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METHOD AND SYSTEM FOR ANALYZING DATA 
FROM A PLASMA PROCESS 

[0001] This is a continuation of International Application 
No. PCT/US03/30741, ?led Sep. 30, 2003, Which relies for 
priority upon US. Provisional Application No. 60/414,656, 
?led Oct. 1, 2002, the contents of both of Which are 
incorporated herein by reference in their entireties. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The invention generally relates to the ?eld of 
plasma processing. More particularly, the invention relates 
to monitoring and analyzing process parameters in a plasma 
processing facility. 
[0004] 2. Background Information 

[0005] Throughout the various stages of plasma process 
ing, such as semiconductor or display manufacturing, etc., 
critical process parameters may vary signi?cantly. Process 
ing conditions change over time With the slightest changes 
in critical process parameters creating undesirable results. 
Small changes can easily occur in the composition or 
pressure of an etch gas, process chamber, or Wafer tempera 
ture. As such, plasma processing facilities require constant 
monitoring. 
[0006] The measuring and monitoring of these process 
parameters at any given time permits valuable data to be 
accumulated and analyZed. Process control feedback may be 
used to adjust the process parameters or determine the 
viability of certain process materials. HoWever, in many 
cases, changes of process data re?ecting deterioration of 
processing characteristics cannot be detected by simply 
referring to the process data displayed. It is dif?cult to detect 
early stage abnormalities and characteristic deterioration of 
a process, and often may be necessary to obtain prediction 
and pattern recognition by an Advanced Process Control 
(APC). 
[0007] Computers are generally used to control, monitor, 
and analyZe manufacturing processes, due to the various 
complexities that may occur in a semiconductor manufac 
turing plant from the reentrant Wafer ?oWs, critical process 
ing steps, and maintenance of the processes. HoWever, the 
softWare implemented With the data collection system is not 
applicable to a variety of plasma processes and does not 
optimiZe accumulation and analysis of the data and the 
resulting processing relationships. 

SUMMARY OF THE INVENTION 

[0008] In an embodiment of the present invention, a 
system and method that is broadly applicable to a variety of 
plasma processes is utiliZed to determine a relationship 
betWeen process parameters and performance measure 
ments. The interaction betWeen harmonic and other mea 
surements and process variables is determined and matched 
to the current plasma process to achieve desired process 
results. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] The above and other features of the present inven 
tion are further described in the detailed description Which 
folloWs, With reference to the draWings, and by Way of a 
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non-limiting exemplary embodiment of the present inven 
tion, Wherein like reference numerals represent similar parts 
of the present invention throughout the several vieWs and 
Wherein: 

[0010] FIG. 1 illustrates a plasma processing system in 
accordance With an embodiment of the present invention; 

[0011] FIG. 2 illustrates a plasma processing system in 
accordance With another embodiment of the present inven 
tion; 
[0012] FIG. 3 illustrates a plasma processing system in 
accordance With another embodiment of the present inven 
tion; 
[0013] FIG. 4 illustrates a plasma processing system in 
accordance With another embodiment of the present inven 
tion; 
[0014] FIG. 5 illustrates a plasma processing system in 
accordance With another embodiment of the present inven 
tion; 
[0015] FIG. 6 illustrates a simpli?ed diagram of an RF 
signal and harmonic measurements; 

[0016] FIG. 7A illustrates a How diagram for a response 
surface method in accordance With an embodiment of the 
present invention; 

[0017] FIG. 7B illustrates an exemplary response surface 
model in accordance With an embodiment of the present 
invention; 
[0018] FIG. 8 illustrates a How diagram for a neural 
netWork model in accordance an embodiment of the present 
invention; 
[0019] FIG. 9 illustrates neural netWork model in accor 
dance With an embodiment of the present invention; 

[0020] FIG. 10 illustrates an overall system in accordance 
With an embodiment of the present invention; and 

[0021] FIG. 11 illustrates a neural netWork model in 
accordance With an embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

[0022] The folloWing detailed description of the present 
invention refers to the accompanying draWings that illustrate 
exemplary embodiments consistent With this invention. 
Other embodiments are possible and modi?cations may be 
made to the embodiments Without departing from the spirit 
and scope of the invention. Therefore, the folloWing detailed 
description is not meant to limit the invention. Rather the 
scope of the invention is de?ned by the appended claims. 

[0023] Referring noW more particularly to the draWings, 
FIG. 1 illustrates a plasma processing system 100 in accor 
dance With the present invention. System 100 includes a 
processing chamber 102, a device 104 con?gured to mea 
sure and adjust at least one processing parameter, a device 
106 con?gured to measure at least one process performance 
measurement, and a controller 108. The controller 608 is 
coupled to the processing chamber 602, the device 604 and 
device 606. 

[0024] The plasma processing system 100 of FIG. 1, 
utiliZes, for example, a plasma for material processing, and 
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includes an etch chamber. In the alternative, the system 100 
may include a photoresist coating chamber such as, a 
photoresist spin coating system. The system may also 
include a photoresist patterning chamber such as a ultravio 
let (UV) lithography system, or a dielectric coating chamber 
such as a spin-on-glass (SOG) or spin-on-dielectic (SOD) 
system. Additionally, the system 100 may include: a depo 
sition chamber such as a chemical vapor deposition (CCVD) 
or a physical vapor deposition (PVD) system, a rapid 
thermal processing (RTP) chamber, such as a RTP system 
for thermal annealing, or a batch diffusion furnace. Device 
104 can adjust process parameters such as electrode spacing 
backs holding (He) pressure, total ?oW rate, How rate ratio, 
bottom electrode RF poWer, top electrode RF poWer chuck 
temperature, or the like. 

[0025] FIG. 2 illustrates plasma processing system 200 in 
greater detail in accordance With the present invention. The 
system 200 may include, as depicted in FIG. 1, a process 
chamber 102, a substrate holder 212 upon Which a substrate 
204 to be processed may be af?xed, a gas injection system 
206, and a vacuum pumping system 208. The substrate 204 
may be, for example, a semiconductor substrate, a Wafer, or 
a liquid crystal display (LCD). Process chamber 102 may be, 
for example, con?gured to facilitate the generation of 
plasma in a processing region 202 adjacent a surface of the 
substrate 204. The plasma may be formed by collisions 
betWeen heated electrons and an ioniZable gas Within the 
processing chamber 102. The ioniZable gas or a mixture of 
gases 210 may be introduced into the region 202 via the gas 
injection system 206. A control mechanism, Which is not 
illustrated, may be used to throttle the vacuum pumping 
system 208. The plasma Within the processing region 202 
may be utiliZed to create materials speci?c to a pre-deter 
mined materials process, and to aid the deposition of mate 
rial to substrate 204 or the removal of material from the 
exposed surfaces of substrate 204. 

[0026] Substrate 204 may be, for example, transferred into 
and out of processing chamber 102 through a slot valve (not 
illustrated) and a chamber feed-through (not illustrated) via 
a robotic substrate transfer system. The substrate 204 may be 
received by substrate lift pins (not illustrated) that may be 
housed Within the substrate holder 212 and mechanically 
translated by devices that are housed therein. 

[0027] Substrate 204 may be, for example, af?xed to the 
substrate holder 212 via an electrostatic clamping system 
214. The substrate holder 212, may include a cooling system 
having a re-circulating coolant ?oW that receives heat from 
substate holder 212 and transfers the heat to a heat 
exchanger (not illustrated). The cooling system may also 
include a device 216 con?gured to monitor the substrate 204 
and/or the substrate holder 212 temperature. The device 216 
may be, for example, a thermocouple such as a K-type 
thermocouple. Moreover, gas may be delivered to the back 
side of the substrate 204 via a backside gas system 218 to 
improve the gas-gap thermal conductance betWeen the sub 
strate 204 and the substrate holder 212. The backside gas 
system may be utiliZed When the temperature control of the 
substrate 204 is required to be at an elevated or reduced 
temperature. For example, temperature control of the sub 
strate 204 may be useful at temperatures in excess of the 
steady-state temperature achieved due to a balance of the 
heat ?ux delivered to the substrate 204 from the plasma and 
the heat ?ux removed from the substrate 204 by conduction 
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to the substrate holder 212. Heating elements, such as 
resistive heating elements or thermo-electric heater/coolers 
may also be included in the system. 

[0028] Substrate holder 212 may, for example, further 
serve as an electrode through Which RF poWer may be 
coupled to plasma in the processing region 202. As an 
example, substrate holder 212 may be electrically biased at 
a RF voltage via the transmission of RF poWer from the RF 
generator 220 through impedance match netWork 222 to 
substrate holder 212. The RF bias can serve to heat electrons 
and, thereby, form and maintain plasma. In this con?gura 
tion, the system can operate as a reactive ion etch (RIE) 
reactor, Wherein the chamber and upper gas injection elec 
trode serve as ground surfaces. A typical frequency for the 
RF bias can range from 1 MHZ to 100 MHZ and can be 13.56 
MHZ. RF systems for plasma processing are Well knoWn to 
those in the art. 

[0029] Alternatively, RF poWer may be applied to the 
substrate holder electrode at multiple frequencies. Further 
more, impedance match netWork 222 may serve to maxi 
miZe the transfer of RF poWer to plasma in processing 
chamber 202 by minimiZing the re?ected poWer. Match 
netWork topologies (e.g. L-type, J's-type, T-type, etc) and 
automatic control methods are Well knoWn to those skilled 
in the art. 

[0030] Process gas 210, of FIG. 2, may be, for example, 
introduced to processing region 202 through gas injection 
system 206. Process gas 210 may, for example, include a 
mixture of gases such as argon, CF4 and 02, or argon, C4F8 
and 02 for oxide etch applications. Gas injection system 206 
may include a shoWerhead, Wherein process gas 210 may be 
supplied from a gas delivery system (not illustrated) to the 
processing region 202 through a gas injection plenum (not 
illustrated), a series of baf?e plates (not illustrated) and a 
multi-ori?ce shoWerhead gas injection plate (not shoWn). 
Gas injection systems are Well knoWn to those skilled in the 
art. 

[0031] Vacuum pump system 208 may, for example, 
include a turbo-molecular vacuum pump (TMP) capable of 
a pumping speed of 5000 liters per second (and greater) and 
a gate valve for throttling the chamber pressure. In conven 
tional plasma processing devices utiliZed for dry plasma 
etch, a 1000 to 3000 liter per second TMP may be employed. 
TMPs are useful for loW pressure processing, typically less 
than 50 mTorr. At higher pressures, the TMP pumping speed 
falls off dramatically. For high pressure processing, i.e., 
greater than 100 mTorr, a mechanical booster pump and dry 
roughing pump may be used. Furthermore, a device for 
monitoring chamber pressure 224 may be coupled to the 
processing chamber 102. The pressure measuring device 
224 may be, for example, a Type 628B Baratron absolute 
capacitance manometer that is commercially available from 
MKS Instruments, Inc. (Andover, Mass.). 

[0032] Plasma processing system 200 may further include 
a metrology tool 230 con?gured to measure performance 
measurements such as, in etch systems, an etch rate, an etch 
selectivity (i.e. ratio of etch rate of one material to etch rate 
of a second material), an etch uniformity, a feature pro?le 
angle, and a critical dimension. The metrology tool 230 may 
be either an in-situ or ex-situ device. In the case of an in-situ 
device, the metrology tool 230 may be, for example, a 
scatterometer, incorporating beam pro?le ellipsometry and 
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beam pro?le re?ectometry. The scatterometer may be posi 
tioned Within a transfer chamber (not illustrated) to analyZe 
substrates 204 that are transferred into and out of process 
chamber 102. In the case of an ex-situ device, the metrology 
tool 230 may be, for example, a scanning electron micro 
scope (SEM), Wherein substrates have been cleaved and 
features are illuminated to determine the performance 
parameters. The metrology tool 230 may be further coupled 
to controller 108 to provide controller 108 With spatially 
resolved measurements of the performance measurements. 

[0033] Controller 108 may comprise a microprocessor, 
memory, and a digital 1/0 port that is capable of generating 
control voltages sufficient to communicate and activate 
inputs to plasma processing system 100, as Well as monitor 
outputs from plasma processing system 100. Moreover, 
controller 108 is coupled to and exchanges information With 
RF generator 220, impedance match netWork 222, gas 
injection system 206, vacuum pump system 208, pressure 
measuring device 224, backside gas delivery system 218, 
substrate/substrate holder temperature measurement system 
216, electrostatic clamping system 214, and metrology tool 
230. A program stored in the memory may be utiliZed to 
activate the inputs to the aforementioned components of a 
plasma processing system 200 according to a stored process. 

[0034] FIG. 3 illustrates a plasma processing system 300 
in accordance With another embodiment of the present 
invention. As illustrated in FIG. 3, the plasma processing 
system 200 illustrated in FIG. 2 may, for example, further 
include a mechanically or electrically rotating dc magnetic 
?eld system 304 to potentially increase plasma density 
and/or improve plasma processing uniformity, in addition to 
those components described With reference to FIGS. 1 and 
2. Moreover, controller 108 may be coupled to rotating 
magnetic ?eld system 304 to regulate the speed of rotation 
and ?eld strength. The design and implementation of a 
rotating magnetic ?eld is Well knoWn to those skilled in the 
art. 

[0035] FIG. 4 illustrates a plasma processing system 400 
in accordance With another embodiment of the present 
invention. In FIG. 4, the plasma processing system 400 is 
similar to the system depicted in FIGS. 1 and 2; hoWever 
the system 400 of FIG. 4 may further comprise an upper 
electrode 402 to Which RF poWer may be coupled from a RF 
generator 404 via impedance match netWork 222. A typical 
frequency for the application of poWer to the upper electrode 
402 can range from 0.1 MHZ to 30 MHZ and can be 2 MHZ. 
Moreover, controller 108 may be coupled to RF generator 
404 to control the application of RF poWer to upper elec 
trode 402. The design and implementation of an upper 
electrode is Well knoWn to those skilled in the art. 

[0036] FIG. 5 illustrates a plasma processing system 500 
in accordance With another embodiment of the present 
invention. As illustrated in FIG. 5, the system of FIG. 1 may 
further include an inductive coil 510 to Which RF poWer may 
be coupled, via RF generator 520, to an impedance match 
netWork 530. RF poWer is inductively coupled from induc 
tive coil 510 through a dielectric WindoW (not illustrated) to 
plasma processing region 202. A typical frequency for the 
application of RF poWer to the inductive coil 510 may range 
from 10 MHZ to 100 MHZ and may be 13.56 MHZ. Simi 
larly, a typical frequency for the application of poWer to a 
chuck electrode may range from 0.1 MHZ to 30 MHZ and 
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may be 13.56 MHZ. Additionally, a slotted Faraday shield 
(not illustrated) may be employed to reduce capacitive 
coupling betWeen the inductive coil 510 and plasma. More 
over, controller 108 may be coupled to RF generator 520 and 
impedance match netWork 530 to control the application of 
poWer to inductive coil 510. The design and implementation 
of an inductively coupled plasma (ICP) source is Well 
knoWn to those skilled in the art. 

[0037] Alternatively, the plasma may be formed: using 
electron cyclotron resonance (ECR); from the launching of 
a Helicon Wave; or from a propagating surface Wave. Each 
of these plasma sources is Well knoWn to those skilled in the 
art. 

[0038] In each of the FIGS. 1-5, substrate 204 may be 
processed in process chamber 102 and performance mea 
surements may be measured utiliZing, for example, the 
metrology tool 230. The performance measurements may 
include, for example, etch rate, deposition rate, etch selec 
tivity (ratio of the rate at Which at ?rst material is etched to 
the rate at Which a second material is etched), and etch 
critical dimension (e.g. length or Width of feature), an etch 
feature anisotropy (e.g. etch feature sideWall pro?le), a ?lm 
property (e.g., ?lm stress, porosity, etc), a plasma density 
(obtained, for example, from a Langmuir probe), an ion 
energy (obtained, for example, from an ion energy spectrum 
analyZer), a concentration of a chemical specie (obtained, 
for example, from optical emission spectroscopy), a mask 
(e.g. photoresist) ?lm thickness, a mask (e.g. photoresist) 
pattern critical dimension, a self-induced DC substrate bias 
VDc that is measurable using a voltage probe, a peak-to 
peak RF substrate bias Vpp, and harmonic amplitudes of RF 
voltage or current. The non-linear characteristics of the 
plasma create harmonics that are also measured along With 
other performance parameters. 

[0039] Processing parameters may include, for example, 
process pressure, Helium backside gas pressure, process gas 
(e.g. CF4, C4F8, 02, Ar, etc), partial pressure, process gas 
?oW rate, upper electrode RF poWer, loWer electrode RF 
poWer, substrate (or chuck) temperature, electrode spacing, 
and siZe of focus ring. The process pressure may be adjusted 
and monitored during the process using either change in, for 
example, the gate valve setting, or the total process gas mass 
?oW rate, in concert With a pressure measuring device 224. 
The forWard and re?ected RF poWer can be adjusted and 
monitored using commands to the RF generator 220, the 
match netWork 222, a dual directional coupler (not illus 
trated) and poWer meters (not illustrate). Process gas partial 
pressures may be adjusted and monitored using a mass ?oW 
controller to regulate the How of process gas components. 
The (Helium) backside gas pressure may be adjusted and 
monitored using the backside gas delivery system 218, 
Which includes a pressure regulator. In addition, the sub 
strate temperature may be monitored using temperature 
monitoring system 216. 

[0040] Alternatively, processing parameters may include a 
?lm material viscosity, a ?lm material surface tension, an 
exposure time, and a depth of focus. 

[0041] Referring more particularly to measurements of the 
processing and performance parameters of the processing 
system, FIG. 6 illustrates a simpli?ed diagram 600 of a RF 
signal and harmonic components, W1-W5, and magnitude 
measurements, xl-x5 measured in the processing chamber. 
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In FIG. 6, the fundamental frequency 602 is labeled along 
the x-axis as W. Each harmonic frequency is labeled along 
the x-axis as W1, W2, W3, W4, W5, etc. 

[0042] In order to obtain optimal performance in the 
process system, a response surface analysis may be used. 
Response surface analysis is a mathematical or graphical 
representation of the connection betWeen important inde 
pendent variables, controlled factors, and a dependent vari 
able. An independent variable is a factor that is, or conceiv 
ably could be, controlled. Examples include ?oW rate and 
temperature. The value of the dependent variable is the 
result of the settings of one or more independent variables. 
In an embodiment of the present invention, a response 
surface method is utiliZed to improve or ?nd the optimal 
process settings of a plasma process, such that the perfor 
mance measurements obtained by the device 106 of FIG. 1 
are compared against the model measurements of the 
response surface analysis. The response surface method is 
designed to estimate interaction and quadratic effects to give 
an idea of the shape of the response surface. Response 
surface models may involve just main effects and interac 
tions or they may have quadratic or cubic terms to account 
for curvature. In some circumstances, a response surface 
may be described With only main effects and interactions, 
While a complete description of the process behavior may 
require a quadratic or cubic representation. With the 
response surface method, selected important factors in?u 
encing the process are varied, measurements are made on the 
operating capabilities of the process, and this data is ana 
lyZed to indicate the Ways in Which the factors may be 
adjusted to improve performance of the process. 

[0043] The response surface method of the present inven 
tion is based upon a design of experiment (DOE) using, for 
example, common processing parameters from a silicon etch 
process. TABLE 1 provides exemplary processing param 
eters that may be measured and adjusted by device 104. In 
TABLE 1, a valid range is formulated for each processing 
parameter. For example, the processing parameters may be 
adjusted to a high (+), medium (0), or loW (—) level, based 
on a Box-Behnken design requiring three levels for each 
factor. 

TABLE 1 

Processing 
Parameters (Factors) Levels 

Gap, electrode spacing +, O, — 
He, backside He pressure +, O, — 

P, process pressure +, O, — 
Q, total flow rate +, O, — 
% Q, flow rate ratio +, O, — 
RFb’ bottom electrode RF poWer +, O, — 
RF‘, top electrode RF poWer +, O, — 
T, chuck temperature +, O, — 

[0044] This technique is based on systematically varying 
the levels of independent variables. Careful analysis of the 
data can provide invaluable information about hoW the input 
variables affect the response, Which can result in signi?cant 
improvements to products and processes. 

[0045] A screening design may be used to determine a 
reasonable number of runs to develop a response surface 
based on the number of factors involved. The folloWing is 
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provided as an example of the determination of the reason 
able runs: For a three-level, four-factor experiment, 81 
(34=81) runs are needed for every possible combination of 
factors. Therefore, response surfaces based on more than 
four processing parameters use a partial combination of runs 
to determine the main interactions and response surface. 

[0046] In one embodiment, a response surface for etch 
uniformity may be constructed such that data on uniformity, 
Vdc and poWer radiated at the ?rst three RF harmonics (W1, 
W2, W3) are collected from an etch tool at 100 msec 
intervals. The 100 msec interval is chosen to correspond to 
typical servo response times for the system. Systems having 
a longer response time may have a longer sample interval; 
system having a shorter servo response time may require a 
shorter sample interval. Each element of the data set is 
normaliZed by subtracting the mean and then dividing by the 
standard deviation of the measured parameter. The normal 
iZed value is represented by the folloWing equation: (Vt 
Vm)/Vsd, Where Vt is the measurement at time t, Vm is the 
mean value for a 30 second run, and Vsd is the standard 
deviation of the measurement. For example, if the mean Vdc 
measurement over the total 30 second etch interval is 234 
volts, and the standard deviation of the measurements is 6.5 
volts, then the normaliZed value is (Vt—234)/6.5. Alibrary of 
response surfaces may be built from this data. The surface 
for each run that produces an acceptable result, acceptable 
uniformity, for example, may be stored in the library for 
comparison to data taken during later processing runs. 

[0047] FIG. 7A illustrates a How diagram for the response 
surface method in accordance With an embodiment of the 
present invention. In FIG. 7A, the process begins at P702 
and continues to P704 and P706. At P704 and P706, tool 
performance trends are measured. The performance mea 
surements may include, for example, critical dimension 
measurement (CD), peak to peak RF voltage (Vpp), and 
self-developed DC offset (VDC), as Well as n+1 RF harmonic 
measurements x to xn. 

[0048] The process continues to P708. At P708, the per 
formance and harmonic measurements of P704 and P706 are 
compared With a response surface model. This is accom 
plished ?rst by determining the optimum response surface 
722 having the best ?t, for example, to the measured 
response 720 of FIG. 7B. Next, the difference betWeen the 
measured response 720 and an optimum response surface 
722 is determined. This difference is used to adjust the 
operating parameters to move the measured response 720 
toWards the optimum response surface 722. 

[0049] For example, a measured response 720 may be 
compared to a response surface model 722 by ?nding the 
surface model 722 exhibiting the best ?t to the measured 
response surface, 720. Then, the processing parameters are 
adjusted based upon a difference betWeen the processing 
parameters corresponding to the best ?t surface model 722, 
and the processing parameters used to create the measured 
response 720. The performance and harmonic measurement 
trends, for example, CD, Vpp, VDC, x, x1, x2, . . . xn, may be 
used to determine the complex relationships betWeen the 
performance measurements to the processing parameters in 
the folloWing manner: 
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[0052] x2=h(gap, He, P, Q, % Q, RFb, RFt, T); 
[0053] xN=m(gap, He, P, Q, % Q, RFb, RFt, T); 
[0054] CD=p(gap, He, P, Q, % Q, RFb, RFt, T); 
[0055] Vpp=q(gap, He, P, Q, % Q, RFb, RFt, T); and 

[0057] Thus, at P710, based upon the nonlinearity of the 
performance measurements to the processing parameters of 
the above-identi?ed relationships, it is possible to predict the 
in-situ processing parameters to cause the measured 
response 720 to approach the surface model 722. More 
particularly, it is possible to determine What needs to be done 
to drive or converge the performance measurements to the 
optimum surface. 

[0058] At P712, it is determined Whether the current 
processing parameters of P710 meet the expectations of the 
etching tool as determined by the predicted processing 
parameters. The expectations of the etching tool are based 
upon the requirements of the current process, such as 
uniformity 13% or 99.7% yield, or <1% shading damage, 
etc. If the processing parameters do not meet expectations, 
then the process continues to P714 Where adjustments to the 
processing parameters may be made via an advanced pro 
cess control (APC) system. The process returns to P704 
upon the necessary adjustments. 

[0059] If the processing parameters meet expectations, 
then the process returns to P704 to perform the next set of 
measurements. 

[0060] Like the response surface method of FIG. 7A, a 
neural netWork method may be used With the system of the 
present invention to optimiZe the overall process perfor 
mance. A neural netWork usually involves a large number of 
processors operating in parallel, each With its oWn small 
sphere of knoWledge and access to data in its memory. A 
neural netWork is “trained” or fed large amounts of data and 
rules about data relationships. A model of a neural netWork 
900 is illustrated in FIG. 9. 

[0061] In FIG. 9, an input layer 904 receives values from 
inputs 902. The input of each neuron of the input layer 904 

0.222 

0.064 

S = —0.1 

has a Weight associated With it. Each neuron also has a 
threshold value. If the sum of all the Weighted active inputs 
is greater than the threshold, then the neuron is active. 

[0062] The nodes are interconnected in a netWork that can 
identify patterns in data as the nodes are exposed to the data. 
The netWork is able to “learn” from each exposure and this 
distinguishes neural netWorks from traditional computing 
programs that simply folloW instructions in a ?xed sequen 
tial order. As illustrated in FIG. 9, inputs 902 to the input 
layer 904 can include the RF input poWer RFIN, biasing 
voltage VDC, performance parameters P3 -P5 including har 
monic measurements x, x1, x2, . . . , XD and an indication of 
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the time slice that the other inputs 902 are measured in 
(tS20-tS28). Middle or hidden layers 906 are provided With a 
variable number of nodes. The hidden layers 906 perform 
most of the Work of the netWork. An output layer 908 may 
have multiple nodes, and as illustrated in FIG. 9, produce 
outputs such as Process OK and RFapplied. Each node in the 
hidden layers 906 is fully connected to the outputs of the 
input layer 904. The information learned in the hidden nodes 
is based upon all the inputs taken together, and permits the 
netWork to learn the interdependencies in the model. A 
Weighted sum is performed on the inputs for each hidden 
node and each output node. Each summation is transformed 
using a nonlinear function before the value is passed to the 
next hidden layer or to the output layer 908. 

[0063] In establishing a neural netWork to model the 
process, one may Want to determine Which process param 
eters affect performance measurements. Multiple perfor 
mance measurements may be collected. Data on uniformity, 
Vdc and poWer radiated at the ?rst three RF harmonics (W1, 
W2, W3), for example, are collected from an etch tool at 100 
msec intervals. The 100 msec interval is chosen to corre 
spond to typical servo response times for the system. Sys 
tems having a longer response time may have a longer 
sample interval; While systems having a shorter servo 
response time may require a shorter sample interval. Each 
element of the data set is normaliZed by subtracting the mean 
and then dividing by the standard deviation of the measured 
parameter. The normaliZed value is determined by the fol 
loWing equation: (Vt—Vm)/Vsd, Where Vt is the measure 
ment at time t, Vm is the mean value for a 30 second run, 
and Vsd is the standard deviation of the measurement. For 
example, if the mean Vdc measurement over the total 30 
second etch interval is 234 volts, and the standard deviation 
of the measurements is 6.5 volts, then the normaliZed value 
is (Vt—234)/6.5. After a statistically signi?cant number of 
process runs, for example 100, the data are analyZed by 
computing the eigensolution of the covariance matrix for 
corresponding time slices of each process run. An example 
of the computation of the eigensolution of the covariance 
matrix, using actual data, is provided by the folloWing: 

[0064] S:=Covar(B) 

0.064 -0.1 -0.013 -1.128X1073 

0.137 -0.107 -0.014 -1.929X10*3 

-0.107 0.097 0.013 1.565X 10*3 

-0.014 0.013 1.653X1073 2.055X1074 

-1.929 X 1073 1.565 X 10*3 2.055 X 10*4 2.737 X 10*5 

[0065] Compute and sort eigenvalues: 

[0066] V:=reverse(sort(eigenvals(S))) 

0.34 74.461 

0.117 25.539 

0 Z V 2.759X107l5 

0 -9.291X107l5 

[0067] In this example it is evident that the 3rd, 4th and 5th 
harmonics are not related to the measurement of interest and 
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Will therefore not be considered for this time slice. Each time 
slice is examined and all relevant harmonics are selected for 
generation of the response surface. Further time slice analy 
sis of the example data indicates that the 2nd and 3rd 
harmonics are of interest and the 4th and 5th harmonics may 
be discarded. 

[0068] During the “training” of the network, the netWork 
is repeatedly shoWn observations from available data related 
to problems that need to be solved. For example, a Back 
Propagation (BP) netWork learns by example, that is, a 
learning set is provided that consists of some input examples 
and the knoWn-correct output for each case. 

[0069] The BF learning process Works in small iterative 
steps: such that one of the input example cases is applied to 
the netWork, and the netWork produces output based on the 
current state of it’s synaptic Weights (initially, the output Will 
be random). This output is compared to the knoWn-good 
output, and a mean-squared error signal is calculated. The 
error value is then propagated backWards through the net 
Work, and small changes are made to the Weights in each 
layer. The Weight changes are calculated to reduce the error 
signal for the example case in question. The Whole process 
is repeated for each of the example cases, then back to the 
?rst case again, and so on. The cycle is repeated until the 
overall error value drops beloW some pre-determined thresh 
old. At this point the netWork has learned the problem, 
noting that the netWork Will never exactly learn the ideal 
function, but rather Will asymptotically approach the ideal 
function. 

[0070] FIG. 11 illustrates an example in the modi?cation 
of the neuron connection Weights in accordance With the 

present invention. In FIG. 11 (I1, I2), (H1, H2), and (O1, O2) 
are designated as the inputs hidden-layer outputs 1104 and 
output-layer outputs respectively of a (2,2,2) Back Propa 
gation netWork. The outputs of Hidden Node 1 and 2 are 
given by 

2 (1) 

H1 : sgm[2 [1W3] and 
:1 

(Z) 
1,W,’5 Where MN 

(3) 

[0071] The output-layer outputs are given by 

2 (4) 

Z Hm W1] and 
m: 

(5) 
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[0072] or, using (1) and (2), 

(6) 

m 

02 : sgm 

[0073] Based upon the above equations, it’s possible to 
calculate an output given a particular set of inputs. This 
alloWs the Mean Squared Error (MSE) to be calculated 
betWeen the actual output and the desired output for the 
given input in this training example. The MSE is the average 
of the squares of the difference betWeen the desired output 
and the current result. Since We are interested in the shape 
of the error curve rather than the precise MSE function, there 
is no need to divide by the number of outputs, and the 
minimiZation algorithm Will still ?nd the correct minimum. 
Thus, the error function can be formally Written as 

2 (3) 
E = 2 (D. — 0..)2 

n:l 

[0074] or, using (6) and (7), 

(9) 

[0075] Where Dk is the kth desired output. 

[0076] As an example, suppose We have in the output 0.75 
and 0.05 and the desired outputs 0.9 and 0.1. The (true) MSE 
is noW ((0.9—0.75)2+(0.1—0.05)2)/2, Which is equal to 
0.0125 (Note: in the BPN algorithm We Wouldn’t need to 
divide by N). Clearly, for any given training example, this 
value is a function only of the Weights of the netWork. So, 
to reduce the error, We can try to move to the loWest point 
on this surface. To ?nd this point, it is necessary to calculate 
the gradient of the error function With respect to each 
netWork Weight. One may then move each Weight slightly in 
the opposite direction to the gradient—if the surface is 
sloping upWards in a particular direction, the Weights may be 
adjusted so that the point on the error surface moves 
doWnWards. 

[0077] The gradient is fairly straightforWard to calculate, 
due to the convenient fact that the derivative of the sigmoid 
function can be expressed in terms of the function itself: 

[0078] The gradient is de?ned as the vector of partial 
derivatives of the multivariate function With respect to each 
of variable. Because the error is a function of the netWork 
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outputs, ?rst it’s necessary to calculate a set of partial 
derivatives for each output node With respect to each asso 
ciated connection Weight. This turns out to be trivial, since 
all other variables but the one of interest are held constant 
When the partial derivative is calculated. Thus, only one 
linear term is left in the calculation of the partial derivative 
of the output, and leaving the coefficient the equation is: 

[0079] NoW, the gradient of the error function can be 
calculated 

BE 6 2 (12) 

To = To Z<D.—0.>2 

[0080] The expression —2(Dn—On)((1—sgrn(SO))sgrn(SO)) 
is denoted on". 

[0081] The neW values for the netWork Weights are cal 
culated by multiplying the negative gradient With a step siZe 
pararneter (called the learning rate) and adding the resultant 
vector to the vector of netWork Weights attached to the 
current layer. This change does not take place, hoWever, 
until after the hidden-layer Weights are updated as Well, 
since this Would corrupt the Weight-update procedure for the 
hidden layer. 

[0082] Clearly, the error at the output Will be affected by 
the Weights at the hidden layer, too. HoWever, the relation 
ship is rnore cornplicated. AneW gradient is derived, but this 
time the output Weights are treated as constants rather than 
the hidden-layer Weights. NoW, the actual output is a func 
tion of the Weights attached to the hidden layer only (and in 
a generic netWork there are LM of those, for L input nodes 
and M rniddle-layer nodes). This relationship may be 
expressed as: 

6E (13) 

[0083] The hidden layer Weights of FIG. 11 may be 
updated using the same procedure as the output layer, and 
the output layer Weights. This completes the training cycle 
for one piece of training data in the neural netWork. 

[0084] It should be noted that the input layer of FIG. 11 
is really only a buffer to hold the input vector. Therefore, it 
has no Weights Which need to be rnodi?ed. HoWever, in a 
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more generic netWork, one may have more than one hidden 
layer. Again, the update procedure is quite similar. Once the 
rnodi?cations have been calculated, all Weights (hidden and 
output) may be updated. 

[0085] Also, the above description assumes a (2, 2, 2) 
Back Propagation netWork. The only difference in the math 
ernatics resulting from a larger netWork are longer summa 
tions. All of the principles would remain the same. 

[0086] FIG. 8 illustrates a flow diagram demonstrating the 
data collection and APC rnodi?cations of a plasma process 
based on the neural network model in the run mode. The 
process begins at P802 and continues to P804 and P806. 

[0087] At P804, rnultiple performance measurements are 
collected. The multiple performance measurements may 
include performance measurements CD, Vpp, and VDC. At 
P806, a determined number of RF harrnonic measurements 
are taken on a processing tool Which may be any sernicon 
ductor rnanufacturing tool, including, without limitation, an 
etch tool of a plasma process, a photo resistive tool or a 
patterning tool. These measurements may be used as inputs 
in the input layer 904. 

[0088] At P808, the performance measurements of P804 
and the n harrnonic measurements of P806 are placed in the 
input layer 904 of the neural network model illustrated in 
FIG. 9. 

[0089] At P810, the neural netWork 900 is used to predict 
Whether the performance measurements Will result in a 
successful process or not as determined by outputs 910. The 
process continues to P812. 

[0090] At P812, it is determined Whether the predicted 
results of the processing tool are acceptable or not. If the 
predicted result is not acceptable, then a change is needed. 
The process continues to P814. 

[0091] At P814, adjustments are made to the process 
parameters through an advanced process control The 
process continues to P816. 

[0092] If the predicted results of the processing tool are 
acceptable, no change is needed. The process continues to 
P816. 

[0093] At P816, it is determined Whether the time WindoW 
has expired. The time WindoW may extend for an entire run 
or for a predetermined time period. If the time WindoW has 
expired, then the process continues to P818. 

[0094] At P818, the neural network model Weights are 
updated based on the neWly collected data and the process 
continues back to P804. As discussed above, the neW values 
for the netWork Weights are calculated by multiplying the 
negative gradient With a step siZe pararneter (i.e., the learn 
ing rate) and adding the resultant vector to the vector of 
netWork Weights attached to the current layer. 

[0095] If the time WindoW has not expired, then the 
process returns to P804. 

[0096] FIG. 10 illustrates a system in accordance With the 
present invention. System 1000 includes a processing tool 
1002 that is connected to an advanced process control (APC) 
server 1004. Data from performance measurements 1010 of 
the processing tool may be sent directly to a data collection 
hub 1008 located Within the APC server. The performance 




