in the presence of an RF-induced negative Self-bias of 
several hundreds of volts. 

0056 To corroborate the unexpected result and to make 
certain that the balanced RF blocking filter mechanism has 
no bearing on the experimental results, an analysis of the 
dual-floating Langmuir probe theory was made which 
included the effects of a high-amplitude common-mode RF 
Signal, as induced by the RF Self-bias, on top of the floating 
V signal in the electron currents to the probes. The 
analysis assumes that ion transport across the plasma sheath 
above the RF-biased wafer is relatively constant with time as 
is the case when operating at well above 1 MHz. Provided 
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this assumption, the classic I-V characteristics of the DFP 
diagnostic method given in Eq. 1 are retained, despite the 
presence of the high-amplitude common-mode RF signal. 
Thus both experimental and theoretical analyses show that 
the DFP diagnostic method can provide good measurements 
of ion Saturation currents and apparent electron temperatures 
in accordance with the classical DFP diagnostic method. It 
should be noted that the experimental result and theoretical 
analysis for the DFP diagnostic as disposed on an RF-biased 
work piece have not been discussed or taught in the prior art, 
yet the unique result has great utility in that it provides a 
viable in Situ plasma Sensor for the apparatus of the present 
invention. 

0057. In order to practically implement the DFP diagnos 
tic technique on an in Situ Sensor module, it is necessary to 
provide a floating probe bias mean that may be completely 
contained within the electrically floating apparatus. Such a 
means is illustrated in FIG. 9, wherein the DFP pads 48 are 
capacitively-coupled through isolation capacitorS 156 and 
158 to an input signal from a storage capacitor 160 and 
charge-pump circuit 162 tied to a floating common 164. In 
this circuit, two field effect transistors (FETs) 166 and 168 
are used to allow the flow of current through DFP device and 
to reset the charging condition prior to Sampling the DFP 
current and Voltage. A Sampling resistor 170 is used to Sense 
DFP current and a voltage divider 172 is used to sample the 
DFP bias voltage level. The signal trends against time are 
also illustrated in FIG. 9. The representative signal levels 
show how the DPF current is allowed to flow through the 
circuit and plasma 34 once the DFP. FET 166 is turned 
on. At this time the apparatus microprocessor Samples the 
I, current and DFP bias level. For repeated Sampling under 
the same or different DFP bias levels, it is necessary to 
equalize or reset the charge State of the isolation capacitors 
156 and 158. This is accomplished through a shunting FET 
168 that is turned on between DFP pulses and A/D sampling. 
The circuit illustrated in FIG. 9 allows one to sample the 
DFP current and Voltage dynamically as the bias Voltage and 
responding DFP current relaxes in time or, alternatively, at 
discretely pulsed intervals and bias level as controlled 
through the charge-pump circuitry and timing of the DFP 
pulse and A/D sampling. Moreover, the circuit of FIG. 9 can 
be adapted to other electrically floating Sensing devices Such 
as photodiodes detection devices for light emission diag 
nostic methods, thermistors, various micro-electro-mechani 
cal (MEM) sensors and other impedance-based sensing 
devices. 

0058. The topographically dependent charging (TDC) 
device is another component that has Several possible appli 
cations in the apparatus of the present invention. FIG. 10 
illustrates the general principles of the TDC device 52. The 
TDC device is generally comprised of a substrate 174, a 
lower conductive electrode 176, a patterned insulator with 
relatively high aspect ratio lines or holes with Sub-micron 
dimensions 178 and a top conductive electrode 180. The 
typical dimensions for a TDC device is an opening of <1 um 
with aspect ratios that are about 5 or greater. For example, 
a typical TDC device may have a hole or line opening of 0.3 
um and feature depth of 1-1.5 um. When exposed to a 
plasma, the differences in ion and electron transport to the 
top electrode 180 and the buried bottom electrode 176 
results in a positive potential on the bottom electrode. This 
charging effect is well known in the industry Since Such 
charging effects can influence the quality producing high 
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aspect ratio Sub-micron features and can lead to Surface 
charging effects that result in device damage during Semi 
conductor IC manufacture. 

0059. This charging effect is well known in the industry 
Since Such charging effects can influence the quality pro 
ducing high aspect ratio Sub-micron features and can lead to 
Surface charging effects that result in device damage during 
Semiconductor IC manufacture. Such Surface charging and 
potential charge damage effects are dependent upon the 
plasma conditions and Spatial uniformity of the plasma. 
Thus one use of the TDC in the present invention is a 
monitor of Static charges acroSS Various TDC devices with 
varying aspect ratioS for Spatial and temporal measure of 
Surface charging effects. 
0060 An application of the TDC device is also shown in 
FIG. 10. In this case the TDC 52 provides a source of DC 
power to various electrical components and Sub-Systems that 
have been illustrated in the various proposed architectures. 
Since the TDC devices provide a DC potential from the 
charged carrier transport against the plasma boundary, they 
may be used as a continuously charged power Source when 
the plasma is active. AS with a battery or Storage capacitor, 
a TDC-based power source would also need a DC-DC 
converter to adjust and regulate the power to appropriate DC 
voltage levels. In this application the top electrode 180 of the 
TDC is used as the local common. As an example, the TDC 
may power one DC-DC converter 182 for the charge pump 
and sampling circuitry 184 for the DFP diagnostic system 
186 and a second DC-DC converter 188 to power a local 
microprocessor 190 used for sampling, A/D conversion and 
serial communications. The power available from the TDC 
device or bank of TDC devices is limited by the ion current 
flux collected at the base electrode 176 and effective DC 
potential when electrically connected to a load. A typical 
processing plasma System may have ion current flux densi 
ties on the order of 1-5 mA/cm’, and under typical RF 
Self-bias Voltages of a few hundred Volts, the charging of a 
TDC device may be several 10s of volts. Thus the power 
density that may be derived is as much as much as 0.1 
W/cm for a TDC structure that has 40% open ion collection 
area. Thus a 1-2 cm TDC device or bank exposed to a 
plasma could be integrated with a DC-DC converter to 
provide the same DC power of a 3.2 V coin battery with a 
peak trickle-current rating of about 30 mA. In general, the 
power derived from the TDC device may be used as an 
auxiliary Source or DC power for Sensor devices or for 
recharging of the main charge capacitor or battery. 

0061 While we illustrate a TDC device for providing 
auxiliary electronic power from the plasma process, other 
chargeable Structures, Such as a thin film capacitor Stack, 
which is patterned on the wafer Surface, may also serve this 
purpose. AS with the TDC Structure, Such a device can 
accumulate a net DC charge and thus provide a differential 
DC voltage when it is exposed an RF bias in a plasma 
process. This DC voltage may then be regulated by a DC-DC 
converter in order to power the device electronics or to 
recharge the device battery. The principle of Such a charging 
capacitor 192 is illustrated in FIG. 11. In this illustration, the 
charging capacitor may be formed from a bottom conductive 
electrode 194 attached to the base of the Substrate or wafer 
174, an insulating thin film 196 and a top conductive 
electrode 198. Various multi-layer, inter-digitated capacitor 
configurations can be used to increase the capacitance. 
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When the Substrate is exposed to a plasma and, more 
particularly, to an RF bias, a net DC Voltage is Sustained 
acroSS the insulator. With the appropriate Selection of insu 
lating film thickness, dielectric constant and capacitor area, 
a charging device may be constructed to provide the appro 
priate DC Voltage and current capacity levels for auxiliary 
power generation. For example, Such an electrically floating 
capacitive device with collection area of ~10 cm can 
provide a net DC voltage on the order of 1 to 10 V and draw 
currents on the order of 100s of microamperes. 

0062 FIG. 12a illustrates an application of the TDC for 
the apparatus of the present invention wherein the loaded 
I-V characteristics or “load-line' of the TDC device is 
probed. In this configuration, the bottom conductive elec 
trode 176 of a TCD sensor device 52, or several TDC 
devices of varying aspect ratios, are individually tied to a 
FET 200. The FET is operated in a linear resistive region 
through a controlled gate Voltage Signal 202. The output of 
the FET is connected to a current sensing resistor 204 which 
is tied to common or the top electrode of the TDC 180 and, 
thereby, allows one to sample the draining TDC current 206 
as the loading resistance of FET is changed. A high imped 
ance voltage divider 208 is used to sample the voltage of the 
loaded TDC device. In this manner both one may collect a 
load-line characteristic of the TDC device when exposed to 
the processing plasma environment. 

0063 A typical load-line characteristic is illustrated in 
FIG. 12b as it might arise from a TDC structure. TDC 
Structures with different aspect ratio may provide Somewhat 
different load lines when exposed to different plasma pro 
cessing environments and RF biases. AS described earlier, 
the TDC device voltage and current arises from the differ 
ences between net ion and electron transport through the 
TDC structure when exposed to a plasma. When the top and 
bottom electrodes of the TDC device are connected (short 
circuit), it is possible to drive a current through the connec 
tion as the net negative electron flux is allowed to neutralize 
the net positive ion flux that reaches the bottom electrode. 
When the connection between top and bottom electrodes is 
open (open circuit), a voltage is Sustained due to the imbal 
ance of charged-particle fluxes and net accumulation of 
positive charge at the base of the device. The exemplary 
load-line characteristic of FIG. 12b shows the response of 
the TDC device's current and voltage as it is loaded between 
the shorted and open conditions. ASide from the aspect ratio 
and Scale of the TDC structure, the TDC device load-line is 
determined by factors that influence the Spatial density, 
effective mass, phase Velocity and energy of charged Species 
to the TDC. These factors can include gas preSSure, plasma 
chemistry, power density, chamber Surface conditions and 
RF bias levels. AS Such, a detailed measure of the load line 
response of one or several TDC devices can provide far 
more Subtle information about the plasma processing con 
ditions than just the open-circuit Voltages or short-circuit 
currents. Moreover, the load-line provides a power line that 
can be used to match the output of TDC devices to DC-DC 
converter circuitry when using the TDC devices as a DC 
power Source in the apparatus architecture. 

0064. It should be noted that while a FET is specifically 
used in this illustration as the means by which to collect the 
loaded I-V characteristics of the TDC sensing device, there 
may be other methods by which to electrically load the TDC 
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device and Sense the I-V response and, thereby, quantify the 
State of charged-particles of the plasma adjacent to the 
SCSO. 

0065 While any practical method of fabrication may be 
used to form the probing component of the apparatus of the 
present invention, there are Several pragmatic issues that 
have bearing on its ultimate use. Some of these issues 
include the Selection of materials, limit in thermal range of 
operation, profile or height and balance, and chemical 
robustneSS and compatibility with the processing vacuum 
environment, and deign features to limit wear of compo 
nents after cycled use. The following list emphasizes Some 
of the common design constraints. 

0066 1) The probing component should be vacuum 
compatible and should not steadily outgas any Sig 
nificant compounds that would contaminate the pro 
ceSS or proceSS chamber. Also, when placed under 
high bias potential, the Sputtered Surface materials 
should not contaminate the proceSS or proceSS cham 
ber. 

0067 2) For most applications related to plasma 
processes, the electrical components and materials 
placed into the vacuum processing chamber should 
be able to operate at the peak temperature levels 
usually observed. AS an example, for common etch 
ing operations materials that are rated to 125 C. are 
appropriate. 

0068] 3) For complex hybrid or ASIC-based cir 
cuitry that contain multiple interconnections to other 
Sub-System electronics, hermetically Sealed packag 
ing should be used or monolithically thick dielectric 
coatings should be considered with optional use of 
metal electroStatic Shielding from deposited thin 
films. 

0069 4) The overall height of the probing compo 
nent that enters into the vacuum processing chamber 
should be Small enough to pass through conventional 
load-lock gate valves and associated Slits with the aid 
of conventional handling Systems and robotics. This 
clearance height is usually 1 cm or less. The probing 
component should also be well balanced for manipu 
lation with common handling mechanisms. Such as 
lifting pins, robotic paddles and rollers. 

0070) 5) The probing device should be electrically 
Self-contained and operable when placed in a plasma 
and stimulated with an RF-self bias, as would be the 
case for wafer or work piece in a conventional 
plasma processing System. 

0071 6) The apparatus should be constructed so as 
to allow wireleSS communications in either or two 
modes: first, in real-time from within processing 
System and Second, post process download from the 
processing System chamber or load lock or from 
outside the processing System altogether. 

0072 7) The features and scale of sensor devices 
within the probing apparatus should be relatively 
Small to allow Spatial resolution of Surface tempera 
tures or plasma body properties. The Scale of each 
sensor is preferably, but not limited to, 1 cm. 
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0073) 8) In order to capture a transient response of 
a process, it is desirable that the Storage or reporting 
or real-time data be triggered by a Sensor measure 
ment Such as an anticipated Signal threshold, Signal 
Slope, or Statistical deviation. AS Such it is desirable 
that apparatus be able to record Sensor responses just 
before or at the advent of the process being moni 
tored. 

0074) While thermal sensors, the DFP device and the 
TDC device have been mentioned in detail here, it is clearly 
understood by one skilled in the art that the apparatus may 
include any number of additional Sensors. These may 
include MEMs devices, optical sensor, bulk resistivity 
devices that are Sensitive to rates of etching, curing or 
deposition or inducement or magnetic fields. In Some pro 
cesses, MEMS devices might be particularly useful Sensors 
in that they are often fashioned from materials that are 
compatible with plasma-based process environments. One 
examples of a useful MEMs device is a CMOS-based 
resonant beam Sensor. Such Sensors use a micro-machined 
cantilevered mechanism whose Stimulated resonant fre 
quency is dependent upon thermal and mass properties of 
the beam when exposed to the heat flux of the plasma, 
gaseous chemical absorbance, or mass changes due to reac 
tive gas etching or deposition. 
0075 Some examples of useful MEMS sensor technology 
include the following devices. A Single-chip resonant beam 
gas sensor as described by Hagleitiner et al., “A Single-chip 
CMOS Resonant Beam Gas Sensor' 2001 IEEE Interna 
tional Solid-State Circuits Conference, Feb. 6, 2001. This 
device which was designed to detect the mass absorption of 
Volatile organic compounds could be used in conjunction 
with present invention to monitor the mass absorption, 
accumulation or removal as related to a plasma assisted 
process. Another example is a Hall magnetic Sensor as 
described by Frounchi et al. “Integrated Hall Sensor Array 
Microsystem,” 2001 IEEE International Solid-State Circuits 
Conference, Feb. 6, 2001. This integrated micro-sensor is a 
device for monitoring magnetic field Strengths and could be 
used to monitor magnetic fields that are routinely used to 
enhance in plasma processing System to either control or 
enhance the process. Another device is micro-Scale retarding 
field energy analyzer (or ion energy analyzer) as described 
by Blain, et al., “High-resolution submicron retarding field 
analyzer for low-temperature plasma analysis, Applied 
Physics Letters, Vol. 75, pp. 3923, 1999. This device shows 
how a Submicron-level ion energy analyzer could be con 
Structed as a Sensor on a patterned wafer. Such a device 
could be effectively operated with an electrical variant of 
dual floating probe circuitry as described earlier in order to 
obtain ion energy distributions for this type of analyzer. In 
yet another class of Sensing technology are various inte 
grated thin film optical photo Sensor or photo spectrometer 
Sensors that incorporate thin-film bandwidth specific optical 
filters that are fabricated with conventional CMOS chip 
fabrication methods. Optical emission and absorbance has 
been widely used to study the ultraViolet, optical and infra 
red spectra of processing plasmas for process development 
and control. 

0076 Optical sensors such as photodiodes, with or with 
out passive optical filtering, can also be used to measure 
optical emission as radiated to the Surface of the work piece. 
Use of multiple optical emissions Sensors can enable the 
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measure of multiple wavelength intensities as would be 
required for in Situ actinometry or other optical emission 
Spectroscopy methods. 

0077 FIG. 13 illustrates the use of optical emission 
Sensors with band-pass optical filters in accordance with one 
embodiment of the invention. Photo diode sensors 202 and 
204 are disposed upon the Surface of a wafer-based diag 
nostic plasma probe, as for example the probe illustrated in 
FIG. 2a. Photo diode sensors 202, 204 are irradiated by 
photo emission 210 from the plasma environment in which 
the probe is deployed. Optical sensors 202, 204 convert the 
plasma radiance to electrical Signals corresponding to the 
intensity of radiant energy received. Active biasing is 
optionally provided to increase Sensitivity of the Sensors. 
The output of the photo diode sensors 202, 204 is transmit 
ted to the processing electronicS 220 of the plasma probe 
device for analysis and correlation with properties of the 
plasma process. The inputs from photo diode Sensors may be 
multiplexed, as has been described previously in connection 
with other embodiments of the invention. 

0078. As further illustrated in FIG. 13, band-pass filters 
206 and 208 are disposed upon sensors 202,204 in order to 
limit the radiance received by the Sensors to predetermined 
Spectral bands. Alternatively, band-pass filters that permit 
transmission of multiple Spectral bands may be employed. 
Optical emission Sensors of the invention may include 
commonly available band-pass filtered components, as for 
example integrated photo diodes comprising narrow and 
ultra-narrow infrared, optical and ultraviolet filters with 
full-width-half-maximum band-pass of +/-1 to +/-10 nm. 
Alternatively, a photo diode array (PDA) combined with a 
gradient optical filter and multi-channel Sampling electron 
ics provides a more complete optical emission signature of 
the plasma over a broad Spectral range. In other embodi 
ments, composite lenses or optically occluding elements are 
included in front of the photo diode, permitting an array of 
Sensors to be formed over a diagnostic probe device with 
Selective lines-of-Sight for obtaining spatially and tempo 
rally resolved optical emission Signatures. 

0079. By obtaining optical emission measurements using 
multiple, differently filtered photodiodes, actinometric quan 
tification of ion and neutral density concentrations in the 
plasma proceSS is possible. In one example, photocells 
disposed upon a diagnostic plasma probe are used to obtain 
a measure of the relative level of a processing gas Species 
Such as reactive atomic fluorine (F) in a CF/Ar discharge. 
In this example, filtered photo diode Sensors measure photo 
emission intensities at both the 750.4 nm line of Ar, a neutral 
gas species, and the 703.7 nm line of F. By analyzing the 
ratio of the intensities of the two emission lines, a relative 
estimator is obtained of free fluorine, which is a critical 
reactant in many Si and SiO, etching processes. Combined 
with in Situ measurements of other parameterS Such as 
Surface temperature and ion Saturation current, as provided 
for example by other Sensors of the invention, actinometric 
analysis is used to characterize process dynamics with 
metrics that are most immediately correlated with the physi 
cal chemistry of the plasma processing activity. 

0080. In another example, photocells disposed upon a 
diagnostic plasma probe are used to obtain a measure of the 
relative level of a reactive atomic chlorine (Cl) in a Cl/Ar 
discharge. In this example, filtered photo diode Sensors 
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measure photo emission intensities at the 480.7 nm line of 
Ar, the 306.0 nm line of Cl, and the 822.2 nm line of Cl. In 
place of argon as the neutral gas, photo intensities at the 
585.2 nm line of Ne or the 828.0 nm line of Xe are 
alternatively measured. Actinometric quantification is thus 
obtained of free chlorine, a critical reactant in many metal 
etch processes. 
0081 Embodiments of the invention have been described 
having electrical interconnections among Sensors and other 
components of the diagnostic device. In other embodiments, 
photo-based Sensors are interconnected using optical con 
nections. For example, optical information from the plasma 
is collected at one or more discrete locations about the wafer 
and routed to one or more centrally located optical Sensors 
in close proximity to the Sensor control circuitry and micro 
processor of the probe. Exemplary optical interconnections 
include monolithic Silicon microphotonic waveguides, 
which may be fabricated onto a Silicon wafer probe Surface 
as described for example in L. C. Kimerling, “Photonics to 
the Rescue: Microelectronics Becomes Microphotonics, The 
Electrochemical Society Interface, Summer 2000 pp 28-31. 
Optical interconnections also allow for connection of opti 
cal-based Sensors constructed from non-Simaterials, Such as 
GaAS or epitaxial devices, which may then be bonded to 
receiving optical interconnection nodes on the wafer Sub 
Strate. 

0082 Sensors disposed upon diagnostic plasma probes of 
the invention may sense properties not only to provide data 
for metrological analyses of the plasma, but also to detect 
triggering events for operation of the probe. For example, 
Sensors of the invention may be used for gating and Syn 
chronization of other probe Sensors in a pulsed plasma 
processing System. In other examples, the Sensors provide a 
trigger edge or amplitude that indicates a Stepwise change in 
plasma processing conditions, for example, plasma ignition, 
a step or ramp in applied power levels, or changes in gas 
chemistry composition. Also it is possible to use the Sensors 
to trigger on highly transient events Such as those related to 
arcing, power disruptions or unstable or oscillatory activity 
in the processing plasma environment. By enabling the 
Sensor to trigger on these classes of events, the events may 
be counted, temporally monitored, or quantified. 
0083. In one embodiment of the invention, an optical 
emission Sensor is used to detect triggering events in a 
pulsed-RF plasma process. FIG. 14 illustrates a timing 
Sequence of an in-Situ diagnostic plasma probe wherein 
Sensor Sampling is triggered by a photocell that monitors the 
pulse-transient dynamic of the pulsed plasma. The output of 
the photo Sensor is conditioned and delivered to a fast 
response input comparator Signal of the diagnostic probe's 
microprocessor. When a predetermined level of photoemis 
sion is reached, illustrated in FIG. 14 as a rising positive 
Signal level during the ON-transition of the pulsed power, 
the microprocessor registers a "trigger event' for data acqui 
Sition. Depending on the clocking Speed and programming 
in the microprocessor, the Sensing event may be held off for 
a programmed delay, T, with Sampling window, tw. In the 
event that multiple-Sample averaging is desired, Samples can 
be taken at Successive pulsed or triggered events over time 
and a rolling average can be obtained as with a conventional 
boxcar averager or integrator methods. 
0084 FIG. 15 illustrates a timing sequence in a further 
embodiment of the invention wherein Sensor Sampling is 
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triggered by a photocell that monitors the dynamics of a 
pulsed-DC plasma. A predetermined level of photoemission 
registers a microprocessor trigger event for data acquisition. 
Sampling delay T is provided to Sequence the sampling 
event tw. So that it is Synchronous with the pulse. After 
Sampling, a trigger delay tie is provided for gating the 
time at which a new triggering event can be registered. 
Although not every pulse is Sampled in this embodiment of 
the invention, Synchronization is maintained to provide 
Sampling at times consistent within the pulse waveform and 
to minimize noise in the processed Signal that otherwise 
would result form aliasing. 
0085 Pulsed-RF or -DC regulation of the power in a 
plasma process results in very Significant periodic variation 
of the plasma properties. If these pulsed processes are 
Sampled with Sampling methods at low frequencies, for 
example 1-10 HZ, the un-gated and under-Sampled approach 
leads to Sizable apparent noise or aliasing of averaged 
measurements. By triggering Sensors on Specific physical 
events of the plasma, noise or aliasing associated with 
un-gated, averaged measurements taken in a pulsed plasma 
environment can be reduced or avoided. In addition, gating 
and Synchronization of data collection conserves the limited 
onboard memory and power resources that may be available 
in an in-situ diagnostic probe device. Gating and Synchro 
nization Signals of the invention may be used to regulate data 
collection of any Sensor type, including in-Situ Sensors that 
measure physical, electrical, or optical properties of a 
plasma, as well as Surface property Sensors Such as ther 
mistors and temperature diodes. Embodiments of the inven 
tion also include triggering Signals that are gated or Syn 
chronized with RF or DC pulsing of a bias power to a 
Substrate or workpiece that is operated in addition to a main 
plasma power Source. 
0.086 Because the response time of optical emission 
transition Signatures in pulsed-plasma processes is relatively 
fast, optical SensorS Such as photocells are well Suited for 
providing triggering events in accordance with the inven 
tion. Gating Signals may be provided by any Sensor having 
a relatively fast response to changes in plasma properties 
during the ON-time or OFF-time transition of the DC or RF 
power pulse. Embodiments of the invention include gating 
Signals provided by, for example, the transitional response of 
a continuously-active or periodically-activated dual floating 
Langmuir probe Sensor to the change in ion Saturation 
current; the response of a charging Sensor Stack disposed on 
the Sampling Surface of the in-situ probe assembly to 
changes in differential charge or Voltage levels, or the 
response of a differential Surface charge Sensor to changes in 
differential charge or Voltage levels acroSS the Surface of the 
probe. In each of these examples, the relatively fast transi 
tions in properties of the electron Sub-gas of the plasma 
manifests in turn rapid changes in plasma electron proper 
ties, plasma ion Saturation currents, photoemissions, or 
Surface potentials detected by the Sensors. 
0087. A self-contained DC power source or reservoir for 
use with the invention may be provided by a number of 
means. Low-profile, commercially available coin-style bat 
teries are widely available and can be used if they meet 
thermal Specifications, trickle current levels, mA/hr ratings 
and are packaged (i.e. hermetically Sealed) So as not to 
outgas electrolytic compounds. Also it is possible to use 
thin-film, multi-layer charge-capacitors devices which may 
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be re-charged prior to use or within the plasma proceSS from 
an optional TDC device and DC-DC converter. Yet other 
variations of low profile batteries, re-chargeable batteries, 
and charge-storage capacitors can be incorporated into the 
design to provide power to the apparatus during the plasma 
process or for external testing, device configuration and 
calibration when outside of the plasma processing System. 
0088 Although there is illustrated and described specific 
Structure and details of operation, it is clearly understood 
that the same were merely for purposes of illustration and 
that changes and modifications may be readily made therein 
by those skilled in the art without departing from the spirit 
and the Scope of this invention. 
What is claimed is: 

1. An apparatus for obtaining measurements in a plasma 
processing System comprising: 

a) a Substrate; 
b) an optical emission Sensor disposed on the Substrate to 

obtain measurements of the plasma in the plasma 
processing System; and 

c) a wireless communication transceiver mounted on the 
Substrate disposed to transmit Sensor measurement data 
from the Substrate outside the plasma processing Sys 
tem. 

2. The apparatus of claim 1 wherein the optical emission 
Sensor is a photo diode. 

3. The apparatus of claim 1, further comprising a first 
band-pass filter disposed upon the optical emission Sensor. 

4. The apparatus of claim 3, further comprising a Second 
optical emission Sensor disposed on the Substrate, and a 
Second band-pass filter disposed upon the Second optical 
emission Sensor. 

5. The apparatus of claim 4 wherein the first band-pass 
filter transmits a spectral band of a processing gas Species, 
and the Second band-pass filter transmits a spectral band of 
a neutral gas Species. 

6. The apparatus of claim 1 wherein the optical emission 
Sensor is a photo diode array. 

7. The apparatus of claim 6, further comprising a gradient 
optical filter disposed upon the photo diode array. 

8. The apparatus of claim 1, further comprising a dual 
floating Langmuir probe Sensor. 

9. The apparatus of claim 1, further comprising a topo 
graphically dependant charging Sensor. 

10. The apparatus of claim 1, further comprising a dif 
ferential Surface charge Sensor. 

11. The apparatus of claim 1, further comprising a tem 
perature measuring Sensor. 

12. The apparatus of claim 1, further comprising a Self 
contained power Source. 

13. The apparatus of claim 1 wherein the Substrate is a 
Silicon wafer. 

14. The apparatus of claim 1, further comprising elec 
tronics for processing Sensor measurements disposed upon 
the primary Substrate and interconnected to the optical 
emission Sensor. 

15. The apparatus of claim 14, wherein the electronics for 
processing Sensor measurements are optically intercon 
nected to the optical emission Sensor. 

16. The apparatus of claim 1 wherein the optical emission 
Sensor is disposed to obtain measurements of triggering 
events in a pulsed plasma processing System. 
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17. The apparatus of claim 16, further comprising one or 
more additional Sensors for obtaining measurements of the 
plasma, and wherein the one or more additional Sensors 
obtain measurements in response to the triggering events. 

18. A method of measuring properties of a plasma pro 
cessing environment comprising the Steps of: 

a) providing a measurement probe comprising a Substrate, 
a first optical emission Sensor disposed on the Substrate 
to obtain measurements of the plasma in a plasma 
processing System, and a wireleSS communication 
transceiver mounted on the Substrate disposed to trans 
mit Sensor measurement data from the Substrate outside 
the plasma processing System; 

b) disposing the measurement probe into the plasma 
processing System; and 

c) collecting data relating to plasma properties in the 
plasma processing System using the measurement 
probe. 

19. The method of claim 18 wherein the first optical 
emission Sensor is a photo diode. 

20. The method of claim 18 wherein the first optical 
emission Sensor is a photo diode array. 
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21. The method of claim 18 wherein the measurement 
probe further comprises a first band-pass filter disposed 
upon the first optical emission Sensor. 

22. The method of claim 21 wherein the measurement 
probe further comprises a Second optical emission Sensor 
disposed on the Substrate, and a Second band-pass filter 
disposed upon the Second optical emission Sensor. 

23. The method of claim 22 wherein the first band-pass 
filter transmits a spectral band of a processing gas Species, 
and the Second band-pass filter transmits a spectral band of 
a neutral gas Species. 

24. The method of claim 23, further comprising the step 
of quantifying the amount of the processing gas Species by 
comparing measurements from the first optical emission 
Sensor to measurements from the Second optical emission 
SCSO. 

25. The method of claim 18 further comprising the step of 
measuring a triggering event using the first optical emission 
SCSO. 

26. The method of claim 25 wherein data relating to 
plasma properties in the plasma processing System are 
collected in response to the triggering event. 
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