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temperature difference between the upstream and downstream sensors may correspond to chfferent

flow rates of the gasses. The flow difference between the different gases is estimated using a gas
correction factor, The gas comrection factor is typically calculated by neglecting the effects of fluid

25 dynamics, and relying upon the basic linearity of the device. Thus, the gas correction factor is
normally just the ratio of the heat capacities of the process gas and calibration gas. In the prior art, a
single gas correction factor (a single, constant value) is universally used for all models of MFCs and
all flow ranges for a particular process gas. One manufacturer has used the same gas correction
factors for over twenty years with a specified accuracy +/-5%.

30 - Over the years, the accuracy of particular gas correction factors has occasionally been
challenged. This has precipitated re-determination of the appropriate values for these particular
correction factors. Even though the accuracy of the gas correction factors may be periodically re-
confirmed, the overall acouracy of the measurement devices is still limited by the assumption of

linearity.
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125 nonlinearities can be identified through examination of the gas properties. This evaluation has been
accomplished for virtually all etch and chemical vapor deposition gases. Some of the gases which
will exhibit this problem have been identified and are shown in Table 1.
Table 1. Gases with Large Nonlinearity

Gas K/Cp (ratio, in relative units)
WE6 1 1.97E-01
HBr 2.10E-01
BCI3 2.26E-01
Cl2 2.66E-01
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While 1% accuracies are typical when flow-dependent gas correction factors are used, the error
in the accuracies of different MFCs vary as a result of their manufacturing tolerances, and the range of
accuracies will form a gcnerally bell-shaped distribution around the ideal, Thus, while 1% error may

20 be typical, there will be many MFCs that have error exceeding 1%. Some of the devices will
substantially exceed this typical error, To date, the industry has not been able to conquer this

"problem, and the aifainable accuracy with process gases has been limited to greater than 1% of

reading. _

Referring to FIGURE 2, a diagram illustrating the differences in measurements made by

25 several MFCs of identical design is shown. Each of the curves represents the measurements made by
a single MFC. The curves are different because the MFCs each have different physical parameters,
all of which are within the manufacturing tolerances of the MFC design. It can be seen from the
figure that most of the MFCs provide measurements that are very close to each other. One of the
MFECs, however, deviates substantially from the others and produces much higher readings.
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SUMMARY

The ability to attain accuracies of better than 1% of reading with process gases is important for
optimizing process capability of many industrial processes. The technology discussed in the previous
section allows for models to be developed {either empirically or theoretically) to correlate the

35 performance of flow meters with one fluid (e.g., the calibration fluid) to performance with another,
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calibration gas, one may compensate for device variations in sensor sensitivity, and one may
compensate for variations in the split flow of fluid through the flow meter. The gas correction factor
may be dependent upon the rate of fluid flow and may take the form CFy(1+aF+bF+cF’). The
~ sensor correction factor may take the form 1+aAR. The split flow correction factor may take the
form 1- BAADC(Sp/100)’. The sensor and split flow correction factors may be used independently
of each other in some embodiments.
In accordance with a second aspect of the present invention, there is provided a system for
" correcting measured fluid flow, comprising: a fluid flow sensor; a memory configured to store
device-specific calibration data; and control electronics coupled to the fluid flow sensor and the
memory, wherein the control electronics are configured to compute a measured fluid flow based on

a sensed fluid flow detected by the sensor and correct the measured fluid flow based on the device-
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2006 F.[GURE 2 is a diagram illustrating the differences in measurements made by several MFCs of
identical design.
FIGURE 3 is a block diagram iflustrating the basic structure of an MFC in one embodiment.
FIGURE 4 is a diagram illustrating the structure of a laminar flow restrictor in accordance with
one embodiment.
'FIGURE 5isa diagram illustrating the sensor portion of a thermal MFC in one embodiment.
FIGURE 6 is a functional block diagram illustrating the basic structure of the MFC electronics
in one embodiment.
FIGURE 7 is a flow diagram illustrating a simple method according to which an MEC operates
in one embodiment. . _
While the invention is subject to various modifications and alternative forms, specific
embodiments thereof are éhown by way of example in the drawings and the accompanying detailed
description. It should be understood, however, that the drawings and detailed description are not intended

_ to limit the invention to the particular embodiment which is described. This disclosure is
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t he Q{m%gﬁmachmﬁ%&%a@&ﬁﬂ@mcontrol signal that is transmtted to
val ve 120. The control 'signal causes valve 120 to be adjusted to increase,
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sensed flow is provided to the control electronics 130. Control elecironics 130 process the received

25  signal to determine a measured rate of flow. The measured rate of flow is then compared to a flow
setpoint, which indicates the desired rate of flow of the process gas to the process chamber, and
generates a control signal that is transmitted to valve 120. The control signal causes valve 120 to be
adjusted to increase, decrease or maintain the current rate of flow, whichever is necessary to drive the
measured flow to the flow setpoint.

30 One embodiment of the inveniion is implemented in a thermal MFC. The thermal MFC senses

.the flow of the process gas by diverting a portion of the gas to a sensor tube, then heating the gas and
measuring the change in the temperature of the gas downstream. Generally épeaking, the change in
temperature is dependent upon the heat capacity of the gas (which is known) and the rate at which it
flows through the sensor tube. The rate of flow of thé gas through the sensor tube can therefore be

35 calenlated. Then, since the ratio of the flow through the sensor tube to the total flow is known, the
total flow can be calculated. '
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couple é%‘thee apert an .al ve . flowpath parallel to
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the device, and an output port 220 fhrough which the gas ex1ts Input port 210 is coupled to output
- -port 220 by a conduit 240. A restrictor plug 230 is positioned in conduit 240 to restrict the flow of the .
gas through the conduit. Two apertures 250, 260 in the side of laminar flow restrictor 200 provide
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25 external access to conduit 240, The sensor tube (not shown in this figure) is coupled to these
-apertures to form an alternative flowpath parallel to conduit 240, Thus, a portion of the gas passing
through laminar flow restrictor 200 flows through conduit 240 (or more specifically between the walls
of conduit 240 and restrictor plug 230), while another portion of the gas flows through the sensor
tube. The ratio of the flow through the sensor tube to the total flow is the split flow ratio.

30 - In this particular design, restrictor plug 230 is adjustable. The walls of conduit 240 and the
sides of restrictor plug 230 are slightly tapered. By moving restrictor plug 230 within conduit 240,
the gap between the two can be changed, thereby changing the split ratio. (Pushing restrictor plug
230 further into conduif 240 from right to left decreases the gap and increases the split ratio, while

moving it in the other direction increases the gap and decreases the split ratio.)
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shown below. Still further, in embodImcnts which operate in a different manner (e.g., non-thermal
25 MFCs), the correction factors for manufacturing differences may take entirely different forms. In the

)

case of a non-thermal MFC, for instance, a sensor cotrection factor most likely would not include a
resistance term, but would instead include a term dependent upon a different parameter. All of these
alternative embodiments are within the scope of this disclosure, |
In one embodiment, the correction factor for the variatfotis in the laminar flow restrictor is

30 based on the fact that the split flow ratio is not constant, and is instead non-linear with flow and gas
dependent. In this instance, the correction factor for laminar flow restrictor variations, which
compensates for the MFC flow split ratio and flow dependence of the flow split ratio, is

1-BAADC(Sp/100)*

where P is a gas specific, device independent coefficient, AADC is the non-linearity of the
35 device with respect to the calibration gas (nitrogen), and Sp is the flow in
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devices. In this instance, the following corraction factor is used:
T+oAR

25 _ where AR is the difference between the resistance of the particular MFC and the average
resistance of all MFCs of the same design (which, in practice is determined by averaging the
resistances of a sampling of MFCs). Either the resistance itself or AR can be stored and/or read from
the MFC diagnostics.

The o term is a gas specific value which can be determined either empirically or theoretically.

30 For example, the value of a. can be determined by performing a least-squares fit of the empirical data
(ignoring the split-flow linearity correction factor). The o term can also be determined theoretically.
The heat capacity (Cp) of the gas as a function of temperature is linear, so Cp = Cp, (1+ o AT), where
Cp, is the heat capacity at a reference temperature, and ¢, is the temperature dependence of the heat
capacity, which can simply be looked up for the gas. The Cf, term above is just the heat capacity of

35 thereference gas (Nitrogen) divided by the heat capacity of the process gas (CPogeterencey’ Chogprosessy)-
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tube is first sensed, then this flow is multiplied by the ratio of the total process gas flow to the sensed

gas flow, then the result is multiplied by the gas correction factor, the sensor correction factor, and the -
25 ﬁnearity correction factor.
Tt should be noted that other embodiments of the invention may employ only one of the two
device-dependent correction factors (the sensor correction factor and the linearity correction factor),
This will typically be in addition to the gas correction factor used in many current devices. These
other embodiments may also use different forms for the sensor correction factor and/or the linearity
30 cotrection factot.
The data for the correction factors can be stored in memory 430 in a variety of forms,
depending upon the particular implementation. The device-dependent components of the correction
factors may be determined and stored in the memory for later computation of the correction factors, or

the correction factors may be computed (in whole or in part, depending _upoil the form used) and
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While the present invention has been described with reference to particular embodiments, it
should be understood that the embodiments are illustrative and that the scope of the invention is not
limited to these embodiments. Many variations, modifications, additions and improvements to the

25 embodiments described above are possible. It is contemplated that these variations, modifications,
additions and improvements fall within the scope of the _invenﬁoﬁ as detailed within the following

claims,




medi um r eadabl e by such a data processor, including RAM ROM flop d| sks,
CD-ROMs, DVD 10 ROWs, and the like. Likewi se, a data prbtdegembail
configured to execute such software applications, or which is ot hervvl se
programmed to performthe nmethods di %%I osed herein is intended to be
covered by the present application. e benefits and advant ages whi ch may
be provided by the present invention have been described above with regard
to specific enbodi ments. These benefiiAissand advant ages, and any 15 el enents
or limtati On.ém%tnc?cffrco eegul%gasur gmlﬁgo“g%%rm%r to becone nore pronounced
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' conpri ses, " GONRLL AL AGw; OF any other variations thereof, are intended to
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CLAIM5 1. A nethod for correctl ng measured fluid flow, conprising:
~ providing devyjc brat| .Qn data; sensi n £l ui ow, conputing
a measwr}ed fl Fﬁle‘?‘F‘g‘?f\}lg F OMBriERE FOBTFIRS UF e “lﬁﬂ%l“’ g%??4%@tﬁahg t he
measur e @ofrdctibrdfadtérow based on the device-specific calibration data, wherein
correcting the neasured fluid flow based on the device-specific calibration
data conprises at | east one of adjusting the neasured fluid flow using a
“devi ce- Speci flihe mgibobdclamot, mdereindlre dedct-specifidwabsor ®rrectiof faniot hag theddrma sensor
resi st aQ%AR?%e:@@Rq§% 8ifiledcD6 ﬁasea%rde\qcefépw& dbhsB ];sli's?dngeganﬁ afl Sk o PeC pec' fic

i neari ty correction factor t is'a functi on or a sensor spli
ratio. thesensorresistance of several devices of the same design and a is a constant which is determined

either empirically or theoretically.

4. The method of claim 1, wherein the device-specific linearity correction factor has the form
(1-BAADC (Sp/100)%), where AADC is a difference between the device-specific split flow ratio non-
linearity and an average of the split flow ratio non-linearity of several devices of the same design, Sp
is the sensed fluid flow expressed as a percent of maximum allowable flow, B is a constant which is

determined either empirically or theoretically.

5. The method of claim 1, wherein correcting the measured fluid flow based on the device-

specific calibration data comprises adjusting the measured fluid flow using both the device-specific

sensor correction factor that is a function of the sensor resistance and the device-specific linearity

correction factor that is a function of the sensor split flow ratio.




2. The nethod of claim11, further conprising correcting_the rreasured fluid
fl ow based on a gas correction factor. 3. The nethod of7 doxsmber 200fer ei n

t he devi ce-specific sensor correction factor has the form (1+aAR), where
AR is a difference between the dem ce-specific sensor resistance and an
average of the sensor resistance of several devices of the sane design and
ais a constant which is determned either enpirically or theoretically.

4. The meilhouetdd of plaiid, whergihéhedpvicetshesiftewisoonptien facter Has thefriit y correction
fact Plﬂ-aﬂﬁﬁ whé}@m& %rarafféréﬂcé %&l&h@ 594&990%)0 rsenmq'és%taﬁéggd hSav@agll J¢f €1 ence

. bet ween t he devi ce- Sp ecific S£ |l ow rati o non- |near|ty and an aver age
of - t HhE saptrreisepswt %eaff?lcsieﬁ'em of ?@a}eldﬁ%gﬂoéfndé"éVé'Péﬂe dgace-pedficdmesiie same

desi gcnrectarﬂ facto® hishie fHRIISRATIC (Spd06)H OMheeXNRS S adifftfend: REEEME Of Maxi mum
allo a const ant rm ned i] ther enpirically or

theo&ﬂ‘?méﬁﬁqﬁc Sﬁlgﬁo‘ﬁ'ﬁg"ﬁ%‘tllﬁrﬁff“t%?“dc?%?’%gi"fs%sé’f‘e B0 18PN Yhe neasur ed
fl ui thebdveral d:calsadaf tha saniealedgy B B-thesprad fluiclladxpletsad dsarpedat af conpri ses

adj ust i: f Vi ce: ific sensor
corr %%’%@glﬁtaﬁaca?%r% haglg aamjﬁ QFF %@?ﬁtg@hﬂg‘a %)%ée%%%@%tggreg mc?ﬁlg%ge and the

devi teorstisaldi- f i ¢ Ilnearlty correction factor that is a function of the
sensor split flow ratio. 17 Novenber 2006 13 6. The nethod of claimb5,
wherein the devjce-specific sensor correction factor has the form (1+aAR),
- wher & AR Psysienyior qoapeiig acpsared SwA lpweomaisinge- speci fi ¢ sensor resistance and
an aver ageﬂﬁiﬁﬂowms&ensor resi stance of several devices of the sanme design,
and wherein the devic p jfic |i { %/? correction factor has the

f or m( 1- ( 3NABEY g‘ﬂ? ﬁ‘ftf)sor UPESPRA atfon gat:and ence bet ween the

devi ce- Spmtrﬂ')llelbctsqn[cs boubledw thefluidflovoseador Mglaifei heynogy) dhasin dvesiage of the split
f1ow 15(@01119 a?{ %éu%i%% ‘I:OEBYP me& Fed%lgld%l %lbaseg Vrllé: %%seghmdl’ﬁgw%gtn?e esi gn, Spis
the sensed ht" of

ressed as a vvabl e flow,
and By hagnser aitdéomsh@e amssred\ﬂwé ﬂmab@edjtét @qvm-mdﬁepathh@horedmbmt ally or
t heof.gk ekl y. 7. A systemfor correcting neasured fluid flow, conprising:
a fluid flow sensor; a menory configured to store device-specific
cal i br at i EFTeEiRg the mepsyred i Lol vging e devisprrssifie s sereckPnféor fhatis @ f | ow sensor

and ﬁ;h&oﬂﬁfﬁﬁéﬂummgeagogmtmb@n&%aroI el ectronics are configured to conpute
on a sensed flujd flow detecte% by the sensor

a neasured flui S
and cor r etY¢HE §SHJFGB% iﬁ%?”d‘“ﬁ% "l‘f"ﬁ@??&‘ﬁf jearify Gprregt rthatiscal i brati on

dat aa fayictat of thethsd flenenak sptioflovestio.ng t he neasured fl ui d flow using a
devi ce-specific sensor correction factor that is a
8. . The system of claim 7, wherein the control electronics are configured to correct the

measured fluid flow using a gas correction factor.

9. The system of claim 7, wherein the device-specific sensor correction factor has the form
(1+0AR), where AR is a difference between the device-specific sensor resistance and an average of
the sensor resistance of several devices of the same design and o is a constant which is determined

either empirically or theoretically.




function of the fluid fl ow sensor resistance, and correcting the nmeasured
fluid flow using a device-specific linearity correctionl?Nevenbar?806is a
function of the fluid flow sensor split flowratio. 8 The systemof claim
7, wherein the control el ectroni Gy are configured to correct the neasured
fluid flow using a gas correction factor. 9. The systemof claim7, wherein
t he devi ce-specific sensor correction factor has the form (1+aAR), where
AR i §0.a dihd systen obcidie 7ywdereit thedesiewspeeifis peartify icerestnaSator heéshesbance and an
aver 2 r | Sk ral. devi.ces,. t he me desi gn and
o BB o B R Bl e B v R BT e
17 NinFasiard 2EE@age phithe eplit fyveratyeandineaity oflseveral devicosrd theisametdededevi ce- specifi c
|'i negy istal s&RED BEd AexbRGLPEs agjgr%@lﬁ BEmd=0hR alfo%vhﬁlgﬁtﬁp,%c(iﬁgla 190k Where AADC

is a difference between the vi ce-specific split flowratio non- linearity
and %R drterguned Fithepampirigelly orthegiziiqally 0 non-1inearity of several devices of
the sanme design, Sp is the sensed fluid flow expressed as a percent of

maxi pum alJ owabl e. fl.ow, .and (3 is constant which is determ ned either
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cont medsured Bwd flonboed @rtkee deeind-ipgeifiedlibrationalnta dg both berecting dsureedrefil ui d f | ow
basedi@fod [ GYA6RE SRAAE Lhtor EALLDL AP Rafle) Anlion BALNGLRELC! I MO Lhe
measured. flui l'ow usi ng the device-speciTic sensor correction factor
t-hat SeRIOr Bsipipiive prdenrresting hempdsyrediflvid fow usingthotevicesegfiglinearitand correcting the
neashuRslioh rdiof thhid i HGN OF thd BuidIBM Shsos BREAdW Gnd i nearity correction factor
that is a function of the fluid flow sensor split flowratio. 12. The
system of claim 11, wherein the device-specific sensor correction factor
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'sensqr si stapce an ,average of the sensor. resistance of _several

covs PR ENE R o3 B SRR R0 st e BT GO PEE BT FIE OF | | moar ty
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allowable flow, and o and P are constants which are determined either empirically or theoretically.




