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absorption near edge structure spectroscopy
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We have observed the chemical changes in PMMA irradiated by x iraystu. The chemical
changes are monitored by micro-x-ray absorption near edge structure spectra at the carbon
absorption edge. The loss of the ester grd@p=0) and formation of €&=C bonds have been
determined guantitatively from changes in the intensities of the respegtivesonant peaks as a
function of dose. Samples prepared under different conditions were examined. From the dose
dependence of bond formation, scission and linking, the performance of the resist can be predicted,
so that the preparation strategy, dose, and development can be optimize#930American
Vacuum Society.

[. INTRODUCTION peratures, and have attempted to predict the final perfor-

Poly(methyl methacrylate or PMMA is probably the mance of the resist using this information. Studies have

highest resolution organic photoresist used for UV, electronzhogn_ thf‘; chaitn scission Ofiﬁn results in the Iosst;sﬂ(();
and x-ray lithography, with~10 nm lines having been fab- ond In the ester group with accompanying=C bon

ricated using electron beam lithography on a thick subsfrate.format'pn' The C=0 bond loss W'”.g'\ie rise to a reduction
n the intensity of the corresponding™ resonance. Cross

PMMA is also used as a high resolution recording medium, ) . . :
for x-ray contact microradiographyand holography. rri_mks.result |n*the formation of acjdmonal:%C bonds, giv- .
ing rise to aw* resonance at a different energy. Changes in

PMMA is a long chain molecule with a monomer structure , © . : * :
the intensity of ther™ resonance as a function of dose can be

shown in Fig. 1. Upon exposure to ionizing radiation4.3 . : .
eV typically), both the main chain and bonds to side groupsmon'tored through carbon edge XANESee Fig. 2 using

can be scissionetiThis radiolysis lowers the local molecular the same apparatus which generates the radiation exposure.

weight and makes the exposed region more sensitive to digs RANES provides the capability of observing the evolution

solution in liquid developer. This behavior does not extend toOf PMMA chemistry as a function of exposed dasesitu,

infinite dose, however; at higher exposure, cross linking insupplying the information_ heeded to optimize exposure strat-
PMMA starts to dominate and the resist becomes les§9Y and PMMA preparation.
soluble®® For lithography, one would like to completely re-

move PMMA from exposed areas, whereas for microscopy

and holography one would like to have a quantifiable relal!- EXPERIMENTAL METHODS
tionship between exposure level and developed thickness a&s The scanning transmission x-ray microscope
well as the transition dose for cross linking dominance. It is
commonly believed that postspin baking can affect this tran-

sition point, but we are unaware of previous data to quantify’ . .
this trgnd P g tional Synchrotron Light Source, Brookhaven National

Scission, cross linking, and other underlying ChemicalLaboratory‘? The microscope uses the high brightness soft

phenomena in exposed PMMA have been studied usinﬁ;ray bheam E).ro%uct'et(;dgy)/\ a ?Ogl x-brat)\/Nundtgggor Véhgz)ols
many different methods. Dissolution rate cur’®shave onochromatized wi variabie between an

shown that PMMA is a positive resist until very high dose (higher monochromaticity at the cost of lower flux can be
>%elected by reducing the size of the monochromaton $fits

Our experiments make use of the scanning transmission
-ray microscopdSTXM) at the X-1A beamline at the Na-

levels are reached. The chemistry of exposed but undeve h h i f 410 a 55 Ravleiah
oped PMMA has been studied using Raman spectrogcop € monochromatic X rays are focused 1o a 5> nm Raylelg
resolution spot using a Fresnel zone pidt&he instrument

and nuclear magnetic resonan®VR):® these latter meth- . o . .
ods show the dependence o and G=0 bond densities can either be operated in imaging mode as a scanning trans-
jsssion X-ray microscope, or in micro-spectral mode where

on dose, and these parameters shed more light on the procé{E hot d late t : dist
than dissolution rate curves alone. e photon energy and zone plate to specimen distance are

We describe here the use of carbon x-ray absorption nea?rc.an.ned while the specimen. remains fixed to acquir ca trans-
edge structuré XANES) spectra(280—310 eV to examine mission spectru_m ofa subm|c_r0_n f”"jéé"-_he sampl_e sits In &
the radiation effects on PMMA exposed to s@17 eV} x helium gas environment to minimize air absorption, and the

rays. We have quantitatively monitored the chemical Change%ansmlttedt_photlon flu? |sTr;]1eaSl_Jred usmghan efﬂuznt gﬁs
of PMMA prepared under different post-spin baking tem- ow proportional counter. Ihe microscope has considerable
flexibility to accommodate different experiments. Figure 3

Author to whom correspondence should be addressed. illustrates its ability to write a pattern into PMMA at high

bpresent address: Boyer Center for Molecular Medicine, Howard Hughe§l0S€, and to subsequently image the pattern at low dose to
Medical Institute, Yale University, New Haven, CT 06510. read the mass loss out.
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Fic. 1. Monomer structure of PMMA. The molecular weight of PMMA in
this study is 9.% 10° Daltons, so each PMMA polymer chain contains 9700
monomers on average.

B. Atomic force microscope 2 um 06SEP022.EPS

X-ray transmission through a film depends both on atomic (400 x 0.03um)?
cross section and density of the film. We therefore wished to (@)
examine both the thickness and the mass thickriesay
transmissiop of exposed PMMA. The former measurement
was performed using an atomic force microscope to measure
the surface profile of PMMA. This AFM is customized to
have a highly lineafl part in 5000 and long rangé75 pm)>?
scanning stage for use in reading out x-ray hologratiie
Z axis is a normal piezoelectric scanner with @t range;
therefore, it is subject to hysterisis and measures height to an
absolute accuracy of only abottt10%.

C. PMMA film preparation

In order to perform absorption spectroscopy, we needed to
place PMMA films on a soft x-ray transmissive substrate. By
backetching the silicon from silicon nitride coated wafers,
we are able to produce 100 nm thid® mm)? area silicon
nitride windows which transmit-60% of the incident beam.
The PMMA films were spun at 4.5 krpm from a solution 4%
by weight in chlorobenzene. This resulted in PMMA films

2 UM 14SEPQ05.EPS

(512 x 0.025um)?
20T T T T T ' o L T T ] (b)
: . © © 0550 MRad |

N + ¢ *OMRad |
’ 8 Fic. 3. (a) Letters etched into PMMA using STXM with 700 Mrad dose.

The scanning stage was programmed to move the sample to write with the
stationary x-ray focus. The transmission x-ray imé2@ Mrad shows sub-
stantial mass losgb) Atomic force microscope image of the area etched by
x rays. The lines to the left of the letter “X” are due to beam exposure
during the computer-data-transfer time between scan lines. The AFM image
data has been left—right inverted to match the STXM image, and the rotation
is due to remounting of the specimen from the STXM to the AFM stage.

Cross section (arb. units.)

st R L] approximately 0.3.m thick. These were either used unbaked
280 285 N (ev)29° 295 following several days of drying, or baked in air at tempera-
v eneey tures of 150 or 200 °C for 2 h. The oven temperature was

-+ o
Fic. 2. Comparison of C-XANES of PMMA, baked at 150 °C for 2 h, controlled to=2 °C.

before and after exposure; solid d®s: before exposure, the peak from

C=0 bonds is strong while there is no obvious peak from-=C bond,; D. Experimental methods

diamond point6< ): after 550 Mrad exposure, the peak from=© bond is

weaker and the peak from-€C bond is stronger. The dashed lines show the  \We used the imaging mode of the STXM to expose the

fit using a rounded step function representing the absorption edge, anrdesist and the microspectral mode to measure carbon
Gaussian functions for* resonance peaks. The solid line shows the total fit !

that agrees well with the raw spectidiamond points The energy calibra- XANES in the exposed region. An image pixel si;e of 30 nm
tion is accurate to 0.3 eV. (half the 55 nm FWHM probe sizevas used during expo-

'
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the sample, the incident flux at the specimen plane can be
calculated. The dose to the resist was controlled by adjusting
the pixel dwell time in the microscope control software, and
by adjusting the monochromator exit slit. We were typically
able to expose 10 um)? area to 25 mJ/chin 5 min. In
micro-spectral mode, we were able to take an absorption
spectrum within that10 um)? exposed area over a range of
280-310 eV with 0.5 eV resolution in less than a minute.
The beam was defocusedt&® um FWHM during spectrum
acquisition to ensure that the maximum resist exposure of
0.1 mJ/cm was kept acceptably smalk1%) compared to
the exposure in imaging mode.

The dose to the PMMA layer can be calculated as

J IOTEA1.6><10’8M g L
ose= dx dy rad, (1)

wherel , is the measured incident flux in KHZ, the pixel
dwell time in ms,A=1—e *! is the fraction of x rays ab-
sorbed by the sampl&, the photon energy in e\which is
317 eV for all exposurgs (dx dy) is the exposed area in
um?, t is the thickness inum, and p the density of the
sample in g/cm The 1£ absorption length is

_ Na
por=2rN o pfa, )

wherer,=2.812<10 ' m, N, is Avogadro’s numberA is
the atomic weight, anél, can be found from tabulated values
valid at wavelengths away from the immediate vicinity of
absorption edge¥.

During resist exposure, we delivered a dose ranging from
50 to 150 Mrad per image by varying the dwell time, and
15-25 such images in the same area allowed us to deliver a
final cumulative dose of 2000-2500 Mrad. Between each
exposure, we acquired a carbon XANES spectrum from
within the exposed area. Finally, we imaged the exposed area
and some of the unexposed surrounding area at the comple-
tion of the experiment; since the exposed area has greater
transmission as a result of mass loss, the presence of a light
square in uniformly dark surroundings provided confirmation
of the position reproducibility of the resist exposuyfeg.

4(a)]. Two pairs of measurements by x-ray transmission and
by the atomic force microscopy are compared to determine
the density dependence with dose. The mass thickness losses

Fic. 4. (a) The STXM image of the dosed area surrounded by unexposedA(pt)] measured by x-ray transmission give values of

area. The light square in the center shows substantial mass(tpddass

(0.112+0.002/u,, and(0.122+0.003/ u,, [the latter one was

thickness profildA(upt) =—In(1/1,)]. (c) The same exposed area imaged shown in Fig. 41b)] separately for two differently dosed ar-

by the atomic force microscopéd) The thickness profile measured by the
atomic force microscope.

sure to ensure even irradiation. Using 400 and 100 en-

eas, wherey,, is the mass absorption coefficient at this
wavelength. Figure 4) is the same area as in Figa#im-

aged by the atomic force microscope, where the thickness
differences between exposed and unexposed area for those

trance and exit slits on the beamline monochromator, wéwo differently dosed areas are 11%.6.2 and 134.30.2
were able to obtain a detected transmission count rate afm separatelyFig. 4(d) is the line profile corresponding to

500 000 photons/s of 317 eV x rays wikiAN=450 in im-

Fig. 4(b)]. The ratio between the mass thickness measure-

aging mode. By measuring the transmitted flux rate withoutment to thickness is

JVST B - Microelectronics and Nanometer Structures
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A(pity)  A(ppti+piA(ty) L8 e
A(pata)  Alpa)tatpoA(ty) N ;

A(tl) - A(tl) =1.03+0.05.

A(tZ) A(tz) 1.0’

o~ unbaked
» baked at 200 C
x baked at 150 C

This result is consistent with the assumption that the mass
loss is mainly due to thickness loss, and the density of the
resist does not change appreciably with dose so that

A(p)=A(p2)=0, and py=p,.

Peak intensity from C=0, C=C bonds

E. Data analysis

Absorption spectra are determined by the thickness of the 000 * SR
sam_ple,t, and the linear absgrption coefficient, (which is ’ 100)‘()-ray dosein MRad o
the inverse of the & attenuation length as
I(E)=1 (E)efu(E)t (3) Fic. 5. C=C and G=0 peak intensity changes for PMMA baked at 150 °C,
0 ' PMMA baked at 200 °C, and unbaked PMMA. The curves are simple ex-
where | is the transmitted flux at energy and |, is the  ponential fits{Egs.(7)]. For PMMA baked at 200 °C, the peak from=€0

: . : : ecreases faster than that from unbaked PMMA and slower than that of the
correspondmg incident flux. The optlcal denSIty can then bérjesist baked at 150 °C. For unbaked PMMA, the peak fremCincreases

determined from faster than that from baked PMMA. There are two sources of error in the
—In(I/14)= ut (4) data: photon statistics and curve fitting. There are over 1000 photons at most
(111g) = put, data points and over 400 photons at the sharp absorption peak, giving errors

wherel andl, are experimental data. Spectra are then ﬁ“e‘ﬁzst:?::@ic;ge fitting error is typically a few percent. The combined error
using a nonlinear least-square fit to a combination of a '

rounded step function representing the elemental absorption

edge, and Gaussian peaks for tiferesonances as shown in ing as will be discussed later. From Fig. 5, we observe that
Fig. 2. The step function is the integration of a Gaussianhe intensity of the €O bond peak for sample 200P decays
function,® faster than that of sample UnP, but slower than that of
1 1 ( E—P ) sample 150P, suggesting that sample 150P has the most chain
-+ zefl ——————| |, (5) scission per dose among the three samples. The intensity of
2 2 FG/(ZM) the C=C peak for sample 150P increases more slowly than
whereP is the position of the inflection of the stém eV), that of sample UnP but at a comparable rate to that of sample
H is the height of the function immediately above the step,200P. This indicates that baked PMMA will have less cross-

l'exp=H

andT'g is the FWHM of the step. linking than unbaked PMMA for a given dose. PMMA baked
at 150 °C develops main chain breaks more rapidly and cross
IIl. RESULTS linking less rapidly, so that it has higher sensitivity than un-

. baked PMMA. PMMA baked at higher temperat290 °C
Figure 2 shows the carbon XANES spectra from I:)N”\/IA'i stead of 150 °Cshows similar cross-linking development

;" . . o
'-Ir-1ht(3907:h renséonz(a)r;?j z;tnt(;\ih|%r;eerde;&l;\g/l)’flsdfemwhlchblznpdr:ser} te but less chain scission. Therefore, Fig. 5 suggests that
! unexp d exp ' PMMA baked at modest temperature will give the best sen-
from the ester group in PMMAthe spectrum and peak as-

: : sitivity.
S|gnmiant for unexposed PMMA can .be found in Ref).15 The mass thickness loss as a function of dose was mea-
The 7 peak at lower energy is assigned te=C bonds,

. . sured directly from x-ray transmission at a photon energy of
mainly because studies by other metHbdave shown that y y P 9y

. N . 317 eV (far fi bon-ed , the att ti
C=C bonds are formed in PMMA upon irradiation, while no le ngtfe1 ,uElairs mwff{‘l (;_rrl]ee n?zssr,eti(i)glfnn;:s cthgezngprg-n
other carbon double bonds which can give rise to a shérp entially with dose as is shown in Fig. 6, with unbaked
resonance have been reported; furthermor_e,_the energy d 'MMA showing the highest direct mass thickness loss per
feren_ce between these t*WO peak=V) falls within the typi- dose. The mass thickness loss as a function of dose is fitted
cal difference betweenr™ resonances of £0 and CG=C

bonds(1.5-2.5 eV.1° The x-ray absorption coefficient at the the equation

7 resonance is proportional to the density of the corre- t,=to[1—exp(—D/Dp)]. (6)

sponding bonds. The peak intensities of tie resonance The fitted parameters, (initial thicknesg and D, (charac-

from C=0 and C=C bonds as a function of dose are plotted teristic dose are summarized in Table I.

in Fig. 5 for unbaked PMMAUNP), PMMA baked at 150 °C

for 2 h (150P, and PMMA baked at 200 °C for 2 {200P.

As expected, for all samples, the peak intensity from thd V- DISCUSSION

C=0 bond decreases and the intensity from=C bond Using the method described above, we have measured the

increases with dose. spectral changes taking place in PMMA as a function of
The resist development rate depends on the net averagxposure to 317 eV soft x rays. We now wish to extract

molecular weight arising from chain scission and cross link-scaling relationships from these measurement, and consider

J. Vac. Sci. Technol. B, Vol. 13, No. 4, Jul/Aug 1995
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0.401 — ‘ ] TaBLE |. Fitted parameters for mass thickness loss according to (Bgs.
Sample to D, (Mrad)
g 0300 g " Unbaked 0.3140.001 755 9
£ - Baked at 150 °C 0.2870.002 80712
g ’ Baked at 200 °C 0.2850.002 88t 9
E 020
E o Unbaked 1
2 » Baked at 200 C i i .
E 010 + Baked at 150 C These results are in agreement with the results from Fourier
1 transform infrared FTIR) spectroscopy which indicate that
for every ester group lost, there are 1.03=C bonds
0.00 2 formed® AJ/(A+B,) is the remaining fraction of €0 in-

0 1000 2000 3000 tensity after a large dose. Similarl, is the peak intensity
X-ray dose in MRad
of C=C bonds after a large dose. Unbaked PMMA shows
Fic. 6. Direct mass thickness loss vs dose. The curves are simple exponeﬂ?e !QrgeStAc: so it will .have the most cross_llnks after a
tial fits from Eq.(6). The unbaked PMMA has a larger direct mass thicknesssignificant dose(saturation value for cross linkghough
loss than PMMA that is baked. PMMA baked at 200 °C shows the smallest characteristic
doseD., thus the highest rate to reach the saturation value.

the implications for resist exposure and development. In th(j[,\h The p;ikl\llgtgnstl)tleﬁ’ \;\_/ere r:ormallzgd 0 t?ﬁ Ti'ﬁqht of
discussion below, we will use a simple first order approxi- € non- absorption stelfegs. (5)] so that they are

mation to model our data to obtain the molecular weight andndepepdent (_Jf resist _th|ckness._ The peak |rl1tens|¥ie|$er
ormalized thickneséwith dimension of length™) are there-

dissolution rate which are the parameters characterizin . .
PMMA performance and that can then be compared wit ore proportional to the number of corresponding bonds per

direct measurement. This comparison can then be used Hf"t vqum_e,N. The con.s,tant of proporuonghty;, is the
give us the relative efficiencies of chain scission and cros;s‘roSS section from Fermi's Golden rule, Wh'Chls'S the same
links (see discussion beldwvhich provide a constraint on '°" the 7 resonance from €C and from G=0:
models for PMMA chemistry.

We model the peak intensitieB associated with the Nc:o:; Pc—o,
C=0 and G=C #* resonancéobtained from measurements
like those shown in Fig.)2as a first order process, 1

Ne—c=— Pc—c- 8
Pc_o=As+ B exp(—D/Dy), e
PC:C:AC+ BC eXF( - D/Dc),

given by

whereP_ is the peak intensity of £-0 bonds, andP~_. _ _ 17 3
is the peak intensity from -&C bonds. The parametefs,, Npotymer= pNa/MWo=7.32X 1077 em ™,
B, D describe the €0 peak at 288.4 eV whose intensity Wherep is the initial density(1.18 g/cri), MW, is the mo-
reduction is associated with the chain scission. The parandecular weight(9.7x10° Daltons in this study and N, is
etersA;, B., andD, describe the &<C peak at 286.7 eV Avogadro’s number.
whose intensity increase is related to crosslinking. The data The number of monomers per unit volume is
along with the fits of Eq9(7) using the parameters in Table II _ _ 1 3
are shown in Fig. 5. The peak intensities at zero dose are Nonormer= NpolymeMWo/Mw=7.10< 10°* cm,
given by A+B,, and A.+B., respectively. Unbaked Wwhere mw is the molecular weight of the monon(&00.12
PMMA has the largest characteristic scission dbge im-  Daltons. Each monomer contains one=&® bond, so we
plying the lowest scission rate, while PMMA baked atcan find constant in equation 8 fromP._g at zero dose
150 °C has the smallest characteristic dose, thus highessing (Egs.(7))
scission rate. PMMA baked at 150 °C shows the largest char- Pe_o(D=0) A+B

.. L. . . . C=0 S S —
acteristic dose for crosslinkind).., indicating the slowest = = =1.95x10"?2 cnr.
cross-linking rate. Our results &f,~D (see Table Il indi- monomer monomer
cate that the rate of ££C bond formation is comparable to  As noted before, chain scission will result in the reduction
the rate of €&=0O bond loss for PMMA baked at 150 °C. of C=O bonds and possible formation of the=C bonds,

(7)  The number of PMMA macromolecules per unit volume is

TaBLE II. Parameters obtained for fitting the data of Fig. 5 to E@s.

Sample Ag B, D (Mrad) Ac B, D. (Mrad)

Unbaked 0.80x0.03 0.58+0.03  5006-300 0.714:0.004 -—0.633+0.004 108&10
Baked at 150 °C  0.7940.004 0.606:0.003 131 20 0.592£0.001 -0.489t0.001 123&10
Baked at 200°C  0.90t0.03 0.50+0.03  1520-140 0.545-0.002 —0.427+0.001 9420

JVST B - Microelectronics and Nanometer Structures
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and cross links will result in the formation of=€C bonds. 1000 e —
The possible chemical reaction channels PMMA can undergo I
upon irradiation have been reviewed in Ref. 8. Some of the

. - . 800 - Data fi f 16 subtract 5
non cross-linking channels will produce=6C bonds, while : Ogi?'/eztl;lﬁ%srfoss subtract o5, ]
not all C=0 bonds lost will cause chain scission. For sim- I Co/Cam0.965 4 ) ]
plicity, we assume that the nature of the chemical reaction & 6% ~"7 Ce/Cs=099 ? & ]

mechanism for nonscissioned PMMA molecules is indepen-
dent of dose over the dose range of interest, so the number of
chain scissions eventslg, will be proportional to the reduc-
tion of C=0 bond per unit vVOIUME&N ,onomei~ Nc—o). Simi-

larly, we assume that the broken PMMA molecules will com-

400

Dissolution rate (arb. units)

200

bine with the same chemical channels over the dose range, so 0} el 1

. . . | PR T AL L
those nonscission-producee=£C bonds will have a constant 10 100 1600 10000
portion of contribution from cross linking. The number of X-ray dose in Mrad

cross links N, will then be proportional to the total number

C— ; ; i« FIG. 7. Dissolution rate change with dose assuming different relative sciss-
.Of C b(.)nds formed minus those formed by chain sciss ion and linking efficiencies for PMMA baked at 150 °C for 2 h. The power
ion. This gives

law relationship between dissolution rate and molecular weight has been
_ . _ . used. The MW in Eqgs(10) and the fitted parameters in Table Il have been
Ns=Cs(Nmonomer~ Nc—0) = Cs(Nmonomei~ 1/0Pc—o), used. From our calculations and the profilometer data from Ref. 16, the best

9 C./C, is estimated to be 0.965 for PMMA baked at 150 °C for 2 h.
Ne=Co(Ne_c—CINg =Co(1loPc_c—CiNg, 0 /%

where Cy is the fraction of &0 bond loss which cause . .
chain scissionC/ is the fraction of chain scission which C>0.9, the dissolution rate of exposed PMMA changes

produce G=C bonds, ancC, is the fraction of G=C bonds from increasing to decreasing at high dose, reproducing the

. . 7 . _
which are products of cross links rather than chain scissiont.)eh"’“”m.Obse.rved n pther studieshis model can be com
ared with direct thickness measurements of developed

Raman spectroscopy measuremggise C,=0.293. P . .
We Willl3 now corfgder only thoge chasin scissions WhichPMMA' Ktlrjlb'ak et .al.'le Tt?vek used ?Psl\t/lyl\l/lu,i p;qflt:ometir LO d
break long chaingincreasing molecular numbers per unit measure Ine remaining thickness o which was bake

volume and thus decreasing the average molecular V\)eightl?;hlf do dgtgofrolzhhbs;i:ﬁgeg?olsslg?; I&;Sul:ga;’v 2;}% O;igug'

and those cross links which link molecules togetfusrcreas- . . . .

ing the number of molecules per unit volume and thus in_tsr?igmSslsssf(l,\éiititg:meesfodi?s:?&ieget2¥gﬁ22iztl?r?ethe
creasing the molecular weightSince we assume that the resent studyfrom the data of Kubialet al. Figures 7 and 8
resist densityp does not change with dose, we can write the” -9

; show that the dissolution rate model of E4l) is in very
dose dependent molecular weight M) as good agreement with the data whe@./C=0.965,

MW(D)= _ PNa (10)
Npolymer+ Ns_ Nc. 15 — ,
The dissolution rateR(D), generally increases with de- foacewrs Lazan 1

creased molecular weight according to a power law depen-
dence;

MWO ¥ 1.0 [ i
R(D)=R, MW(D)
= Cs ' 05) .
B RO 1+ N polymer ( 1+ CCCS) Y Moderate development

Heavy development

Thickness of exposed area(arb. units)

A; Bg |l ¢ o Datafrom reference 16
x| N ——— —exp—D/D L
monomer™ " T "~ o s) oo | - -
10 100 1000 10000
Cc Ac Bc D/D Y (11) X-ray dose in Mrad
——=|=+—exp— :
Cs o o q C)

Fic. 8. Thickness of exposed area calculated after development for PMMA
Using Eq.(11), the experimentally determined values for baked at 150 °C. The curves are obtained using EbB. and (10) with

A.,B., D, A., B, D, (Table Il), C.=0.293 as determined y=1.9 andC_/C4=0.965. No development will give larger linear range and
sy Psy Mgy Mey Pey Y y g™ UL

f R ﬁ d b h lculated reduced contrast between exposed and unexposed areas. Moderate develop-
rom Raman spectroscopyand using the calculated con- ment (we have sel R,=140 A to make direct mass loss and dissolution

stantsNyoymers Nmonomen 0, W€ obtain the dissolution rate contribute comparably to thickness changed heavy developmeT R,
curves as plotted in Fig. 7. The curves are plotted for severaﬂa”S bee? Setbto 340 Ato makel thicdkness Chhangc'je frogﬁldissolution do}nri]nart‘e

: : ; ; ; . will result in better contrast at low dose, with reduced linear range. At hig
d.lﬁer(.am ratios Och./CS, represe.ntlng- dlfferent relative effi doses, the exposed part is less soluble, thus the contrast between the unex-
ciencies for cross links and chain scission for PMMA baked,osed and exposed areas is reduced. Figure 8 also shows the result from Ref.
at 150 °C. When this ratio falls within the range-C./  16.
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y=1.9, andC, = 0.008. Thedata and the model both general. Furthermore, since our soft x-ray microscope has 50

indicate that the dissolution rate reverses at around 908m spatial resolution at present, it can also be used to study

Mrad, and that this reversion dose is very sensitive to thehe spatial structure of different resists as well as the dose

ratio C./Cg as well asC, (whenC, > 0.05, thereversion and photon energy dependence of the structure. The relation-

dose exceeds 1100 Mrad ship between XANES peak intensity and dose, can also be
For lithography or microscopy applications, one is ulti- used for absolute dose measurement for x-ray lasers or laser

mately concerned with the remaining thickneds, of plasma sources where the short, intense flash exposure
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