t he Inventlon 1. Field of the Invention 5 The invention
pg&:alns to a method for. fabricating devices such as, e.g., sen conduct
dewses, using Ii t hogr aphi ¢ processes and involves monitoring Ss
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Art Background Lithographi c processes pl’ a§ anTinportant role in the
manuf act ure of devices such as, e.g., sem conductor devices. During the
manuf acture of these devices I|t o] ces; are used to_pattern
substrates, such 15 MESHOD § éFFgegﬁhﬁéigﬁéLxr ﬁSBEEQQQHGsPFVEEESmaferS
whi ch are, for exanple, mholly or partlally covered by netal, silicon

- di oxi de or- polysilicon. Typically, a substrate is patterned by coating the

2139151 - 1 .METHOD FOR LI THOGRAPHI CALLY FABRI CATI NG DEVI CES Backgr ound 23

substrate w t hBackgroupd ofnhthe ¥pventéohal called a resist. Selected
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transferred i nprogressnodr legchdngubft maresipt odecgakpygecetehingng or

metal |i zi ng th 8ﬁkﬁ through the patterned resist. 30 An
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| mpor t ant con5| in'the above-descri bed patternlng procedure is'the
det er ni nat ¥8n of the ekechALtdBASKAXOMNd: he resist, i.e., the point in time

when the resist has been Littnbgt aphieuphoces sk fmagss:x mﬁothumt bele in
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reached. |f, cture ofsdevices,gu b fen8ade aeFEPHHRE PR a wet

et chant which dbMﬂneSJuaDuring the manufacture of these devices
lithographic processes are used to pattern substrates, such

15 as, e.g., silicon wafers or processed silicon wafers which:
are, for example, wholly or partially covered by metal,
silicon dioxide or polysilicon. Typically, a substrate is
patterned by coating the substrate with an energy-sensitive
material called a resist. Selected portions of the resist

20 are exposed to a form of energy which induces a change in
the solubility of the exposed portions in relation to a
given developing agent or etchant. The more soluble
portions of the resist are then removed by etching
(developing) the resist with a wet chemical etchant or by

25 s employing a dry etéhing process, e.g., plasma etching or
reactive ion etching. The resulting pattern defined in the
resist is then transferred into the underlying substrate
by, for example, etching or metallizing the substrate
through the patterned resist.

30 ' An important consideration in the above-described
patterning procadure is the determination of the etch end
point of the resist, i.e., the point in time when the
resist has been etched through its thickness, and thus the
interface between the resist and the underlying substrate

35 has been reached. 1If, for example, the resist is being
etched (developed) with a wet etchant which etches the



- 2 -.resist both vertically (through its thickness) and laterally, t hen |
‘overetching the resist (subjecting the resist to the etchant for a | onger
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Several different techniques have been used to
monitor resist etch end peint. Included among these are
mass-spectrometric and optical interferometric techniques.

20 In the former technique, mass-spectrometric analysis of,
for example, an etching plasma is employed to determine
resist etch end point. That is, for example, once a
reaction product typical of the substrate is detected in
the mass-gspectrometric analysis of the plasma, then the

25 interface between the resist and the substrate is assumed
to have been reached, and etching is discontinued. While
this technique is useful, the time resolution inherent in
the analysis of reaction products, and thus the accuracy in
the determination of the etch end point, is limited by the

30/&gtch rate of the substrate and by the diffusion times of
substrate reaction products to a detector. As a
consequence, the determination of etch end point can be in
error by up to several minutes. At-typical plasma etch
rates (of about 50 nanometers per minute), such errors in

35 the end point determination correspond to at least several
tens nanometers, and often several hundred nanometers, of
the resist £ilm thickness (typically only 1-2 jm thick),



t ens ,nanoneters,. and often several hundred nanoneters, of the resist film
t hi ckness (typically only 1-2 umthick), - 3- whichis a very
significant fraction of the resist thickness, and thus a very signifjcant
erkgh~ in the determ nation of etch end point. Wth typical optic
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Thus, those engaged in the development of lithography have long
sought, thus far without success, a technique for more accurately
determining the etch end point of resists.

According to the present invention there is provided a method for

25 fabricating a device, said method comprising depositing a sacrificial
coating material onto a substrate; and etching at least a part of said
coating material, wherein fluorescent material is included in said
coating material, and wherein the etching of said sacrificial coating
material is monitored by subjecting at least a portion of said part to

30 a form of energy which induces the fluorescent material within said
portion to fluoresce, and sensing the resulting fluorescence.

The preferred embodiment of the invention involves a technique,
more accurate than prior techniques, for determining the etch end
point of a sacrificial coating material (SCM), e.g., a resist, which

35 §s to be etched. In accordance with this embodiment technique,



nore-accurate than prior techniques, for determ ning the etch, end,pdi nt of

"a sacrificial coating material (SCM, e.g., a resist, which 35 is to be
et che -I.n accordance with this enbodi ment techni que, -4- an SCMis ¥
dop physically mixed) with .a fluorescent material. During etehing of the
SCM area of the SCM and thus the fluorescent dopant within that aréas-

is exposed to fluorescence-induci n@ energy, and the 5 10 15 20 25 30 35
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technique is capable of determ ning etch end point to an accuracy (in terns

of an equival ent SCM thickness) snaller than about 10 nanonmeters, and even

smal | er than about 1 nanoneter, and potentially (theoretically) even

smal | er than about 0.01 nanoneter. 15 Brief Description of the Draw ngs
FIG 1 is a cross-sectional view of a substrate
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whose non-pl anar surface has been covered by a thick SCMin preparation for
the planarization etch process; FIG 2 depicts the structure of the
tri-level 20 resikst; FIG 3 is a schematic diagram of an opti cal em,
dssful in the practlce of the invention; and FIGs. 4 and 5(a)-5(c e'“g
reserdi ngs of the fluorescence |nten5|fy5srgnals detected during the
etching 25 of the photoresist filnms described in Exanples 1-4. Detalled
~Description The invention is a nmethod for fabricating devices, such as,
e.g., senicondgsudtiog fAynceseepgspblie deteeked ﬂh¢cgtﬁeimbﬂh$hVnI¥%s t he

alteration, eggcoriled 30ABaEh€rBCMgisoétéhéabSEﬁét?né&h@i‘tf\sofetﬂe, a
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than about 0.01 nanometer.
15 Brief Description of the Drawings
' FIG. 1 is a cross-sectional view of a substrate
whose non-planar surface has been covered by a thick SCM in
preparation for the planarization etch process; '
FIG. 2 depicts the structure of the tri-level

20 resist;
FIG. 3 is a schematic diagram of an optical
system useful in the practice of the invention; and
FIGs. 4 and 5(a)-5(c) are recordings of the
fluorescence intensity signals detected during the etching
25 of the photoresist films described in Examples 1-4.
Detailed Description
The invention is a method for fabricating
devices, such as, e.g., semiconductor or magnetic bubble
devices, which method involves the alteration, e.g., the
30 patterning, of a substrate (such as, e.g., a silicon wafer
or a processed silicon wafer which is, for example, wholly
or partially covered by metal, silicon dioxide, or
polysilicon). A substrate is altered, in accordance with
the invention, by 1nitia11y depositing a sacrificial
35 coating material (SCM), e.g., a resist, which has been
doped, i.e., physically mixed, with a fluorescent material,
onto the eurface of the substrate. The alteration of the




15 causes the fluorescent dopant within that area to fluoresce. A,
material is fluorescent, for purposes of the invention, if it emts
nmagnetic radiation in response to an appropriate formof energy, :
\ght, el ectron beans, or iog beans. By monitoring the 20 - ot/
ence of the dopant, the € ch”end point of the SCM which ' g
corrssponds to the point in tinme when the nonitored fluorescence o
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, non- pl anar surface a substra surface is to be
pIanarlféda(EQHGHSGﬁyﬁéﬁPﬁaﬂlfngﬁtf' P§°§69&redTBﬁ mors; SR18LIL14, e.g., a
thigl | pyetichs oF the FesiStMaté ithemhetchedoawhe! by, €behes at about t he

By ot cheRGRRAEy PRE SHRIERL erBtidePAsRR,SPshangs <88 ks REEEREG avay.
and thudoa fetzhipghsheatresdsti.ace is forned. |n accordance with this
enbodi ment, the pb@ﬂqagzqhbog gggggqcegg g@ﬁceQQSgggadqégrbggqﬁabove

except that the thick physically m xe
f1 uor es@En@lddt &F Hhe [ ﬂﬁeQFPGGF@% n@e fofm £ deBQISYpUPQFBn (or

por hisonghuglesithRd 3G reist ents @epant withinoraaecaeea Bguci ng energy) is
nnnltor%q %%QSP% thi material is fluorescent, for purposes of the
- invention, if it emits electromagnetic radiation in
response to an appropriate form of energy, e.g., light,
electron beams, or ion beams. By monitoring the
20 fluorescence of the dopant, the etch end point of the scM,
which corresponds to the point in time when the monitored
fluorescence substantially ceases, is determined, and thus
undesirable etching of the SCM and/or of the substrate is
avoided. If the purpose of the etching is to create a
25 pattern in the SCM which is to be transferred into the
underlying substrate, then this is accomplished by, for
example, etching ot_metallizihg the substrate through the
patterned SCM. _ _
‘The inventive fabrication method encompasses
30 processes for altering substrates other than conventional
lithographic patterning processes.' Included among these
other processes is, for example, the tlanarization etch
process described by A. C. Adams.and C. D. Capio in
*planarization of Phosphotus-nopéd Silicon Dioxide,"
"35 Journal of Electrochemical Society, 128, pages 423-428
(February 1981). In the planarization etch process, and as
shown in FIG. 1, a non-planar surface 12 of a substrate 10,
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etchingtof;the«SCNl Once fluorescence ceases, etching is discontj
because-all of the SCMwi ||l have been etched 15 away, and a fl strate

forned wi t hout undesirabl e excessive etching of the substrate.

¥ention al 50-enconpasses the use of S@Vs-which are conprised of several
dJ*#erent material |ayers, one or nore of which is doped with a f1 uor escent
material, 20 and whose fluorescence is nonitored during etching to prevent
undesi r abl e evishengsotfade B2bks rte cbanplanapizede(midé csubst SOM AB)er S.
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reactive ion etching t anari zing | ayer or exanpl e, err]

pl asma. 15 away, and a flat substrate formed without undesirable :
excessive etching of the substrate.

The invention also encompasses the use of SCMs
which are comprised of several different material layers,
one or more of which is doped with a fluorescent material,

20 and whose fluorescence is monitored during etching to

' prevent undesirable etching of the Substrate and/or of the
different SCM layers. For example, the invention
encompasses the tri-level resist process for patterning
substrates, described by J. M. Moran and D. Maydan in “High

25 Resolution, Steep Profile, Resist Patterns," The Bell
System Technical Journal, S8 (5), pages 1027-1036 (May-
June 1979), and also described in U. S. Patent
No. 4,244,799, issued to Fraser et al on January 13, 1981.
As depicted in FIG. 2, the tri-level resist includes a

30 thick (typically 2 um~thick), planarizing layer of organic
material 18 deposited directly onto a substrate 16. 1In
addition, the tri-level resist includes a thin (typically
100 nanometers thick) layer of Si0, 20 deposited onto the
thick planarizing layer 18, as well as a thin (typically

35 400 nanometers thick), high resolution layer 22 of
photoresist, x-ray resist, or electron beam resist

deposited onto the Si0, layer 20. In practice, a pattetn




The upper, high resolution resist layer 22 of the tri-level resist is often
et d by the CHF3 plasma used to etch the SiQ2.layer 20. Overetching the

Si yer 20 produces undesirabl e_,excessive etching of the upper 15 | ayer .
22, | oss of linew dth controt %uTlng pattern transfer fromthe upper _

| ay 22 to the Si2 layer 20. |In addition, overetching of the thick =g

planarizing | a { 18 often_results in undes rabl e etchg?g of the substrate
16. andi®rimbpt !HYn@eﬁ“?%e‘%u%?r‘é?B“iﬁ &%t‘f%ﬁ? * bet substrate

16I lofte{h*@ﬁuttsb ¥ Ne iSPobh | lﬂﬁﬂodewmpmgdtbwsupée. rr&rleisal olnto thfe
r n n
Thew RAETERAT b HOSH Erem ; FERFLET ARLSLene, p1be AR TR Bls ' O35 0101
t hese peivdl kigh 25501@91¢M|cksbsanhayernQZIagea91€¢¢b magled Byphysical ly .
(Oregg e%%‘? M'P&ﬁf&%&%ﬁé'é&o ﬂsiyépe?{;'mreﬁ&@n&faﬁméteg by an area

éln respdnse’ to uor escence- |ndu0|ng energy) i
moni t or €¥F gluP1 A§M2 ke %hf!%@ Fﬁﬁ'oF enheatheer inyehe $30; ob2Y@Rd228. During
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?5 6Iu§i§§ gnt material in the planarizing |ayer 18, and thus *
den

|ng the etch end point of the Si(2 layer 20), the etching of the SiQ
| ayer is halted. Th950959§vebbﬁthGSPIUti9hef€Ft2tIh&!@fzéz ehdthfdesirabl e
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transfer from the upper layer 22 to the 8102 layer 20. 1In
addition, overetching of the thick planarizing layer 18
often results in undesirable etching of the substrate 16.
and/or sputtering of the substrate 16. Sputtering of the

20 substrate 16 often results in deposition of sputtered
substrate material onto the walls of the patterned
planarizing layer 18, with consequential loss of linewidth
control during pattern transfer into the substrate 16. To
avoid these problems,

25 the thick planarizing layer 18 is doped (physically mixed)
with a8 fluorescent material, and the fluorescence emitted
by an area (or areas) of: the layer 18 (in response to
fluorescence-inducing energy) is monitored during the
patterning of the three layers 22, 20, and 18. During the

30 reactive ion etching of the SiO, layer 20, in the CHF,
plasma, the intensity of the fluorescence emitted by the
planarizing layer 18 remains constant. But as soon as the
detected fluorescence is first observed to substantially
decrease (denoting the onset of the etching of the

'35 fluorescent material in the planarizing layer 18, and thus
denoting the etch end point of the 8i0, layer 20), the
etching of the SiO, layer is halted. Thus, overetching of



substraté'lﬁ I s.avoi ded. 10 Typically, in the practice ok the

i nvention, an area (or areas, or all) of -an SCM doped with a fl cent
material is subjected to a beam of fl uorescence- i nduci ng energy wer
el\gi. a beam of fluorescence-inducing el ectronagnetic radiation ower

(phetons/ second). If 15 the fluorescent Qopant (subjected to the

fl uorescen

i nci dent fluorescence-induci
efficiency [erthe(Si@pelayer
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the fluorescent dopant (subjected to the fluorescence-
inducing beam) absorbs only a fraction, 6, of the incident
fluorescence-inducing radiation, and if the dopant has a
quantum efficiency ny (number of emitted photons/number of
absorbed photons), then the number of photons emitted by
the fluorescent material per unit time, N,, is just

Ng =P+ 8« n. (1)

The emitted photons are typically collected by 2
photodetector whose output is measured by an electrical
circuit with response time, 4, i.e., whose output at any
instant in time is the sum of all photons collected during
the previous time increment, At. Generally, the detector
will collect only a fraction, £, of the emitted photons
during each of these time intervals, At (the fraction, £,
includes the fraction of the fluorescence collected by the
detector, and includes interference effects). The
photodetector will generally include a transducer, e.g., a
photomultiplier (PM) tube, which converts the detected
light signal into, for example, an electron current. If
the PM tube has a quantum efficiency Ne (number of emitted
electrons/number of collected photons), then the measured

b
P



fraction, O (in Equation (2)), is given by [err] “ (3)-

1p~here E nolar absorptivity of the fluorescent material (having the

d i.ons, for exanple, of Ili teiﬁl nol e-cm), C - concentration of the ’
f escent material in 15 =*h® resist (having the dinensions of = ‘e
moteS/liter), and T(t) - thickness of the resist (in cm at tinme t. Thuswy

[err] _ . (4) 20 If the
concenf*%?f%ﬁcﬁ?cfhﬁi??ﬁbfegcéﬁPenﬁ?E?}aPPmEf'igisﬁ%?FEF%ﬂfly small so that
[err] emisted|byotherBM tube,Oigaresponsecho bhe fiduoaksvyncelhe case in

t he pr ' i hestlov ' nsgh ponential function in Equations
(3) aﬁ%&%5§§igéﬁﬁpfﬂﬁgngﬁgfgvéfvéﬁ?b§&2§“§é ' [err]
Therefore, [err] and [err] (5) 5 As is evident from
Equations (4) rn4d §5),ethengebe§ted f luongscence signal i§2 function of
the thickness, [err] of .the“resist. That is, as T(t) decreaSes during
etching, the fluorescence signal, N decreases. Consequently, the etch
deph of the resFeomiBeerdsilawl(Qseepi eoged. BRLl1ihds pboabdeegst or

gener ct | yet tuoregs Si N t glso a
it i g os (o e AN

fl uor ¥ehcel9hdlicPngbedlr gitofiedlews phatothecabserptivrar the etch end

poi nt, £ d@e Dok ko olwm ei;aaeioan?z%ﬁ gsgﬁieéhyb,}_‘i | arger than the

fluorescence signal, N, and thus e et end point (the cessation of
fluorescence) is signified not b¥_the di sappearance of the detected signal,
but by a sharp p=1- e ¢C ‘t), : (3)

10 where

¢ = molar absorptivity of the fluorescent:
material (having the dimensions, for example, of
liters/mole-cm),

C = concentration of the fluorescent material in
15 the resist (having the dimensions of
moles/liter), and

* ) .
T(t) = thickness of the resist (in cm) at time t.
Thus,
“N=p- [1- e-€CT(t)] o ng £ o ne * At, (4)
20 If the concentration of the fluorescent material, C, is
sufficiently small so that eCT(t) is small compared to 1.0
(as is often, but not always, the case in the practice of
the invention), then the exponential function in

Equations (3) and (4) is approximately given by

25 , e~SCT(t) & 1 - ecT(Y).



change in the slope of the detected signal (the slope becones zero as

shown, for exanple, in FIG 4). The sharp 20 change in slope is readily
detected and thus.the etch end point is accurately determ ned. The one . ~%
facgor which ultimately linmits the signadresolution of any photodetector- .
I's §hot-noise (in this regard see, e.g., Anerican Institute of Physi
Handbook, 25 supra, p. 6-253), which is equal to the square root
det ect ed signé?h%¥h%°§ﬁuare root of the total nunber of el ectrons
~during each tine interval, at). Because the background signal, Nb
- generally larger than the detected fl uoresc ? signal, N, near the etch
. end point, 30 the shot-noise associ%ﬂ%ﬁﬂvﬁfﬂ ?%b former is generally

. larger than the shot-noise associated with the latter, near the etch end

. point. If the sht -noi se associated with the background signal ( No)

| predom nates over all other sources - 12 - of noise, then it has been - .
| found that the error in the determ nation of etch end point in the

i nventive etch nonito&i@gptecpgéﬁp@)]expﬁ ssefl aspan egui val ent S@
- thickness, aT, is approximtely given by Terr]

- (6) In Equation (6), T(t) denotes the thickness of the SCMat time t, and
N(t) denotes the correspasdisgevident cfird® Equat tenen(e) sampha(Skhi there t

Ge 1y, E ' ' ' to- [ begi
e s or I abt 808 150 FUBLURLE s Ronk] "Es' 5 encPRER S LY N0 el NS
from Equati on thickngsss Tnvefsthe pesbstsi oRapttdse s hft) Aeareprss|evel

CN(t - 0). BecagigpiffletcRings €héCeihdresoencéi sighalp heqédidasds.

absorptioh fraction] [err], and the gquantum fflClency of , the f|uorescent
mat eri al , [err?°B§?ﬁ“&"ﬁ;gh EB%O?B?Po&ePFEC? obhenEes; ﬁFgﬁPZﬁF?&éthn1
-efficiencylareméfastoeblic i Bubrthe photcdéteetar!|generallyidétecgmaiot evel ,
and thus a small,Letpl- ¢} Qo¢l808ho8 81 §hHP! CRSBhe B1EL &' bddiirduna
signal, Ny, (due, for example, to reflections of the_
fluorescence=inducing energy onto the photodetector). Near
the etch end point, the background signal, Npe is generally
15 larger than the fluorescence signal, N, and thus the etch
end point (the cessation of fluorescence) is signified not
by the disappearance of the detected signal, but by a sharp
change in the slope of the detected signal (the slope
becomes zero as shown, for example, in FIG. 4). The sharp
20 change in slope is readily detected and thus the etch end
"point is accurately determined.
The one factor which ultimately limits the signal
resolution of any photodetector is shot-noise (in this
- _ regard see, e.g., American Institute of Physics Handbook,
25 supra, p. 6-253), which is equal to the square root of the
detected signal (the square root of the total number of
electrons counted during each time interval, a). Because
the background signal, Ny, is generallyllatger than the
detected fluorescence signal, N, near the etch end point,
30 the shot-noise associated with the former is genetélly
iarger than the shot-noise associated with the latter, near
the etch end point. If the shot-noise associated with the
background signal ( Np) predominates over all other sources




O

particular SCM in order to determ ne etch end point, an inportant _
consideration is the achievenent of a small end 25 point error, [efr]. But,
i f SCMis, for exanple, a resist which.is to be used to pattern a e
S ate, then an equal |y i nper @& consideration is that the chosen v
fl escent material should be conpatible with the resist and wwth the <«
procedures used to expose and devel op the resist. A 30 fluorescent naterrhf

i s conplit npisewi thep i&shas beephfoppaotbatenbe- endaci hg thergy, and the

resultaeae:ﬁkuetesaeaeeecéa BRY pbgatfaﬁaehhylatéﬁgivahstéﬂ'Ub"'ty of the
resi st | f or exanpl.e, 1ncrease

fIuore§€@h&@‘FHSU&FﬁbxéﬁBngexPﬁ@ﬁsFﬁeaﬁoPﬁlSﬁ“é?aiﬁét3écﬁe3|st subj ect ed
to thethivkhesegng®,i d8uappgorinagelyi bl vehcbynmore quickly than the

remgi nder of the resist, and thus the etch end point, as neasured using the
I nvéntive - 13 - te h not be indicative of the etch end point
of the rest of the rcé’sr\sﬁ\g:v.er the energy used to exfd@s)e the resist
shoul d not significantly adVer y affect the fluorescent material, e.qg.,
break the nol ecul ar bonds 5 of the fluorescent material, effectlvely
reduci A EABaEAABeAE) at T&R) ofepRtes| tBrcthirknagEcpEatheafM: Atis, | ncr easi ng

aT) . Iaxaddttlena R(EbuaﬁﬁaﬁﬁﬂttﬂBtethESPSnEQﬁ?aaéEéét&Bth t he procedrres
rescent _nateri a

dd d
dold nBLSABSSEeBRE, PEdReR) abokanE tre BEREFATEy ey BahatRan, 18] <t St 0"t he
exposiagaknetg9 ahdtidmestnst Oadbefockyetithéng baginsgchand thasacteristics

of the resist. These conpatibili requi renents are generally net only at
| ow concentrations qff th e ent material, typically nore t han
about 15 2-3 percent (byN {4 b°A procedure for ch005|n3%gfluorescent

naterlal (for a particular re5|st)_mh|ch nmeets the above-described

COTR b L AR B BB R0 g b sbebaggy POt to be
proportional to the initial signal level N(t = 0). Because
N(t = 0) is directly proportional to the initial absorption
fraction, ¢, and the quantum efficiency of the fluorescent
material, v, both a high absorption fraction and a high

20 quantum efficiency are desirable in order to achieve a

large initial signal level, and thus a small 4T. -

In choosing a fluorescent material (for a
particular SCM) in order to determine etch end point, an
important consideration is the achievement of a small end

25 point error, ¢T. But, if the SCM is, for example, a resist
which is to be used to pattern a substrate, then an equally
important consideration is that the chosen fluorescent
material should be compatible with thé resist and with the
procedures used to expose and develop the resist. A

30 fluorescent material is compatible with a resist if the
fluorescence~-inducing energy, and the resulting )
fluorescence, do not significantly affect the solubility of
the resist. If solubility is, for example, increased by
the fluorescence-inducing energy, then the portion of the

'35 resist subjected to the fluorescence-inducing energy will
etch more quickly than the remainder of the resist, and
thus the etch end point, as measured using the inventive



20 sources of fl uorescence-induci ng energi es and conventi onal

photodetectors) has been devel oped. This exenplary procedure
feund to be so effective that suitable fluorescent materials (f
packicul ar resists) are readily found which pernit etch end poi

detected to within 25 an error (expresskd as an equival ent resist

t hi ckness, aT) smaller than about 10 nanoneters, snaller even than about 1
~nanoneter, and potentially (theoretically) even smaller than about 0.01
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'2-3 percent (by weight).

A procedure for choosing a fluorescent material

(for a particular resist) which meets the above-described
compatibility requirements, and which permits etch end
point to be accurately determined (using conventional
sources of fluorescence-inducing energies and conventional

photodetectors), has been developed. This exemplary

25

30

procedure has been found to be so effective that suitable
fluorescent materials (for particular resists) are readily
found which permit etch end point to be detected to.within
an error (expressed as an equivalent resist thickness, cT)
smaller than about 10 nanometers, smaller even than about
1 nanometer, and potentially (theoretically) even smaller
than about 0.0l nanometer. '(While there is no such thing
as a physical layer of material whose thickness is less _
than 0.01 nanometer, such a thickness represents, for
example, the average thickness of a monomolecular layer of
material, some of whose molecuiles have been removed.) This

procedure is as follows.

35

The first step in the inventive exemplary
procedure is to choose one or more fluorescent materials
which do not include inorganic materials. Fluorescent
materials which include inorganic materials, while not



hrough its thickness, estimates are then made of the dose the resist wll

= ;;ve dur.ing etching fromeach of the fluorescence-inducing and ’
a9riescence energies. Based on 20 these estimates, only those fluorescent .

pt.of i 'al s are chosen whose fluorescence-inducing and fluorescence ener gi €S

subj ect the resist, during kﬂ(ﬂﬂing, to an exposure dose which is smil}

conpared to the dose required to expose the resist through its thickness.

Preferably, 25 the exposure dose should be no greater than about 2 percent
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amount of time reguired to etch (develop) the resist '
through its thickness, estimates are then made of the dose
the resist will receive during etching from each of the
fluorescence-inducing and fluorescence energies. Based on

20 these estimates, 6n1y those fluorescent materials are
chosen whose fluorescence~inducing and fluorescence
energies will subject the resist, during etching, té an
exposure dose which is small compared to thejdose'tequired
to expose the resist through its thickness. Preferably,

25 the exposure dose should be no greater than about 2 percent
of the dose required to expose the resist through its
thickness., While greater doses are not Precluded, expoéure
doses greater than about 2 percent undesirably increase the

- error in the determination of etch end point. (The area of

30 the resist subjected to the fluorescence-inducing and
fluorescence energies becomes, for example, more
solubilized than the areas not subjected to these enefgies,
and thus this area etches more quickly than the other
areas. Consequently, the etch end point will be in error.)

35 . - The third étep in the inventive exemplary
procedure is to eliminate those fluorescent materials which
cannot be uniformly physically mixed with the resist at a



resist and a solvent). When the resist Is, for exanple, spin-coagk
sebstrate, the solvent evaporates and the fluorescent naterial
t he<resist. A fluorescent material is unggormy physically 20 e
resikst, for purposes of the invention, provided that any crystallites which
formin the resist (small aggregations of fluorescent material, readily

seen in optic o) | r ) Il er an about 1
. umin dianet e?é%'ﬁédeiggpg%o%e# Sfroéar](tm!'béy]e 214'(%? eacs{]{teio un'%e%(grhté;t'al lites
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. devel opnent. h step in e I'nventive exenpl ar 0 procedQ%ﬁxis to
| select from anbnBeffent| (oY ceeighthat SNFENL SiiNAL 1 hdhenuahast
- fluoresce bgi ghiby1 pefLcenbpVéh @M pfé¢ DideL) esre [@ddi il Hetuse .

| about 0.01 percent (when xed. Wih the resis t_co nt 0 f at

' least 0.001 peFE%Ylt§?“fﬁglﬁu%ﬁ %’?‘Fi%‘?@#ﬁi %tsl?oﬁc' g’?’e‘t h%aa@fp?ﬁh%& escent
smaterials are abbet hbOtmamcmeters, rCAkictypiembntinoxescenderinduning the
degree of al tefghhogoQbEnoPS A WRERSED) Moit GIPPIGRE] Gihlad he

fl uorescent erral”in the reS|st.% Whi |l e uorescent materials

havi ng quant unt¥Picelcharkgrapwad kevelsn the toHresp tFUARE Y
precl uded, jguche Rt Eehei és ane absesptibhecfbsceionstary generslily notl d

[ h d- poi ich 5 0 )
The fitin stephiaht ARopaboRe; 0LPReE EonfeRuraEIGhs N1 PP indp ARIATE! T
f1uorescent na0e00al pevbenh, (hheBguakionwi7h,t he Peeduce g:‘bm;farﬂbf&tﬂ ons
of at |east 0. EanREEQQL}SYgelgyggﬁ%g%%g'L”flM@P@fb@ﬁ@ PtéPallis mixed

fractions, [er expressed a OB' , are greater than about 0,01
percent but | ewithhsheapbegistobyederpsiting the fluorescent material

15 (generally in powder form) into the resist solution (which
includes the resist and a solvent). When the resist is,
for'example, spin-coated onto a substrate, the solvent
evaporates and the fluorescent material mixes with the

" resist. A fluorescent material is uniformly physically

20 mixed with a resist, for purposes of the invention,
provided that any crystallites which form in the resist
(small aggregations of fluorescent material, readily seen
in optical or scanning electron micrographs) are smaller
than about 1 um in diameter and are spaced apart by at

25 1least 100 ym. Crystallites larger than about 1 um and/or
crystallite spacings smaller than about 100 um often result
in a loss of local detail during resist exposure and

' development. -
The fourth step in the inventive exemplary

30 procedure is to select from among the fluorescent materials
chosen.above, those which fluoresce brightly, i.e., have
quantum efficiencies, ng, greater than about 0.01 percent
(when mixed with the resist at concentrations of at least
0.001 percent). (The quantum efficiencies, Mg, of the

35 fluorescent materials are often altered, e.g., reduced,
when mixed with resists, the degree of alteration often
being dependent on the concentration of the fluorescent



Absorptlon fractions are readily measured by, for exanple, depositing

¢eTir.0l sanples of the resist, doped with the fluorescent material “(at
COKR §=at|ons of at least 15 0.001 percent), onto a substrate whose o
tra Ar'ency to the fluorescencedbngduci ng energy is known. By subjecting ‘o
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above-conput ed c&pcentratlons Those fl Uorescent materical s which do not

uni f oARSP LRSI ELRAGEIANS AFR Seadidy measureds by saiforhexempiet,ed
concelﬂd}:&tsmdge\bﬂrﬂ:toanckdﬂpldb GE e 6%@1'@6, dopedewiithdthe | €vel s of

he cduegestns aloariay R dend el B o ategeast e elimnaes
t 3 efo0Pl pentant Joxot® tdnesubstta_te whose transparency to the
fluorescence-inducing energy is known. By subjecting the
control samples to the fluorescence~inducing energies, and
measuring the transmitted fluorescence-inducing energies,
the absorption fractions are readily determined.
20 Fluorescent materials which yvield resist films whose
absorption fractions, 6, are smaller than about
0.01 percent, while not precluded, are undesirable because
they generally produce end point errors, oT, larger than
about 10 nanometers. Fluorescent materials which yield
25 absorption fractions,_e.'greater than about 50 percent,
while not precluded, are undesirable because they tend to
be highly absorptive of both the fluorescence-inducing
energies and the energies used to expose the resist. Thus,
during exposure, much of the exposure energy is absorbed by
30 fluorescent material near the top of the resist film,
leaving the bottom of the resist film underexposed.
During th2 sixth step of the éxemplary procedure
(after the background level, Np, has been measured),
Equation (7) is used to determine the concenttations, C, of
'35 the fluorescent materials selected above, needed to achieve
the desired end point error, oT. The various fluorescent
materials under consideration are then mixed into control




re5|st The degree to which the nol ecul ar bonds of fhe 10 fluorescer \
materials in the control sanpl es are broken, thus effectively reduagﬁw.x

coencentrations of ,the fluorescent materials, is determ ned by subj
each. control sanple (after exposure) to Iuorescence I nduci ng ener gy—3
meagwring the resulting fluorescence. = the 15 effective concentration
;of a.fluorescent material has been reduced (as neasured by a reduction in

‘fluorescence intensity), then this redugtion is offset hy increasin
ni't1 ] concermammlem Ofrihe baT) Sk A 1Khe bpvesROnERYeR, CORGeMIIALIond
concentrati onghode fluorescent @fdmis]ssmiscmm :nlohq amti€e rimd y miixoas

sources of hegt the heat ri g the resist.
Thi's heat Oftgrffc‘ﬂfsq%sa e‘?‘ }ﬂ%eé a't%%? bd(}n %%E%Quorescent

material to becdam)écmaeidreclewealg/p rangl othieh (do Gmtc@miéai‘tor\'-h(ﬁ dejsd red
fluorescent ”Bfﬁ‘iféf%]’oé‘l g %r?]d éguéai aHE | dhpdted HotdntratfidnQevels),

: quorescence se (as determned by subjecting a control
“sanpl e of the arpeeliminatedo the heat), then this reduction is offset by

lrﬂcrfeﬁy ng the i n! tldal JPhé Nd orfOF e E Né dripl €8), oS edicicim atad ailrovtéc I xth
~The fluorescence-in u0| ener

mol ecul ar bond®tR ?ﬁ% aﬁﬁﬁét%?lfglpe e'ﬁe&% rechzé) e
concentration pésise. f | The ed;e:gmte nea ewhi¢h the anleﬁmt:]tqmbql!ﬂ%l%fg g set by
| ncr easi nt ihgginlﬁ&?éeﬁer}ﬁf@ P& | £Min 2Ené CEGH L AP iPFes Bxe broken,

Finally, Ies have surV|ved t he above s e S are _
exposed and thEhn%teﬁéGCQH%QbYop%@?Ciﬂmethﬁc%ﬁﬁﬁf&ﬁ%ﬁﬁiﬂﬂﬁa causes

irreversible dgjpgpeklent maé@riaigﬁ féU@éﬁ@ﬁﬁiﬁedﬁﬁyﬂsﬁﬂi%CEﬁﬁgﬁﬁadﬁﬂy
reduci ng the concentration

fl uorescent I d &hi th
of fset, as desePnbepl aﬁb‘!)@fel ﬁ‘%ﬁ%‘sﬁ“’?ﬁ“ﬁ%{] fmrée%p%% ane'alsnd‘?‘:fts o
pl anari zat i on 6h6bgpr anasmeaseing hehe aseselt irg t fluctesaence. If the

15 effective concentration of a fluorescent material has been
reduced (as measured by a reduction in fluorescence
intensity), then this reduction is offset by increasihg the
initial concentratioh. The sixth step is then repeated at
the increased concentrations. '

20 Often, resists are subjected to various sources
of heat, e.g., the heat generated during prebaking of the
resist. This heat often causes some of the molecular bonds
of a fluorescent material to be broken, effectively
reducing the concentration of the fluorescent material, and

25 thus reducing the intensity of the fluorescence. If this
is the case (as determined by subjecting a control sample
of the doped resist to the heat), then this reduction is
offset by increasing the initial dopant concentration, as
described above. |

30 The fluorescence-inducing energy will often also
break some of the molecular bonds of the fluorescent
material, effectively reducing the concentration of the
fluorescent material. This reduction is also offset by
increasing the initial concentration, as described above.

35 Finally, the control samples which have survived
the above steps are exposed and then etched (developed).
The etching procedure often causes irreversible damage to



procedure relating to exposure is elimnated. To repeat, the | ’ .
'a-;q;-descrlbed procedure is useful for selecting suitable fluorescent.

it yPhal s which will enable the etch end point of a particular SCMto be 18¢
%; ely determ ned. Etch engl oint errors smaller than about -10 Nt
nanoffeters are readily achieve %rOV|ded the concentration (in the SCM@\Q&
a (conpatible) fluorescent material is greater than about 0.001 percent (by

el oMiohe 183 AU A1 (14NN, UBEEENSWRIGY clbuElifgl Lar escent 15 mater | al

(in the's reater 'than t, and the fluorescent
mat er icoincAnhAat ong @fartmﬂlmrms\mwsemw@riptlmn andathiisn diss greater than

about thhehl JEHSAN W igeTH iR tabdwegbout "50 percent. Anmong the fluorescent
mat eri al s which h g been 20 found u;gful u5|ng th? ahove-descri bed

_procedure) for FthPe M5 S0 Oy PXPO5Girc A%y R BnithSst yr yI - 4H pyr an
(DGNDplBGMuﬂ@ﬂﬁﬂnn(éﬁchom&sces@a ithenc ithg)t ek@@bto%ﬁgmehiebb&diation in a

Cror AL S e T L D00
i s the commerci &9 yrepedtiaithe pbove-dessrdbedeprocedoreé dsder the trade
name AZANA od %1%&'.@ s@lrb%ﬂ%t Iﬂ%&%s&w&oaatu&ssq%h%a%s AZ2400 is
typlcall expqQse t at ,wavel engt bout 365, 404, and 436 nm
and | ¥ ]'f]ore'@i%?rﬁ) 'B%/ "@dé‘\?él“&pé’(f) 3 rPaéﬁ?GQSﬁlram tech® s conpatibl e
wixtoh tdmﬁr@wwacmdmhl E3ch’ @nddpodnt keragwise shallerpltaame et ching of
satur SRR U St o drel H8a AV Sordhv et PYBVATIA tRe" oY f'ssolved
in a smlnm@r,aqi_mmfﬁsmtﬁq@%h@f a -(compatdhilel) e flgorgscaniton of Newt on,
:‘\/g?ﬁ)a rom hﬁle gy}t on &mgl rrpa@\)t?%rll @er@%{% ngcb,@qgﬁt()l‘n powder
In addition, the quantum efficiency of the fluorescent
15 material (in the SCM) should be greater than about
0.01 percent, and the fluorescent material should yield an
SCM f£ilm whose absorption fraction is greater than about
0.01 percent but smaller than about 50 percent. B
Among the fluorescent materials which have been
20 found useful (using the above-described procedure) for
detecting the etch end point of SCMs is 4-
dicyanomethylene-z-methyl-s—p-dieﬁhylaminostyryl-4H-pyrén
(DCM). DCM absorbs (fluorescence-inducing) electromagnetic
radiation in a broadband centered at about 500 nm, and
25 fluoresces in a'broadband_centered at about 590 nm.
One of the resists with which DCM is compatible
is the commercially available positive photoresist sold
under the trade name AZ2400 by the Shipley Corpotation of
Newton, Massachusetts., AZ2400 is typically exposed by
30 light at waveleng;hs of about 365,404, and 436 nm, and is,
for example, etched (developed) in an O, plasma. DCM is
compatible with these expoéute and etching procedures.

Example 1

The plasma etching of the commercial positive

35 photoresist AZ2400 was monitored by initially saturating a
commercial solution of AZ2400 (the photoresist was
dissolved in a solvent), purchased from the



concentration of .the DCMin the AZ2400 sol ution was 5 about 1 percent by
wei ght. The solution was passed through a 0.2 umfilter, spun onto a
10%16-cm (4-inch).silicon wafer "at about 3000 rpm and baked under v

at “about 1200C for about 15 minutes. The thickness of the resulti ng ,
phot®riesi st' fil mwas neasured. with a Dek#8k< | 10 profiloneter and found
to be about 1.30 um The quantum efficiency, [err], of the DCMin the
AZ2400 was estimated, by visual inspection (fluorescence-inducing |ight was
.shined on the /S¥iey Qutpdraticsulal Newtiomgr Massachusat ts,swdithy thieser ved)

'to be in the ra t By ; r L. fr, on,. . lerr
E([err] | =1 - [er8’%é,)e%zferﬁhéﬂa&ﬁ\ﬁ?‘%&pgcfndh&ugrcggg?tdaai%ﬁn?\t’gggﬁezggﬁnédI}t")’fl’in ]
formng such a the nkxmil tory| Gheninads iGanpanin @ fs Rayiten ,f OMoescdhee- i nduci ng
light, in the vaypde&NOide iGN BT A3 DM TR WY Az oo BoRRRIAREWadt - cOver ed

gl ass substrate. By neasuring the 20 .intengity Qf the transmtted |ight
the absorptidn qt?"déi i’ori?e‘[‘éer’ai by\yeightsy mr'}i’@d 5P§“§é°6‘. 595, PeSGLd thaouahs

[err] was cal cud a0 £l (0 $il k69 shar it RCNhAaS-em Dl (A= inkhr Etiildicoy,
[err], equal tq,4 4 x 10 |t e-cm n ayse the
t hi ckness, T. v\'/faasf?‘rrea%'%r’éba‘l l{toe{?;dggp“i'. fd‘%trﬁailgt% ;&Rqeomgqtcﬁ’g'& ﬁe
concentration, ahouff 120°®Odat rabdut A® adhutes .abJhe thickmessniof( ibhe
wei ght) . After A XD Fd AT F) ds me¥Eh PSR i ixgon
waf er (covered wt %%ﬁo eﬂgﬂg}&d{ gﬁoténresi st) was rmaunt ecﬁon Itclﬁe
grounded el ¥kt rRRRS HoRe taf AnG fayngd &b AP leddhiwfy nddie Quantyn
optical systemgdserbiéndyduss, fdfIRS DUM Gn aNe A2 210D Wa's leldd infathiag vyf
t he DCM doped ka;&t o%gsi st_fi Qsp&r}t'onto t he S.Ii|l og waf §me S .shogn 1
FIG 3. As schethf¥ah 135Reqh 1em (T hupresnencs cdfg 2 1ght Was) Spine
100W Hg arc | amm 2chehaz24 004 @arnd vtee fresuslad gy fllages ceh centwa sa v ispalilyr e
40 where |ight 655%&%3‘?\’@3 HKWtih t%é@. NRS tlh.eb.fl uor escence-i nduci ng
energy) was - - ' —eny :
: 15 The absorption fraction, & (6 = 1 - e” " ~°), of
the DCM-doped photoresist film was measured by forming such
a film on a glass substrate and shining fluorescence-
inducing light, in the wavelength range 480-520 nm, through
the photoresist-covered glass substrate. By measuring the
20 intensity of the transmitted light, the absorption
fraction, ¢ was determined to be 0.50 + 0.01, and thus ¢CT
was calculated to be 0.69. Because DCM has a molar
absorptivity, e, equal to 4.4 x 104 liters/mole-cm (at
500 nm), and because the thickness, T, was measured to be
.25 1.30 ym, it follows that the concentration, C, of the DCM
in the AZ2400 was about 2.4 percent (by weight). After the
absorption fraction, ¥, was measured, the silicon wafer
(covered with the DCM-doped AZ2400 photoresist) was mounted
on the grounded electrode of a parallel-plate plasma
30 etching machine. ' '

The optical system used to induce fluorescence,
and to monitor the etching of the DCM-doped photoresist
£ilm spun onto the silicon wafer, is shown in FIG. 3. As
schematically depicted, the optical system 25 included a

35 100w Hg arc lamp 28 whose output was focused by lenses 30
onto an aperture 40 where light in the wavelength
band 480-520 nm (the fluorescence-inducing 'energy) was



i solated by interference filter 50 and nodul ated by chopper 60. The .

nndq,-ted | i ght was focused by | enses 70 onto a fused-silica optical fibef

bunfe{80, which extended through an aperture into the plasna et chi ng

ps (the 5 optical fiber bundle 80 is not etched by the plasm). The '\,

_ b(indl e 80 was used to i l+@ nate an area of about 2 [err] on the £
surface of the photoresist-covered silicon wafer during etching. The o

optlcai fi ber bundle 80 al so served to collect and transmt sone of the

f I uor ek8@hdtedobyciptecfepgnencibtiraubP nandtmedulgtedchyt o a dichroic beam

spl i tteno{aaevmsoe thﬁefhaaﬁeseeacmg\ﬁﬁ ﬁ&élsaéeéie@r%ghf‘eﬁéé‘ %90 The | ens

100 focu ed tg d Scence ontg gﬂ otonultrplier tube
(PMr) 935°t Ar bHERYE bgftﬁPﬁlii ﬁeFeB“@¢%Ssa?fIV%*CE1€XtQMée@perture
120 15tbeough ao epetudeesinag thghplasma ébehimg-waelssnéi (e 110 served

f d | i ght d
theowroPLErad e tRE bURRFECEDCFs AGE Lithoa BY SRS REISMaNe ChRecal systein
25 alsﬁibﬂﬁlhﬂééla 360R3$n“§€dahglill@minﬂtkfcn phea coSeatso it ve det ection
of thez PMi2sbgnghe é@r?&é‘@rofOt.l'i‘QrﬁﬁJaé&Peé‘B%i-Dé&vé#é’&té'?ﬂggé in arc-|anmp

power, escence, signal_was d ref erence signal derived

|
from t‘ﬁﬁggfrﬁggiﬁﬁﬁﬁﬂ‘%gof ™he ‘PPEL) %%c%%k%rlbmlmgammo of f*the
di chr cservednt35coplétt candOtt & Smbt SE6Me o PPERE oF 1 fo Pesc gl e 150 and

anid 1 1 SRESSRE bl End 06 BEeds MPentRILChAGK €0 Sealobfole heam i ber |
bundl eSBl)iV\&sl’n&Dnvhemdth@omuc!_&mncemametsﬂemu Mhvwfer, at an angle
of ab%n§015§9re?ﬁefimt¥foet c%] HFA aﬂ%ogmlgerg@ Med thﬁbfl ber cl oser

to the wafer interfered w recordi of the

nor nal RGAqM ?#ﬁbrﬁ%@n%@%?%ﬁw%t@bpﬁuﬁw et 3| 'ﬁgﬂufgh han DCM 35 doped
phtorespsftuwlual ayd redeglaso Uil t@rel10@s frﬁétcu;d%.b% FFing a bare
Was
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served to isolate the DCM fluorescence from the
fluorescence-inducing light and the white 1ight emitted by
the plasma (during etching).

The optical system 25 also included a lock-in
20 amplifier 140 for phase-sensitive detection of the PMT
signal. 1In order to normalize against fluctuations in
arc-lamp power, the fluorescence signal was divided by a
reference signal derived from the stray reflection of the
fluorescence~-inducing light off the dichroic beam
25 splitter 90 into a second optical fiber bundle 150 and
photodiode 160. The reference signal was produced by a
reference lock-in amplifier 170.
> Throughout the etching procedure, the end of the
fiber bundle 80 was maintained about 15 mm from the silicon
30 wafer, at an angle of about 50 degrees from the vertical.
Placing the end of the fiber closer to the wafer interfered
with etching. '
FIG. 4 shows a tecording of the normalized
] fluorescence signal detected during etching of the DCM-
35 doped phtoresist, 1Initially, a background level was
recorded by placing a bare silicon wafer in the field of
view of the fiber 80 (which was emitting fluorescence-




- 21 - inducing energy). At t = 4 mins, the photoresist-covered wafer was
moved into place, causing a large increase in the detected signal. '
ratio of this detected signal |evel (which corresponds to a resist
t hikekness 5 equal to 1.3 unm) to the background level, it was cal cuhat&
t hat{ t'he background | evel was equival ent 280« he S|gnal froma resist film
having a thickness of about 60 nanoneters. Between t * 4 mins and t a 9" -
m ns, the vacuum system was cl osed and punped out. At t a 9 nmins, [err] gas
10 was adm tt edrdudimy Enrexygy)at cllitng maﬂrﬂnémsat theppbosoresistacove red. 33
‘Pa (7 m cromet gl di0) agm.o%efd QY o ag,  Latsigy Ihsas!gge%sm' 43 tne
drifted slowy upmar t hese roce ures om experi-ence,

known that the dsﬁfgﬁ%edali/wls-t afinom gheyiratio of tWFhéef;eﬁ/&Pﬂl ﬁggl@lf or

conpl ete st abi lidwe1 afith i lcor reBpoinds t> N ae®d st FEhar ge &3 ckRlelsisat ed by
applying 100 watts of rf (13 ectrode _of _the

pl asma et chithg SRHAE @ Jod P eI%t%%%'?ﬁ&ge&egmﬁut ?ﬁowéﬁl redmuinsed
gr ounded eIectmmtxtxhﬁ|h§;ﬁ§ﬁbuﬂﬁ(mevéMuyasndquHWaZGnshabptdbopignauhﬁrom

cor i o 0l 0Ty AR, e DB b

previ ous experlence erature o tor asi st
stabilized at about 50C \hetweem-t tridhhmins te#f Bemings |t§eev|aeewm in

FIG 4, the sigiaed mfémsédﬁ%n@ dutst el B way ﬁuﬁﬁ&e,do%“@és The
periodi ¢ nodul at’ion seen in FIG ue t |nterf%&ence bet we

f1 uorescencdd eMas Rfnithed ta rté't’[ |ﬂ§t‘?§5‘f‘ 4RI RG champegecat, Ay Pregfure of
reflected by thsbait ig3vB3vaeer(7 Imicrdkidters Hg) andmaoiflowurate fdr awn

through the 30 yieapqf t i SO AJQNS ddh T Grrbeed ALY BRUNTY BU-(RLUT

becones appare & convex curvature due 'to theé 9 0)
was not smal | [whes€ tproqpdures 9)FramPastuexpexdiencet litnaas| known that

proportional torpe @fifh£0 tdvading fed GHAYE timeTEARE tRBut Wadleinl) Was
not llnearlfgrnéu¥”é$£g¥2te stability, and at t = 15 mins, a plasma
discharge was initiated by applying 100 watts of rf
(13.56 MHz) power to the power electrode of the plasma
etching machine, which electrode was spaced about 20 cm
from the grounded electrode bearing the wafer. The initial

20 sharp drop in the recorded signal (see FIG. 4) was due to

heating of the photoresist. From previous experience, it
was known that the temperature of the photoresist
stabilized at about 50°C within 3-4 minutes. Thereafter;
as is evident in FIG. 4, the signal dropped as the

25 photoresist £film was etched away.

The periodic modulation seen in PFIG, 4 was due to
interference between fluorescence emitted in the direction
of the optical fiber and light reflected by the silicon
wafer. In addition, if a smooth curve is drawn through the

30 mean of the modulations in FIG. 4, a slight convex _
curvature becomes apparent. This convex curvature is due
to the fact that elT(t = 0) was not small
(¢CT(t = 0) = 0.69), and thus 0. was not linearly
proportional to T, and consequently the (average or mean)

35 signal, N, was not linearly proportional to T. _

The etch end point in FIG. 4 is clea:ly visible

. as an abrupt change in slope at t = 37 mins. The error in
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The etch end point'in FIG 4 is clearly visible as an abrupt change i'n

sl o t =37 mns. The error in - 22 - etch end point deternination’
was -a however, primarily due to the shot-noise associated with the 3
backgr ognd signal . Rather, the‘a33u7acy in the determination of etch end 1\
point Was limted by the 3 second response tinme of the 5 el ectronics x)

enpl oyed in the detector ste Because the thickness of the photoresist”
(1.3 u?ﬁd%va%"%t?%’e'bth\e%’ ni?'! Y5t M thearevere Redmafi W ch rate was

about dumawneﬁerémnérm as S Lot I QWS kgBurdd M tation inplies
oint, 10 e ed as, an e |valent resi st

t hat t eryJ or etch re u
t hi cknes%n '%% e'{ar cqusacy siél:x& if%d’ﬁé’t%tr Cl" 12£ 9% hot - noi se
in th@mmmmsuwtmmmm t:h-esdqcmd mu;;fo&rse)rtutd”leff tde error in

t heg d £¥$H §%gg vaI nt 15 resist
thlesc ﬁ%ﬁé‘é%il&‘ g‘f/eﬁ{)%%ne{}gheoretlc 'f ven ess an b0 0.01
nanorreftl'éir%"anrﬁ Lf dhoRhatergsint Glt3 tlma)t wake e¥shed im of the '
f1 uor exr anings j rtmctmmrnyau rlshedemeayet f&c&f Gty Jde st (2 cn?)

bj e o this,ener 1 1015 phot on ec (as 20
thjl c‘{eigarg %%f(e %t glyr Ei'beu %lﬁe‘:@f"dtlf ﬁ%”é‘c qig'f?p an?i fhe 1£rgct|on
of thlbinpima#iqn aimﬁitesgd:h:gt tthe fadrar Hndtoh dnd gadinti on, conservative

Sied Ud lard Vs WIS (e ddile nilckilelad Batd [ [err]. Moreover,

c:ﬁcul atlons ase upon the manufacturer's specil lons 25 (for the PM

t ube) f*uﬂ%ﬁﬂﬂ?%?ﬁﬁ51%%¢§ sechh s 3 pAnameLensS. s known that e - 0.5 and At =
3 sec, Equation J#)tHeEBhodGfoidetinN(the ga)ck(gtm,@ugq%g Hdgctrons

28252%“"'%&%{}% AR Ingl P BIR A the tho 11 uor escence.
si gnald€texmingtion feefvietehn end @olerts, ekpriessed@snanoidvaledtd therefore
No 5 (%MWﬂﬂs]s 3 wil1& Have beed r(]theoret:u:ally) even less
than about 0.01 nanometers. This follows from the fact
that the power, P, of the fluorescence-inducing energy
incident on the area of the resist (2 cm?) subjected to
this energy was P¥»® 1073 vatts® 3.1 x 1015 photons/sec (as
20 estimated from the total power output of the Hg arc lamp
and the fraction of this power transmitted by the fiber
bundle). 1In addition, conservative estimates for ng and £
suggest that ne¢ ™R 0.5 and f = 1074, Moreover,
calculations based upon the manufacturer's specifications
25 (for the PM tube) indicate that'ﬁcGQ 0.1. Thus, because it
is known that € = 0.5 and 4t = 3 sec, Equation (4)
indicates that N(t = 0) (the number of electrons
corresponding to the 1.3 um film) was approximately
2.3 x 1010, as noted above, the background level, Np, was
30 equivalent to the fluorescence signal from a film having a
thickness of about 60 nanometers, and therefore

Ny, = (60 nanometers/1.3 um) x 2.5 x 1010
= 1.1 x 10°.

, Consequently, from Equation (7), it follows that
35 (theoretically)
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- 1.1 x 1009. Cbnsequently, from Equation (7), it follows that 35
(theoretlcally) [err] [err] = 0 0.0019 Nanoneters. 5 Exanple 2
of AZ2400 photoresist, doped with DCM was prepared as in Exanpl
Sp¥n- deposited (as in Exanple 1) onto a_gl ass substrate whose
refpactloh 10 was approxi mately the saf® as that of the phot or es
(the i ndex of refraction was about 1.5). The resist was then etched, and

the etching nonitored, as in e 1,, A reco dlng of ¢ /pornallzed
fluorescence signajy dgr FIG 5(a). The
15 interference r| ppI el e§n° F‘PG 4 ar ez s3ybgtam Qal ly reduced in FIG

5(a) because the mismatch in the optical properties (indices of refraction)
bet ween the photoresistof{obovsansndheterdstrate had been substantially

el i mnated. Exanple 3 20 A sanpl e of AZ2400 photoresist, doped
with DCM gnvas prepared and spin-deposited onto a glass substrate, as in .
Exanpl e 2,7 except that the DCM concentration was reduced by a factor of 4
(and t hus [e@ELEEEéLEbduced by a factor of 4). This filmwas then etched,

and the etching nonitonedanl e raQ&zﬁx@roplpﬁolozlé@iswchogeﬁl WiehEaeali on
(5) is applicable and predicts at flu res nce.int.ensi s lin arIy
proportional & Y Ierﬂﬁ%{ﬁeg' t4‘1@& plg i SRipsdgP Péct%?al {§Sof Mt he
fl uorescence Exayplle ddt erted ajlgrllalsg 1s|mbs¢1ralt|enyhosle0\i/adbbtl oft relfzrachd onase. -
20/ o {4 ARG Y Yeg 3 UG el B MBS BETRSRY o
et ched, and tﬂﬁbﬁﬂiﬂﬂﬁﬁ;bf refraction was about 1. 5). The resist was
then etched, and the etching monitored, as in Example 1. A
recording of the normalized fluorescence signal during
etching of the resist is shown in FIG. 5(a). The
15 interference ripples seen in FIG. 4 are substantially
reduced in FIG. 5(a) because the mismatch in the optical
properties (indices of refraction) between the photoresist
£ilm and the substrate had been substantially eliminated.
Example 3 |
20 A sample of AZ2400 photoresist, doped with DCM,
was prepared and spin-deposited onto a glass substrate, as
in Example 2, except that the DCM concentration was reduced
by a factor of 4 (and thus ¥ was reduced by a factor of 4).
This film was then etched, and the etching monitored, as in
25 Example 2. For such a f£ilm, Equation (5) is applicable and
predicts that fluorescence intensity is linearly
proportional to film thickness. FIG. 5(b), which is a
recording of the fluorescence signal detected during the
etching, shows this to be the case. '
30 Example 4
A film of AZ2400 photoresist, doped with DCM, was
prepared and spin-deposited onto a glass substrate, as in
Example 3. The film was then etched, and the etching
monitored, as in Example 3, except that the applied
35 rf power was reduced by a factor of 2. The change in the
slope of the curve shown in FIG. 5(c), which is a recording
of the fluorescence signal detected'dUting etching,
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by a factor of 2. The change in the slope of t mmm;m‘ “M FI G 5(c)
which is a recording of the fluorescence si gnal etching,
- \25 CLAIMG 1. A nethod for fabricating a devie, sai d" et hod conf
dest,ltl ng a sacrificial coating material onto a substrate; and et u]-»
|l east a part of said coating material, whergn_fluorescent 5 mat €
included in said coating material, and ‘wher® n“the et chi ng of said
sacrificial coating material is nonitoredCbAMMSubjecting at |east a port i on

of said part to a fprmyofeGBarfbr m Qatn,gugeév#y% “Hf ﬁ&?#oﬁﬁﬁu

within said portlon’tof uor esce, ing the'resu
10 2. THiepasiting w@srtﬁiﬁgal @oetwmtenmeﬂ@m asaublstmae; fandi al

Cobst ot e ona SrchAg weCtesst & part W?‘L‘Ff“mé‘?f?ﬁﬁ'?ﬁf oEhér¥inOPtuer §f’da s
u i

3. The netRod %5&3 ﬂﬁ %?ET’%J Pé) §&crﬁ“ﬂl whenein cthe E%fd't MBg
mat eri al furt heof isatd sderifict &l Matmgemwrimﬂsrmﬁtmwtmjmm sgt d

ayer of rat ori 14eSE it PREEER, Y (A it fo i A 4 of i AU T

according to clﬁlunrescmmmdauﬁﬂdmmidgpmsﬂm to fluoresce,nand sensing Ithe

sensed fl uores ﬁr#b @%g@“ c%, ceases. 6. The net hod according to claim
4, wherein sa| I's di sconti nued when the sensed fluorescence is

first obseMed to le-bs heitmeshed, agecondingrto glaimi, wberein satdbsacrifictall ai m

5, wherein the &itend Qﬂtéﬂ'm fic1daes acmnmroéf nateribl Ude%§lf€§len€UfferS

Coul vel ent %éiBs s ePeta) o, ar Feqondfaien. ot ReterdL deiosTiadcontonsitdhout

10mm 8. The ngitreddlayeeording to claiml, vvnerel n the concentration of 3D

sai d {1 uor escent mayer kgl unsladesfig' & khlin" 8 Wb TPLETd The iR ©"

t han about 0.001 percen
15 coating material further includes a third layer of material deposited

onto said second layer.

4.. The method according to claims 2 or 3, wherein sajd first
layer of material includes said fluorescent material.

5. The method according to claim 1, wherein said etching is

20 discontinued when the sensed fluorescence substantially ceases.

6. The method according to claim 4, wherefn safd etching is
discontinued when the sensed fluorescence is first observed to
substantially diminish.

7. The method according to claim 5, wherein the detected time of

25 cessation of said fluorescence differs from the true etch end point of
‘safd sacrificial coating material by an equivalent thickness of said
sacrificial coating material ‘less than about 10mm.

8. The method accordi ng' to claim 1, wherefn the concentration of
30  safd fluorescent materfal in said sacrificial coating material s
greater than about 0.001 percent. .

9. The method according to claim 1, wherein the quantum
efficiency of said fluorescent la'teria'l. in said sacrificial coating
material, {is greater than about 0.01 percent.

35 10. The method according to claim 1, wherein said sacrificial

nmonitored, as in Exanple 3, except that the appl I ed 35 rf power was reduced
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9. The nethod_according to claim1, wherein the quantum efficiency of said
fluoreseent material, in said sacrificial coating material, is greater thanl :

% . ilﬂﬂlﬂllllllﬂﬂ R A pe crial g

pore t'harf s bs'fan’tlaflly 0. 01 percent, but |ess than substantiall)
50 percent, of the incident fluore@8ence-inducing energy. 11. The net hod~

aCCOfdgggnggh 4&%‘&11@3\@ em&gesehﬂ. b ‘ﬁi?@lﬁ? 6,01 pEfcRhkalbuinC! udes

4-di c ene- 2 -di et am nos % -4H pyran. 12. A nethod
of fabﬂewtﬂlﬁ@; %bﬂtﬂﬂtéé”ké?)sﬁe&ﬁ?'ﬂal I°¥ the Htcré Mbefore described with

r ef er eRfEoregcérite- Piduchhg teher@,gs of the acconpanyi ng dr awi ngs. 10
doscr i bed WAt h Iher %a@?%%ﬁv B si5im hemstain st BhoPERREN Y Py e
by &1 pmatedal aincdudésng to any one of the preceding clains. 15 20 25 30 35.
4-dicyanomethy]l ene-2-methy1-6-p-diethyl ami ndstyryl -4H-pyran.
' 12. A method of fabricating'a'device, substantia'l'ly as
herei nbefore described with reference to any one of the Fi gs. of the
accompanying drawings. :
10 13. A method of fabricating a device, substantially as
hereinbefore described with reference to any one of the examples.
14, A product formed by a process accordi ng ‘to any one of the
preceding claims.
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