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(57) ABSTRACT 

A method and system for generating control settings for a 
multi-parameter control system. The interdependencies of 
processing tools and the related effect on semiconductor 
Wafers Within a processing tool is factored into a mathemati 
cal model that considers desired and measured Wafer quality 
parameters in the derivation of speci?c solutions of sets of 
possible quality parameter adjustments. A selection process 
determines a set of adjustments such as one that results in 

minimal changes to the process. 
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MULTI-PARAMETER PROCESS AND CONTROL 
METHOD 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a continuation of application 
Ser. No. 10/378,757, ?led Mar. 4, 2003, pending. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates generally to pro 
cesses for semiconductor Wafers and, more particularly, to 
control and speci?cation of temperature processes for a 
semiconductor processing furnace. 

[0004] 2. State of the Art 

[0005] Semiconductor processing advancements continue 
to facilitate reduction in feature dimensions Which in turn 
results in increased performance and circuitry integration. 
While feature siZe reductions have been considerable, con 
tinuous improvements are being pursued. With the reduction 
in feature siZe, the criticality of accurate control during 
manufacturing processes becomes more essential. Speci? 
cally, the temperature imposed upon a semiconductor Wafer 
during a manufacturing process affects the diffusion of 
dopants, as Well as the deposition of materials on the 
semiconductor Wafer. Thus, it is important that processing 
systems achieve accurate control to obtain the desired effect 
on the semiconductor Wafer undergoing processing. 

[0006] In order to maintain an acceptable level of quality 
control, many semiconductor processes are performed in 
iterative incremental “runs” that alloW for control feedback 
to be entered into the processing speci?cation of each 
subsequent run. On a speci?c run, a process speci?cation 
may include a set-point temperature, temperature process 
duration, a temperature ramp rate, etc., that de?ne the 
overall thermal process to be encountered by the semicon 
ductor Wafer. 

[0007] Process speci?cations may be further complicated 
by the introduction of a gas or other vapor Which may also 
be affected by the temperature and thermal pro?le. There 
fore, various temperature control problems must be attended 
to by a processing system in order to maintain an acceptable 
level of quality control, i.e., yield, of semiconductor Wafers. 
In an effort to enhance the yield of operable circuits on a 
Wafer, it Would be desirable that each Wafer in a group or 
“batch” be subjected to the same temperature conditions 
over an entire thermal processing cycle or run. If uncon 
trolled, the variations in the processing of the semiconductor 
Wafers Within a batch result in unacceptable deviations and 
such deviations are further exaggerated over subsequent 
runs Which inject further deviations into the overall process. 

[0008] Astill further temperature control problem eXists in 
thermal processing systems, such as furnaces, that utiliZe 
multiple heating elements. Multiple-Zone furnaces can be 
used to better optimiZe the thermal pro?le in larger furnaces 
capable of handling a large number of Wafers. Large capac 
ity furnaces are designed With multiple heating elements to 
provide more uniform heating across the entire cavity of the 
furnace. HoWever, due to the nature of a Zone’s heat ?oW, as 
Well as the interactive nature of adjacent Zones Within an 
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open cavity, thermal variations can and do eXist Within a 
single cavity of a multi-Zone furnace. While it is possible to 
control a speci?c Zone Within a multi-Zone con?guration, the 
affect of the interaction betWeen Zones has largely gone 
unaddressed and unappreciated. While one or more Wafers 
Within a speci?c Zone may be evaluated folloWing the 
completion of a speci?c run, thermal compensation for such 
processing deviations have been limited to an adjustment of 
that speci?c Zone for a subsequent thermal process during a 
subsequent run of that speci?c Wafer or group of Wafers, 
regardless of the in?uence or affect of such an adjustment on 
other Wafers Within other Zones of the system. 

[0009] Thus, it is desirable to implement a system and 
method that takes into account the affect of modi?cations of 
thermal adjustments implemented in one Zone and the 
related effect of such an adjustment on the other Zones 
Within the system. 

BRIEF SUMMARY OF THE INVENTION 

[0010] The present invention includes methods and sys 
tems for generating control settings for use in a multi 
parameter semiconductor tool that processes semiconductor 
Wafers on a run-to-run basis. As used herein, the term 
“semiconductor Wafer” includes not only conventional sili 
con Wafers, but also other bulk semiconductor substrates 
such as silicon-on-insulator (SOI), silicon-on-glass (SOG) 
and silicon-on-sapphire (SOS) substrates, as Well as other 
semiconductor materials such as, by Way of example only, 
gallium arsenide, and iridium phosphide. Generally, the 
present invention provides a polynomial system model of a 
processing tool Which enables simultaneous calculation of 
parameter adjustments in pursuit of run-to-run control of a 
Wafer process. The method takes into consideration the 
cross-in?uence of the changes in each controlled parameter 
and the effect such change has on all of the other parameters 
of interest. The present invention facilitates an improved 
yield due to the more precise characteriZation of the in?u 
ence of a controlled parameter adjustment on the quality 
parameters of Wafers in other chambers Within the tool. 
Furthermore, the control settings are calculated from models 
as opposed to being adjusted using ad hoc approaches. 

[0011] The present invention also includes speci?c meth 
ods and systems for generating control settings for use in a 
multi-Zone semiconductor furnace that processes semicon 
ductor Wafers on a run-to-run basis. One speci?c embodi 
ment of the present invention provides a polynomial system 
model of a diffusion furnace Which enables simultaneous 
calculation of temperature adjustments in pursuit of run-to 
run control of a Wafer process. The method takes into 
consideration the cross-in?uence of the temperature changes 
in each Zone and the effect such change has on all of the 
other Zones. The present invention facilitates an improved 
yield due to the more precise characteriZation of the in?u 
ence of a Zone’s temperature adjustment on the ?lm groWth 
of Wafers in other Zones Within the furnace. Furthermore, the 
temperature control settings are calculated from models as 
opposed to being adjusted using ad hoc approaches. 

[0012] According to one embodiment of the present inven 
tion, temperature control settings are generated for control 
ling a multi-Zone semiconductor furnace used for the pro 
cessing of semiconductor Wafers. The Zonal in?uence 
betWeen the multiple Zones Within a multi-Zone furnace is 
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characterized and a transfer function is derived. Following a 
run of the Wafers Within the multi-Zone furnace, a Wafer 
from each Zone is evaluated. The thickness of the deposited 
?lm is measured or, alternatively, a thickness of the depos 
ited ?lm is otherWise characteriZed for each of the Zones for 
use as inputs into the polynomial model. Optionally, a ?lter 
is injected into the model following the measurement of the 
?lm thickness. Such a ?lter facilitates the removal or miti 
gation of random noise injected into the system by the 
measurement characteriZation instruments or random ?uc 
tuations of the process. 

[0013] Temperature adjustments are calculated from the 
measured ?lm thicknesses, as Well as from the desired ?lm 
thickness for each of the Zones. The calculation of possible 
temperature adjustments results in a number of possible 
solutions corresponding to the order of the polynomial. A 
preferred solution or set of temperature adjustments is 
calculated according to a prede?ned criterion. One such 
criterion is the minimum overall adjustments to the system. 
Such a solution inserts the least perturbations into a here 
tofore re?ned, but otherWise comprehensively uncharacter 
iZed process. 

[0014] According to another embodiment of the invention, 
a multi-Zone semiconductor furnace controls a run-to-run 
semiconductor process on semiconductor Wafers by apply 
ing the control settings respectively generated from the 
process above to control the respective Zones Within a 
multi-Zone semiconductor furnace. The present invention 
?nds application not only to diffusion processes but to all 
semiconductor processes that groW or deposit ?lms in a 
chamber or environment that has separately controllable 
environment control elements, such as heating elements. 

[0015] According to yet another embodiment of the 
present invention, a multi-parameter control system controls 
a run-to-run semiconductor process on semiconductor 

Wafers by applying the control settings respectively gener 
ated similar to the process above to control respective 
quality Wafer parameters Within a multi-chambered or single 
chambered tool. The present invention ?nds application not 
only to semiconductor processes that groW or deposit ?lms 
but to all semiconductor processes that generally have 
separately controllable control elements, such a gas ?oW 
controllers, chemical liquid ?oW controllers, plasma control 
elements, temperature and humidity control elements, and 
the like. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0016] In the draWings, Which illustrate What is currently 
considered to be the best mode for carrying out the inven 
tion: 

[0017] FIG. 1 illustrates a con?guration of a semiconduc 
tor furnace having a multi-Zone con?guration, in accordance 
With an embodiment of the present invention; 

[0018] FIG. 2 illustrates a directional graph describing the 
mathematical interrelationship of the multi-Zones of a multi 
Zone semiconductor furnace, in accordance With an embodi 
ment of the present invention; 

[0019] FIG. 3A is a block diagram of a multi-parameter 
semiconductor processing system, in accordance With an 
embodiment of the present invention; 
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[0020] FIG. 3B is a block diagram of a multi-parameter 
semiconductor process utiliZing a multi-Zone temperature 
control system, in accordance With a preferred embodiment 
of the present invention; 

[0021] FIG. 4A is a block diagram of a multi-parameter 
control system, in accordance With an embodiment of the 
present invention; 

[0022] FIG. 4B is a block diagram illustrating the com 
putational components utiliZed Within a multi-Zone tempera 
ture control system, in accordance With an embodiment of 
the present invention; 

[0023] FIG. 5 is a How chart illustrating a semiconductor 
process utiliZing a multi-Zone control system, in accordance 
With an embodiment of the present invention; and 

[0024] FIG. 6 is a How chart of the steps involved for 
calculating the control settings for each Zone of a multi-Zone 
semiconductor furnace. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0025] FIG. 1 illustrates a multi-Zone semiconductor fur 
nace 10, in accordance With an embodiment of the present 
invention. The semiconductor furnace 10, as depicted, may 
be utiliZed for various semiconductor manufacturing pro 
cesses including the depositing and/or groWing of ?lms on 
a substrate, such as a silicon Wafer. While various diffusion, 
deposition, and other semiconductor manufacturing pro 
cesses are contemplated as Within the scope of the present 
invention, an exemplary diffusion process Will be illustrated 
and discussed as a means of facilitating an understanding 
thereof. 

[0026] One exemplary and illustrative process includes 
the deposition of nitride Which is generally done in a LoW 
Pressure Chemical Vapor Deposition (LPCVD) process that 
may be thermally driven by irradiative heat transfer Which in 
turn drives or induces a chemical reaction on a substrate, 

such as a silicon Wafer, betWeen, for example, dichlorosilane 
and ammonia to deposit What is commonly referred to as 
silicon nitride or oftentimes is simplistically referred to as 
just “nitride.”FIG. 1 illustrates such a process being under 
taken in semiconductor furnace 10. In FIG. 1, reactives 12 
enter semiconductor furnace 10 into a Wafer chamber 14 
housing a plurality of semiconductor Wafers, a plurality of 
Which are shoWn in a vertically stacked, horiZontally ori 
ented arrangement generally depicted as Wafers 16. Reac 
tives 12 pass through Wafer chamber 14 and circulate about 
Wafers 16 and are then exhausted from semiconductor 
furnace 10 as exhaust gases 18. 

[0027] The equation beloW illustrates the chemical reac 
tion of this speci?c illustrative example. 

Those of ordinary skill in the art appreciate that nitride is 
used in the semiconductor industry as an insulator com 
monly used to separate conductive ?lms from one another so 
that a desired architecture of electrical circuits may be 
achieved. 

[0028] FIG. 1 further illustrates the multi-Zone con?gu 
ration of semiconductor furnace 10. While semiconductor 
furnace 10 may be implemented With any number of Zones, 
by Way of illustration, FIG. 1 illustrates a multi-Zone 
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semiconductor furnace 10 having ?ve speci?c circular or 
donut-shaped heating elements 20-28, Which de?ne corre 
sponding Zones 30-38. Each of these respective Zones is 
independently controllable With each of the speci?c heating 
elements 20-28 providing localiZed heat to the respective 
Zones 30-38. By Way of example, a plurality of Wafers 16, 
Which may number in the tens and even hundreds of Wafers, 
may be loaded into Wafer chamber 14 to undergo a speci?c 
semiconductor process. 

[0029] Those of ordinary skill in the art appreciate that a 
groWth rate, for example, of nitride ?lm is dependent upon 
process variables including: (1) heat and temperature, (2) 
pressure, (3) reactive gas ?oW, (4) reactant ratios, and (5) 
time. Due to the partitioned nature or Zoning of Wafer 
chamber 14, the plurality of semiconductor Wafers 16 is 
subjected to independent control of the available heat for 
each Zone 30-38. Such independent or regionaliZed control 
assists in generating a more uniform chemical reaction 
across the entire vertical array of semiconductor Wafers 16, 
thereby resulting in a more uniform or desired ?lm thickness 
on each of the plurality of Wafers 16. In a process control 
environment, each Zone may integrate a test Wafer Within the 
vertically stacked Wafers 16 for use as a Wafer from Which 
to derive a measured ?lm thickness betWeen subsequent runs 
of Wafer 16 Within semiconductor furnace 10. 

[0030] The ?lm thickness on a semiconductor surface 
achieved through a process Within semiconductor furnace 10 
exhibits a strong correlation betWeen both the temperature in 
a particular Zone in the presence of a corresponding gas and 
the maintenance of temperature in a Zone over a period of 
time. It is appreciated that certain temperature ramps are 
required for obtaining uniform depositions, i.e., ?lm depo 
sition rate generally exhibits linear dependence on the 
process temperature. After a speci?c period of time, a strong 
linear relationship betWeen ?lm thickness and elapsed time 
exists as process temperature and How of gas reactants 
remains relatively constant. 

[0031] Therefore, since the ?lm deposition rate is depen 
dent on a temperature gradient across an entire Wafer cham 
ber 14, an entire process at a stable linear stage Within 
semiconductor furnace 10 may be described using a model 
unifying all Zones. HoWever, the present invention appreci 
ates that any temperature change in any one Zone Will affect 
?lm thickness in all other Zones. Therefore, an improved 
approach is to model all Zones affecting each other in 
accordance With a thermal transfer function Which directly 
affects resultant ?lm thickness. 

[0032] FIG. 2 illustrates a model of a full directional 
graph for a multi-Zone semiconductor furnace, illustrated by 
Way of example, as a ?ve-Zone furnace. In the illustration, 
each of the thermal transfer functions, fig, is illustrated as 
having an in?uence on each of the other respective Zones. 
The thermal transfer functions further include a unit of 
measure, for example, in angstroms/° C., and describe the 
?nal ?lm thickness change in a Zone j, upon the temperature 
change in a Zone i. For this calculation, it is acceptable to 
assume that the temperature change is constant during the 
entire process time While Wafers 16 (FIG. 1) are Within 
semiconductor furnace 10 (FIG. 1). Thus, a temperature 
change from run-to-run at any Zone affects in some degree 
all other Zones Within semiconductor furnace 10 (FIG. 1). It 
should be noted that functions fid- can be positive or negative 
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in reference to the temperature change in relation to each 
Zone and the functions also exhibit different contributions to 
each Zone While temperature changes in the positive or 
negative direction. Such a contribution, in the present ver 
tically oriented furnace, may be attributed to the speci?c 
furnace design, location of the reactives inlet, for example, 
in the bottom of Wafer chamber 14 (FIG. 1), as Well as the 
mass transport theory Which results in the depletion of the 
quantity of reactive material. 

[0033] In the proposed model of the present embodiment, 
the process may be described using a system of polynomial 
equations approximating the transfer functions in Which the 
resultant ?lm thickness change in each Zone depends on all 
of the changes of Zone temperatures. For example, for the 
?ve-Zone furnace exemplary illustration, the process may be 
mathematically depicted as folloWs: 

“11,1 “11,2 “11,3 “11,4 “11,5 T1— T1; FT11 — FT1 

“12,1 “12,2 “12,3 “12,4 “12,5 T2 — T23 FT21 — FT2 

-- + “13,1 “13,2 “13,3 “13,4 “13,5 - T3 — T3; = FT31 — FT3 

“14,1 “14,2 “14,3 “14,4 “14,5 T4 — T43 F T41 — F T4 

“15,1 “15,2 “15,3 “15,4 “15,5 T5 — T53 FT51 — FT5 

Where 01kt]- are thermal transfer process coef?cients, Ti are 
actual temperatures for each corresponding Zone; Tis are 
suggested temperatures for each corresponding Zone in 
attempt to correct and bring ?lm thickness to the Zone targets 
FT“, and FTi are actual post process ?lm thickness mea 
surements in each Zone. Considering that Ti—TiS=ATi and 
FTit—FTi=AFTi, the system of equations (1) can be shoWn 
as: 

“15,1 “15,2 “15,3 “15,4 “15,5 AT;1 

“11,1 “11,2 “11,3 “11,4 “11,5 AT1 AFT1 

“12,1 “12,2 “12,3 “12,4 “12,5 AT2 AFT2 

-- + “13,1 “13,2 “13,3 “13,4 “13,5 - AT3 = AFT3 

“14,1 “14,2 “14,3 “14,4 “14,5 AT4 AFT4 

“15,1 “15,2 “15,3 “15,4 “15,5 AT5 AFT5 

or it can be Written more generally in matrix form as: 

An-AI“+An,1-AI“*1+ . . . +A1-AT=AFT (3) 

[0034] It should be noted that ATn in equations (3) repre 
sent vectors of temperature changes in corresponding poWer, 
not the poWer of a vector of temperature changes. The 
system of equations (3) quantitatively describes processing 
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in the illustrated ?ve-Zone diffusion furnace With modi?ca 
tions to any number of Zones through the scaling of the 
matrices. It should be noted that equations (3) do not contain 
members describing combined in?uence of the temperature 
changes as they are considered negligible When compared 
With the prime members of equations Additionally, it 
should be noted that equations (3) represent a system of ?rst 
order differential equations describing a diffusion furnace 
reaction to the temperature changes in each Zone. Those of 
ordinary skill in the art may determine a similar system of 
differential equations for any semiconductor processing tool 
describing the tool reaction to the process control parameters 
changes using a design of the experiment (DOE) approach. 

[0035] FIG. 3A illustrates is a block diagram of a multi 
parameter semiconductor processing system 39, in accor 
dance With an embodiment of the present invention. Multi 
parameter semiconductor processing system 39 is comprised 
of a semiconductor process tool 9 Which receives commands 
41 and provides feedback 43. Commands 41 and feedback 
43 are exchanged With process tool controllers 45 Which 
may be further physically integrated With semiconductor 
process tool 9 or may be separately attached. Process tool 
controllers 45 receive discrete commands and con?gure 
semiconductor process tool 9 accordingly. 

[0036] Multi-parameter semiconductor processing system 
39 is further comprised of a multi-parameter control system 
47 Which utiliZes the modeling described herein for the 
derivation of the speci?c commands illustrated generally as 
speci?c tool process parameter settings 49. The calculation 
of tool process parameter settings 49 is further performed 
Within multi-parameter control system 47 and is calculated 
from inputs illustrated as desired Wafer quality parameters 
51 (e. g., process target values, ?lm thickness, particle count, 
dopant concentration, critical dimension, etc.) and from 
post-run measured Wafer quality parameters 53, generally 
depicted as measured Wafer quality parameters 53. Mea 
sured Wafer quality parameters 53, derived from an evalu 
ation tool such as a Wafer quality parameters measurement 
device 55, provides feedback to multi-parameter control 
system 47 upon the evaluation of the quality parameters 
post-run on speci?c test or process Wafers, such as Wafers 
57. As illustrated, once Wafers 57 undergo an evaluation by 
Wafer quality parameters measurement device 55, Wafers 57 
may be returned to semiconductor process tool 9 for sub 
sequent run processing. While the present illustration 
depicts Wafers 57 being removed from semiconductor pro 
cess tool 9 for an ex situ measurement, the present invention 
further contemplates measurement device capability being 
present Within semiconductor process tool 9 for an in situ 
measurement of a Wafer quality parameter. 

[0037] FIG. 3B illustrates a simpli?ed block and How 
diagram of the derivation and application of temperature 
control settings for a semiconductor processing of Wafers in 
a multi-Zone furnace, in accordance With an embodiment of 
the present invention. Multi-Zone thermal processing system 
40 is comprised of a multi-Zone semiconductor furnace 10 
Which receives temperature commands 42 and provides 
temperature measurements in the form of feedback illus 
trated as temperature measurements 44. Temperature com 
mands 42 and temperature measurements 44 are exchanged 
With a furnace poWer controller 46 Which may be further 
physically integrated With multi-Zone semiconductor fur 
nace 10 or may be separately attached. Furnace poWer 
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controller 46 receives discrete temperature commands 42 for 
each speci?c Zone and con?gures multi-Zone semiconductor 
furnace 10 accordingly. 

[0038] Multi-Zone thermal processing system 40 is further 
comprised of a furnace multi-Zone temperature control sys 
tem 48 Which utiliZes the modeling described herein for the 
derivation of the speci?c Zone temperature 42 illustrated 
generally as temperature control settings 50. The calculation 
of temperature control settings 50 is further performed 
Within multi-Zone temperature control system 48 and is 
calculated from inputs illustrated as desired ?lm thickness 
52 and from post-run measured ?lm thicknesses for each 
Zone, generally depicted as measured ?lm thickness 54. 
Measured ?lm thicknesses 54, derived from an evaluation 
tool such as ?lm thickness measurement device 56, provides 
feedback to multi-Zone temperature control system 48 upon 
the evaluation of the deposited ?lms post-run on speci?c 
Wafers, such as test Wafers 58. As illustrated, once test 
Wafers 58 undergo an evaluation at ?lm thickness measure 
ment device 56, they may be returned to multi-Zone semi 
conductor furnace 10 for subsequent run processing. While 
the present illustration depicts test Wafers 58 being removed 
from multi-Zone semiconductor furnace 10 for an ex situ 

measurement, the present invention further contemplates 
?lm thickness measurement capability being present Within 
semiconductor furnace 10 for an in situ measurement of a 
?lm thickness. 

[0039] While FIG. 3B has illustrated the general func 
tional components of an embodiment of the present inven 
tion, a speci?c implementation and the mathematical How of 
the calculations Will be described by Way of example. The 
speci?c implementation of the modeling of the present 
invention contemplates the simpli?cation of the mathemati 
cal computations by retaining temperature as a sole inde 
pendent variable that drives the dependent variable of ?lm 
thickness. In order to illustrate a speci?c example, the 
?ve-Zone illustrative depiction Will be maintained for a 
speci?c exemplary calculation. In such an example, the 
independent variable, temperature, has ?ve Zones that are 
given separate temperature set-points. Due to the proximity 
of the heating elements, a calculation of the interaction of 
nitride ?lm groWth is illustrated, for example, betWeen 
elemental Zones When an adjustment to one Zone has been 
made. In one speci?c implementation, a con?guration Was 
set up using the folloWing equipments: (1) an ASM-A400 
LPCVD VF multi-Zone diffusion furnace manufactured by 
AM International N.V. of The Netherlands; (2) a ?lm 
thickness measurement device, such as a UV1250 from 
KLA-Tencor of San Jose, Calif; and (3) bare silicon test 
Wafers. The example Was performed as a full factorial 
example Where both positive and negative changes in each 
region Were used. The arrangement further utiliZed a plu 
rality, such as three test Wafers per region to not only 
increase the sample siZe but also to mitigate the effects of 
any extreme range samples. 

[0040] Table 1 beloW summariZes measured data obtained 
during an arrangement of the example described above With 
all data being shoWn as a re?ection of the baseline data 
Which depicts changes in ?lm thickness as measured in 
angstroms in all Zones With the corresponding temperature 
change in each speci?c Zone. Additionally, the test results 
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Were rounded to Zero if the absolute data value Was below 
3 angstroms in order to mitigate the effects of any measure 
ment noise. 

[0041] Nitride Process Example of Film Thickness 
Changes Resulting from Temperature Changes in Corre 
sponding Zones. 
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ATi=f(AFT1,APT2 . . . APTr) (5) 

Where n is number of Zones. 

[0045] Solving the system of equations (3) for AT arrives 
at the feedback control mechanism for performing run-to 
run control Within the multi-Zone furnace as calculated from 

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 

Zone 1 PLUS 33.19967 0 0 0 0 

Zone 1 MINUS -29.353 0 0 0 0 

Zone 2 PLUS -8.45833 21.02367 0 0 0 

Zone 2 MINUS 4.705333 -16.1007 0 0 -5 

Zone 3 PLUS -8.01067 7.847667 32.89033 11.32967 -6.316 

Zone 3 MINUS 0 -9.317 -26.8593 -15.211 -5.036 

Zone 3 PLUS -10.4863 -12.548 -13.9473 19.204 5.636 

Zone 4 MINUS 0 0 0 -28.426 -14.0953 

Zone 5 PLUS 0 0 0 -8.35967 17.758 

Zone 5 MINUS 0 0 0 3.408333 -27.0213 

[0042] In Table 1, the designation, “Zone X PLUS,” cor- coef?cients (XkiJ- and post-process measured ?lm thickness 
responds to a plus 1.5° C. temperature change in the 
corresponding Zone While a “Zone X MINUS” designator 
corresponds to a minus 1.5° C. temperature change in the 
respective Zone. In the present test case, three data points 
(PLUS, baseline, MINUS) for each Zone enables the gen 
eration of quadratic equations that describe the process in a 
narroW temperature Zone of approximately 3° C. around a 
speci?c process temperature. The speci?c quadratic equa 
tion becomes: 

A2-AT2+A1-AT=AFT (4) 
Where the matrices are: 

0.854815 —0.834 —1.78015 —2.3303 0 

0 1.094 —0.32652 —2.78844 0 

A2 = 0 0 1.340222 —3.09941 0 

0 0 —0.86252 —2.04933 —1.1003 

0 —1.11111 —2.52267 —1.87985 —2.05852 

20.85089 —4.38789 —2.67022 —3.49544 0 

0 12.37478 5.721556 —4.18267 0 

A1 = 0 0 19.91656 —4.64911 0 

0 0 8.846889 15.87667 —3.92267 

0 1.666667 —0.42667 6.577111 14.92644 

[0043] Given A2 and A1 matrices and ?lm thickness 
changes for each Zone, the system of quadratic equations (4) 
may be solved for AT and temperature changes for each Zone 
may be calculated for a speci?c furnace. It should be noted 
that the equations (4) hold for temperature charges outside 
of the experimental temperature range, hoWever, the accu 
racy can vary. 

[0044] The mathematical model illustrates a relationship 
betWeen ?lm thickness changes and Zone temperature 
changes. As such, it is possible to solve the equations to 
determine a relationship or function in Which each Zone 
temperature change can be treated as a function of the ?lm 
thickness changes for all Zones, namely: 

FTi at each Zone after each run: 

Tis=Tip—ATi (6) 

Where ie1, 2, . . . , n—up to the number of process Zones, Tis 

are desirable temperature settings for corresponding process 
Zones, and Tip is the previous temperature settings for 
corresponding process Zones. 

[0046] Although an analytical solution for the system or 
model of polynomials in equations (3) is not directly deriv 
able, it is possible to solve equations using numerical 
methods. By deriving iteratively approximating roots of the 
system through numerical solutions, practical accuracy is 
attainable for a solution of AT. In a practical implementation 

of the deployment of the modeling of the present invention, 
it is desirable to minimiZe process ?uctuations from run-to 

run by calculating suggested Zone temperature settings, Tis, 
using all measured ?lm thicknesses and previous tempera 
ture settings for each Zone as is inherently described in 

equation 

[0047] Athorough solution of equation (3) may result in a 
number of possible real root sets. Therefore, a selection of 

a preferable or preferred set of temperature adjustments 
from among the available solutions is desirable. One such 

selection criteria is to select a solution that results in a 

minimal amount of adjustments to the system, meaning the 
minimum overall change of a someWhat characteriZed pro 

cess. Therefore, one such selection process for deriving a 

preferred set of temperature adjustments from a larger set of 
solutions of temperature adjustments is to select the set of 
temperature adjustments that results in the smallest overall 
sum of temperature adjustments. Such a minimiZation may 
be arrived at using a distance formula to select the set that 

results in minimum changes in the furnace control settings. 
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[0048] A form of the Euclidean distance function is an 
acceptable selection process and is de?ned as: 

2 2 (7) 
D: EAT; orD: ZAyj 

l \] J 

[0049] for multi-Zone furnace for generic multi-param 
eter semiconductor tool 

Where ATi is a temperature adjustment for Zone i, and Ayj 
is a control parameter adjustment. Some Weighting 
factors may enhance the equation (7) giving priority to 
certain temperature Zones in case of diffusion furnace 
and/or scaling process parameters that have different 
units of measure in the case of other semiconductor 
processes: 

8 
D: zwi-ATt-z orD: Zwj-Ayj () 

i j 

Calculating Weighted Euclidean distances for all root sets 
and selecting the minimum distance or sum set results 
in a least-changes solution for application to the multi 
Zone furnace. 

[0050] FIG. 4A is a block diagram of a multi-parameter 
control system 47, in accordance With an embodiment of the 
present invention. FIG. 4A illustrates a computational mod 
eling diagram of the Wafer processing and modeling as 
described herein, and more speci?cally With regard to the 
multi-parameter control system embodiment of FIG. 3A. 
FIG. 4A further illustrates optional ?ltering 59 Which pro 
vides a further enhancement to the present invention by 
applying data ?ltering before applying control signals to the 
process tool controllers 45 of the semiconductor process tool 
9. Such a ?ltering process provides ?ltering to remove noise 
Which may be attributed to the process or control. 

[0051] Additionally, noise associated With Wafer quality 
parameters measurement device 55 (FIG. 3A) may be 
removed through the location of a ?lter, illustrated as ?lter 
61 Which removes noise attributed to the quality measure 
ment process. Suitable ?ltering techniques include exponen 
tially Weighted moving average (EWMA) techniques as Well 
as other acceptable approaches knoWn by those of ordinary 
skill in the art. The modeling technique of an embodiment of 
the present invention utiliZes measured Wafer quality param 
eters 53 to calculate parameter modi?cations. Furthermore, 
selecting or voting the best solution from among the pool of 
possible solutions makes the process more stable as Well as 
providing for a more uniform process. 

[0052] FIG. 4B illustrates a computational modeling dia 
gram of the Wafer processing and modeling as described 
herein, and more speci?cally With regard to the thermal 
processing embodiment of FIG. 3B. FIG. 4B further illus 
trates optional ?ltering 60 Which provides a further enhance 
ment to the present invention by applying data ?ltering 
before applying control signals to the multi-Zone furnace. 
Such a ?ltering process provides ?ltering to remove noise 
Which may be attributed to the process or control. 
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[0053] Additionally, noise associated With ?lm thickness 
measurements from the ?lm thickness measurement device 
56 may be removed through the location of a ?lter, illus 
trated as ?lter 62 Which removes noise attributed to the ?lm 
thickness measurement process. One such ?ltering scheme 
is illustrated as an exponentially Weighted moving average 
(EWMA) Which is utiliZed for estimating process devia 
tions. Other techniques are also contemplated Within the 
scope of the present invention including the utiliZation of a 
proportional integral derivative (PID) control to perform 
?ltering. 

[0054] The modeling technique of an embodiment of the 
present invention utiliZes measured ?lm thicknesses from all 
Zones to simultaneously calculate the temperature change 
for each speci?c Zone Which applies the temperature control 
strategy more effectively than by treating each Zone sepa 
rately. Furthermore, selecting or voting the best solution 
from among the pool of possible solutions makes the process 
more stable as Well as providing for a more uniform process. 

[0055] FIGS. 5 and 6 illustrate a method for applying a 
?lm to a semiconductor Wafer in a multi-Zone furnace 
having thermal interdependencies by calculating tempera 
ture control settings that account for such thermal interde 
pendencies. The methods of FIGS. 5 and 6, either individu 
ally or in combination and in Whole or in part, may be 
implemented in computer instructions for execution by a 
processor. Such computer instructions may take the form of 
a computer program having one or more subroutines, mod 
ules or objects as knoWn to one of ordinary skill in the art. 
Such a computer program may be stored on a data storage 
medium or device, for eXample and not by Way of limitation, 
a ?oppy disk, compact disc-read only memory (CD-ROM), 
digital versatile disc (DVD), hard disk, read only memory 
(ROM), dynamic random access memory (DRAM), or any 
other suitable data storage medium or device. The processor 
may be a general purpose microprocessor, a special purpose 
processor, an application speci?c integrated circuit (ASIC) 
or any other processor con?gured to eXecute instructions 
either in softWare or hardWare-based logic such as a state 
machine. In the case Where the processor is an ASIC, the 
term “computer instructions,” as referred to above, may 
imply permanently implemented and speci?c state machine 
operations. The selection and implementation of a processor 
for use in accordance With the present invention is Within the 
knoWledge of a person of ordinary skill in the art and, thus, 
Will not be further elaborated herein. 

[0056] In FIG. 5, a method 63 processes a plurality of 
Wafers through run-to-run control of the temperature control 
settings by Way of the calculation of temperature adjustment 
based upon the characteriZation of the thermal interdepen 
dencies of the Zones of a multi-Zone semiconductor process 
ing furnace. In FIG. 5, a query act 64 determines if the 
process is complete, meaning the quantity of runs has been 
completed to obtain the desired ?lm thickness. If the desired 
thickness has been achieved, then processing is completed. 
HoWever, if the desired ?lm thickness has not been 
achieved, then processing passes to a generate temperature 
control settings process 66 for the calculation of temperature 
control settings according to the interdependencies of the 
multiple Zones, as illustrated in FIG. 6. 

[0057] Referring to FIG. 6, temperature control settings 
for a multi-Zone semiconductor furnace are generated by 
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measuring, in an act 68, a ?lm thickness of a semiconductor 
Wafer from each Zone of the multiple Zones as deposited in 
the previous process run of the Wafer. Measurements may be 
performed by a ?lm thickness measurement device that 
operates on the Wafers eX situ (i.e., outside of the multi-Zone 
furnace). Alternatively, the measurement of the ?lm thick 
ness may be performed in situ (i.e., With the Wafers remain 
ing resident in the multi-Zone furnace). 

[0058] Once the measured ?lm thickness is derived, an 
optional act 70 ?lters noise as induced by the measuring 
process. It is appreciated that measurement tools inject noise 
into a system because of their quantization properties. 
Therefore, if the noise is appreciable and can be readily 
characteriZed, then ?ltering of the noise is desirable. Simi 
larly, the process itself may be subject to random ?uctua 
tions that are not captured in the model. Therefore, optional 
act 70 helps to remove combined random noise of the 
manufacturing process and measuring process. 

[0059] An act 72 receives both the measure ?lm thickness 
68 as Well as the desired or target ?lm thickness 74 for 
performing the calculation of at least one set of temperature 
adjustments for each of the Zones based upon the math 
ematical modeling previously described. An act 76 selects a 
preferred set of temperature adjustments from among a 
plurality of possible sets When the polynomial solution 
provides for a plurality of possible solutions. 

[0060] An act 78 calculates temperature control settings 
for each Zone of the multi-Zone semiconductor furnace from 
the selected set of temperature adjustments. As described 
above, the selection criteria may vary depending upon the 
process sensitivities. One such criteria includes selecting a 
set of possible temperature control settings that interjects the 
minimal adjustments to the system. Such a least-sum solu 
tion described above minimiZes the adjustments from the 
norm thereby providing lesser disruptions to a someWhat 
characteriZed process. 

[0061] An act 80 provides an optional ?ltering process for 
data ?ltering to accommodate stability or other process noise 
attributes derived from heuristic analysis. Exemplary ?lter 
ing techniques include PID and EWMA control schemas 
appreciated by those of ordinary skill in the art. Temperature 
control settings process 66 then returns (FIG. 5) for per 
forming an act 82 Where the generated temperature control 
settings are forWarded to the multi-Zone semiconductor 
furnace for utiliZation during a subsequent run, as depicted 
by act 84. Processing then returns folloWing the completion 
of the subsequent run to query act 64 for determining the 
state of completion of the entire process. 

[0062] It is also contemplated that the aforementioned 
techniques, systems, and methods may be applied to other 
types of semiconductor processes that have one or more 
desired Wafer quality parameters and one or more process 
control parameters. By Way of eXample and not limitation, 
processes such as Chemical Vapor Deposition (CVD), dry 
etching, Wet etching, photo lithography and other semicon 
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ductor manufacturing processes are also suitable processes 
for controlling using the approaches described herein. 

[0063] Speci?c embodiments have been shoWn by Way of 
eXample in the draWings and have been described in detail 
herein, hoWever the invention may be susceptible to various, 
modi?cations and alternative forms. It should be understood 
that the invention is not intended to be limited to the 
particular forms disclosed. Rather, the invention includes all 
modi?cations, equivalents, and alternatives falling Within 
the spirit and scope of the invention as de?ned by the 
folloWing appended claims. 
What is claimed is: 

1. A method for generating temperature control settings 
for a multi-Zone semiconductor furnace, comprising: 

measuring a measured ?lm thickness change from a 
semiconductor Wafer from each Zone of said multi-Zone 
semiconductor furnace; and 

calculating temperature control settings for each Zone of 
said multi-Zone semiconductor furnace from a pre 
ferred set of temperature adjustments derived from said 
measured ?lm thickness change and a desired ?lm 
thickness change for each Zone. 

2. The method, as recited in claim 1, Wherein measuring 
a measured ?lm thickness change is performed in situ. 

3. The method, as recited in claim 1, Wherein measuring 
a measured ?lm thickness change is performed eX situ. 

4. The method, as recited in claim 1, Wherein calculating 
at least one set of temperature adjustments further includes 
modeling said measured ?lm thickness change for each of 
said Zones as a function of a temperature change from all of 
said Zones of said multi-Zone semiconductor furnace. 

5. The method, as recited in claim 1, Wherein calculating 
at least one set of temperature adjustments includes calcu 
lating said at least one set of temperature adjustments from 
polynomial equations approximating transfer functions in 
Which said measured ?lm thickness change in each Zone 
depends on each temperature change from all Zones of said 
multi-Zone semiconductor furnace. 

6. The method, as recited in claim 1, Wherein selecting a 
preferred set of temperature adjustments comprise selecting 
said preferred set of temperature adjustments as one of said 
at least one set of temperature adjustments conforming to a 
predetermined criterion. 

7. The method, as recited in claim 6, Wherein said 
predetermined criterion is a set of temperature adjustments 
having a smallest sum. 

8. The method, as recited in claim 7, Wherein said smallest 
sum is a Weighted smallest sum. 

9. The method, as recited in claim 1, further comprising 
applying a ?lter to said measured ?lm thickness change to 
mitigate derived process and measurement noise. 

10. The method, as recited in claim 1, further comprising 
applying a ?lter to said temperature control settings to 
mitigate derived process and control noise. 

* * * * * 


