On-wafer spectrofluorometric evaluation of the response of photoacid
generator compounds in chemically amplified photoresists
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The enhanced photospeed of chemically amplified photoresists is crucial for high throughput
lithography required by the semiconductor industry. The photospeed depends directly on the
efficiency of the generation of photoacid during exposure, which is a function of the properties of
the photoacid generator compound used in the resist. We report a novel technique for photoacid
generator evaluation which is convenient, fast, and robust. This technique involves “whole wafer”
imaging of resist doped witlpH-sensitive fluorophores and patterned with an array of fields of
varying doses. A spatially encoded map of the response of the compound under study is thus
obtained in a single camera image. We measure the amount of photoacid produced as a function of
dose for three photoacid generator compounds with reference to the commercial resist Shipley SAL
605. The results demonstrate a one-to-one correspondence with lithographic performance as
determined by the normalized remaining thickness technique20@ American Vacuum Society.
[S0734-211X00)05201-X]

|. INTRODUCTION which contains a dilute concentration pH-sensitive fluo-
rescent molecules, and patterned with fields of various expo-
sure doses. The imaging aspect of the technique provides
spectrofluorometric titration “in parallel,” with the advan-
?aages of convenience, speed, and robustness.

A principal advantage of chemically amplified
photoresistsfor semiconductor lithography is their increased
photospeed. In this class of resists a catalyst, typically
strong acid, is generated during exposure by photolysis of
photoacid generatofPAG) compound The efficiency of
photoacid generation depends on the properties, such #&s THEORY
chemical structure and molecular weight, of the particular
PAG used in the resist, and is quantified by the amount o
photoacid created per exposure dose. The photoacid cataly:
cally generates linking or deprotection reactions during af
postexposure bak@EB) of the resist. The amplification oc-
curs during PEB with the multiple recycling of the photoacid
to promote many chemical reactions. The photospeed de- F=Fg-Cg-+ FpyCgH- (D)
pends on the product of the yields of these two steps.

The concentration of photoacid in chemically amplified
resists is typically measured by absorption or fluorescenc
spectroscopy opH indicators. Spectrophotometric and spec-
trofluorometric titration techniques have used merocyanin
dye3* tetrabromophenol blu&;*° rhodamine B bast:!?
benzothiazole  dye$;*>  fluoresceirt!™*®  aromatic
monoazines; and the Rhodol derivative CI-NERF® as
indicators. Generally, spectroscopic measurements are ob- hcg-
tained in vitro by means of dissolution of exposed resist a~ Cey | 2
films. Several studies have demonstratedsitu measure-
ments of photoacid concentration in exposed fifrs:14-16
We herein report a novel extension of the optical titration
technique which enablés situ mapping of resist response
with a “single shot” measurement. This technique involves
fluorescence imaging of an entire wafer, coated with resis

Although optical titration techniques are well understood
see Ref. 17 for examplga review of the measurement
\weory is appropriate here. For a single-step titration, the
luorescence intensity measured from an ensemble of mol-
ecules is given by

Here Fg-(Fgy) is the fluorescence intensity that would be
obtained if all the molecules were in their nati@otonategl
State. These quantities would typically be obtained from the
alkaline(acidic) ends of a spectrofluorometric titration curve.
%Bf(cBH) is the fractional concentration of the natiy@oto-
nated fluorophores, respectively,cg-+cgy=1). These
concentrations vary witppH according to

whereK, (wherepK,=—logK_,) is the mixed dissociation
constant, andh is the hydrogen ion activity, defined as the
ratio of the hydrogen ion concentratiopH*], to a 1 M
concentration. Strictly speaking, the quantii is defined

s the negative of the logarithm of the hydronium ion
H,O") activity in an aqueous solution. We meas{ik" ]
dpresent address: Dept. of Solid State Physics, Lund University, Box 118',” units of mOIGS O.f H per cubic centimeter and anvert 0
S-221 00 Lund, Sweden. moles per liter(using 1000 ciL for H,0) to define an
Electronic mail: robert.grober@yale.edu effective pH= —logh.

136 J. Vac. Sci. Technol. B 18 (1), Jan/Feb 2000 0734-211X/2000/18(1)/136/4/$15.00  ©2000 American Vacuum Society 136



137 Feke et al.: On-wafer spectrofluorometric evaluation 137

For a molecule whose emission decreases in an acidimembrane. The membrane absorbs approximately 50% of
environment (6<Fgy<Fg-), we define the fractional fluo- the radiation at the exposure wavelength, so the dose to the
rescencef =F/Fg- and the protonated/native fluorescenceresists is approximately half of the dose to the membrane.
ratio fg=Fgy/Fg-. Therefore, 3<f<1 and 0<fg<1. The PEB has been observed to effect an increase of the
fractional fluorescence can therefore be expressed as amount of quenching for a given exposure dséne pos-

foh+ K sible explanation is that following photogeneration, some
=2 (3)  fraction of the acid is trapped on the nitrogen sites of the
h+Ka linking molecule, which are the most basic sites in the

Equation(3) yields the titration curve. Measurement f resist+fluorophore systerﬁl. This fraction is then released

and K, from titration data allows the direct correspondenceduring PEB to catalyze linking reactions. For CI-NERF in
betweenf andh. SAL 605, we have determined that the amount of quenching

increases after approximately 10 s of PEB at 108 °C. We
Il EXPERIMENT co_nd_ucted 60 s PEBs on the wafers in order to both obtain
this increased fluorescence contrast and to perform a com-

To measurd as a function of exposure dose, and henceparison of the lithographic performance subsequent to the
evaluate the efficiency of PAG compounds, we developediuorescence experiment. The wafers were placed in a wafer
the following technique. A dilute concentration of fluoro- box packed with approximately 10 g of molecular sie(&gsg
phore is added to the casting solutions of the resists. Theach of 5 A, Union Carbide, Plainfield, NJ, and 4 A, Mathe-
fluorophore chosen for this study was CI-NERW®olecular  son Coleman, Norwood, OHoutgassed with dry nitrogen,
Probes, Eugene, OR® Four criteria influenced our selec- and sealed before overnight shipment to Yale University.
tion: (1) the excitation and emission spectra of the fluoro- The wafers are analyzed with a “whole wafer” fluores-
phore(with peaks centered at 515 and 545 nm, respectivelycence imaging apparatus constructed at Yale University. We
lie in regions where the resist is photochemically passi®e, illuminate the entire area of each of the wafers with the 514.5
the pK, of the fluorophore in the photoresist matrix matchesnm line of an Ar ion lasefCoherent, Palo Alto, CAin order
to thepH range of the resists under stud$) the fluorophore  to excite the fluorophores in all of the dose fields. The illu-
does not photobleach very quickly, aig) the addition of  mination is performed by coupling the laser beam into a
the fluorophore does not significantly alter the chemistry ofsingle mode optical fiber, and collimating the fiber output
the resist>® The emission of this molecule quenches upon[transverse electromagneti€EM)q, modd with a 4 in. di-
protonationF g <Fg-. Although the emission of CI-NERF ameter lens. The angle of incidence onto the wafer is 30°
extends to 650 nm, we have determined that the spectrum igith respect to the surface normal. We image the wafer onto
sensitive topH in the wavelength range 530—-560 nm. Thea thermoelectrically cooled charge coupled deviGCD)
details of this measurement will be presented in a futurecamera(RS Princeton Instruments, Trenton,)Ndith 1152
publication. X29822.5um square pixels(25.9X6.7mm image size

We chose three PAGs for comparison in this re-and 16 bit resolution. The demagnification is i.e., mag-
port: 4,4-isopropylidenebi€,6-di-bromophenol (TBBPA),  nification of 0.11x). The optical axis of the collection beam-
4,4 -isopropylidenebi®, 6-di-chlorophengl (TCBPA), and  path is normal to the wafer. The wafer surface specularly
pentabromopheno(PBP (Aldrich, Milwaukee, W). The reflects the excitation light away from the collection optics.
structures of these compounds are described elsewhereTo provide suppression of the small amount of scattered ex-
Each compound produces a hydrogen halide during expcitation light from surface contaminants, we insert a 514.5
sure. For reference, we also studied the commercial resisim holographic notch filte(Kaiser Optical Systems, Inc.,
SAL 605 (Shipley Co., Marlborough, MA which produces Ann Arbor, MI) into the collection beampath. We also insert
HBr.?° The three experimental negative-tone x-edlygam  a 530-560 nm bandpass filt@®mega Optical, Inc., Brattle-
resists were made using novolac regiBchenectady Int., boro, VT) into the collection beampath to reject the
Schenectady, NYas the base polymer, hexamethoxymeth-pH-insensitive emission for above 560 nm, thereby optimiz-
ylmelamine product Cymel 300(American Cyanamid, ing the contrast of the image. We imaged each of the four
Wayne, NJ as the linking reagent, and each of the PAGswafers using an integration time of 300 s in order to use the
listed earlier. These formulations are similar to SAL 605. Wefull dynamic range of the cameiavith the given excitation
added 0.07 wt %versus solids contenvtf CI-NERF to the intensity. Each dose field was imaged onto>483 pixels.
casting solutions of the four resists. The resists were spu@ccasionally a small speck of dust would appear in the field
onto 4 in. silicon wafers as 0.pm films. We conducted of view; in such a case we removed the affected pixels from
postapply bakes at 118 °C for 72 s. For fair comparison, wehe fitting data set.
added all PAGs in the same moles to solids ratio to the
casting solutions. The exposures were done at the Center for
NanoTechnology at the University of Wisconsin-Madison on?v' RESULTS AND DISCUSSION
the ES-5 beam line connected to a Karl Suss XRS 200/2M An example of the fluorescence image we obtain is shown
x-ray stepper. We patterned each wafer with an array of ninén Fig. 1. Each of the fields of different doses exhibits a
9x 9 mm squares with doses varying from 40 to 900 m3/cm different degree of fluorescence quenching with respect to
The exposure doses reported are to ar silicon nitride  the unexposed region around the fields. To obtain the data
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TasLE |. PAG efficiency comparison.

Efficiency ¢ a
PAG (relative to SAL 60% (1075 cn?/mJ)
SAL 605 1 4.03
TBBPA 0.27+-0.02 1.09-0.08
TCBPA 0.23:0.01 0.93:0.04
PBP 0.1920.01 0.7720.04

Using spectrophotometric titration of tetrabromophenol
blue, Dentinger found that the photogenerated acid activity is
a linear function of exposure dose for SAL 60Bb=«a-
Dose, wherex=4.03< 10" ° cn?/mJ1° Also, the pH of un-

12000+ Y exposed SAL 605 has been measured to be approximately
4.022 Using the formalism described earlier, the NI data of
—_ Fig. 2 are given byF(h)/F(hynexposeds Where hynexposed
L ' =10 “%is assumed to be constant for each resist. This ex-
2 pression is equivalent td(h)/f(hynexposeh- We therefore
E"j 4000 | convert the Dose coordinate to Arcoordinate and simulta-
S neously fit each of the data sets of Fig. 2 to
. (b) NI (froh+K)/(ph+K,) @

- (thunexposed_ Ka)/(hunexposed' Ka) .

Herefr andK, are free parameters shared between each of
Fic. 1. Image _of a wafer obtaine(_j by the fluorescence telescope is shown ifhe four fits(we assume that these quantities are constants of
(a). The PAG is TBBPA. Clockwise from lower left, the exposure doses of .
the fields(measured to a silicon nitride membraweee 40, 60, 80, 120, 180, the fluorophore and independent of the rgsihe scale fac-
300, 500, 700, and 900 mJ/érim the center. Each of the exposed fields is tOr ¢ is set equal to one for the fit of the data of the reference
9X9 mm. The line cut inb) is taken from the horizontal black line drawn resist SAL 605, and is a free parameter for each of the fits to
over the image. the data of the experimental resige is not shared The

parameterp is therefore the relative efficiency of each PAG

with respect to SAL 605.
for PAG efficiency evaluation, we normalize the measured The fit curves are shown as the solid lines in Fig. 2. For
fluorescence intensity from the pixels composing each of thé¢he shared parameters, we obtéjy=0.36 andK,=0.0084
dose fields in the image by the intensity measured from thépK,=2.08). The relative errors in these measurements are
unexposed area. The analysis was conducted on the four wafg/fg=0.05 andéK,/K,=0.08. Vendor data for titration
fers, and the normalized intensitil) results are shown in of CI-NERF in aqueous buffers yieldg=0.097 andpK,
Fig. 2. The results show that the amount of quenching, ane=3.74% SincepK, is essentially a measurement of the re-
hence the efficiency, of the PAGs is in series ofactivity of the hydrogen ions with the fluorophores, the lower
TBBPA>TCBPA>PBP, and SAL 605 is the most efficient. pK, obtained from our measurement compared with the
value measured from aqueous buffers may be explained by
the fact that the fluorophores are immobilized in the resist
matrix. The discrepancy in this measurement may also be

Line-cut

1.0

TL 2 TBBPA due to the fluorophore immobilization.

S 09 : ggl‘fm : The results fore for each of the data sets are given in

=] *  SAL 605 Table I. Using the result of Ref. 10, the constant of propor-
= 0.8 . . R ..

g tionality « between photogenerated acid activity and expo-
E 071 N sure dose can be obtained for the experimental PAGs. These
& a calculations are also given in Table I. The results can be
Z 061 . ] explained as follows. The different halogen groups of PAGs
é 0.5 2 ] have a different leaving ability or a different stability of

[=

halogen radicals formed during the exposure. Normally, the
bond dissociation energy of the C—Br bond is less than the
C-CI bond. For example, the dissociation energies of
Fic. 2. Fluorescence vs dose for the PAGs, TBBPA, TCBPA, PBP, andCH,—Br and CH—Cl are 70 and 84 kcal/mol, respectivéfy.

SAL 605. The data for each PAG is obtained simultaneously using thel—he lower the dissociation energy is, the easier the halogen
whole wafer imaging technique. The intensity measured for each expose . "
field is normalized by the intensity of the unexposed background. The lined€aVves, and the easier the halogen radical can form, therefore,

are obtained from the results of fits to Hg). the more hydrogen halide forms. Given a certain energy, the

0 200 400 600 800 1000
Dose to membrane (mJ/cmz)
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’? 1.0~ . . tion and comparison of three PAGs and SAL 605. The ad-
8 o vantages of this technique are its speed, convenience, and
s 091 % o % 1 robustness. These advantages are important for the applica-
5 03, o' a ] tion of this technique to rapid screening of new compounds
g Sod to determine usefulness as PAGs and the comparison of not
‘E 0.7 ;. . only different PAGs, but differing amounts of each PAG.

S 2 TBBPA ¢
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