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Chemical analyses of vapors desorbing from chemically amplified resist films and kinetic analyses of
deprotection, vaporization, and film densification during postexposure thermal processing provide important
information on the volatilization of resist components, available decomposition pathways, and mechanistic
details of image formation. We have made several types of in situ measurements to characterize imaging
chemistry and physics during postexposure bake (PEB). Volatile products from the thermal and acid-catalyzed
deprotection of polytert-butoxycarbonyloxystyrene) (PTBOCST) to form poly(hydroxystyrene) have been
identified by mass spectrometry. The results show that two reaction pathways are present with markedly
different chemistries and that the generally accepted deprotection mechanism oversimplifies what is actually
happening in the film. Using infrared spectroscopy and spectroscopic reflectometry, the relative rates of
deprotection, product volatilization, and film densification of PTBOCST homopolymer and copolymer resists
during PEB were assessed. These data rule out any significant accumulation of excess free volume or marked
plasticization of the resist film during normal PEB, providing evidence against a transient enhancement in
acid mobility leading to image blur mediated by these factors.

Introduction considered in similar terms, as a hopping process dominated
. . . o by dynamic fluctuations in local density of the polymer host.
reé?stzssigpgnylaﬂ)a?(c;ség\fét)or;i %Zi:rgc:% aorzgilec?slgngaklt was recognized some time ago that, depending on the relative
P Py bar » EXpOSUre, b P Fates of deprotection, volatiles evolution, and film densification,
(PEB) process steps involve des_orptlon of S.ma" r_n_olecules from transient excess free volume could be present in CA resist films
the polyr_nenc film?.2 Thesg species can be impurities, solvents, during PEB, potentially playing a role in mediating acid
phptoly3|s, and thermoly5|s products. The pgmcular case of F)EB'[ransporlf‘i Dissolved molecules whose melting/glass transition
is illustrated in Figure 1. Primary deprotection products gener- temperatures are below the PEB temperature could potentially
ated during bake can undergo secondary reactions with other L . . .
I . act as plasticizing agents, which are considered to effectivel
components of the film, including the p%lymer, photogenerated increas?a the freeg vglume of the polymer filiTherefore, a y
acid if present, and other small molecufeBhe volatile species - - : ) !
resulting from these reactions will, in turn, be emitted from the ?Z?:ﬁﬂ;jagﬁt’iwmgtéo; rcrjlfl t::te aclis(ag)rk());e;tr;(t)irc]i p;?ed duﬁ)s elgh?irié
film, leading to a decrease in film mass and thickness loss dueacid mobilit Rgecentl sgch effects have pbeen invoked 1o
to densification. Analyses of the structures and distributions of rationalize tri/é deproteition kinetics measured for a multilayer

the deprotection products and of the time evolution of their thin-film test struct dh b dt trol
formation and volatilization can reveal detailed mechanistic . ' m test structure agn 1ave been proposed to controlimage
blurring in CA resist$:° This model is an alternative to the

information about the complex processes underway during PEB. tion-diffusi hanism that h qf direct
Of particular interest is the interplay between the deprotection rk(_eact_lon—tldl_mo_n mﬁ_c hamsm tha tallsd etmerge rorcr; wgcb
kinetics and the polymeric environment, as the latter has a Ine !gs st |es|; Inhw I1c e_xperllmen al data are reproduced by
profound effect on mobility in the resist, directly influencing considering only changes in polymer composition, npt Franglent
; : morphologied?!!In the present work, we seek to distinguish
the image formation process. betw h dels by obtaining direct : tal evid
The mobilities of diffusant molecules can be influenced by N eedn tese mo f? yo §|n|ng Irec fexperlrlnenq vl er;lce
numerous factors that include permeant size, shape, and chargédorf.proCI l::cAaccgrPu a:o%an or excess free voiume in a well-
polymer and permeant polarities; and the amount of excess free efine _re5|s syste o ]
volume? In solid polymers, diffusive motion is usually con- ~ We describe the application of several spectrometric tech-
sidered to occur by a series of hops when the local free volume Niques to probe the details of volatiles formation during the
around a diffusing molecule exceeds a certain critical value. Processing of resist materials. The resist systems chosen are
The probability of finding sufficient free volume is related to formulated using (1) polyért-butoxycarbonyloxystyrene) (PT-
the total free volume of the film. lonic diffusion in polymers is BOCST), which deprotects to form poly(hydroxystyrene)
(PHOST), and (2) a 39:61 TBOC/HOST copolymer. Many
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Figure 1. Sequential steps during postexposure bake of a chemically amplified resist.

isobutylene to form PHOST, during both the simple thermolysis luoromethanesulfonate (TBI-T) and @irt-butylphenyliodonium

and the thermally activated acid-catalyzed reaction occurring perfluorobutanesulfonate (TBI-PFBS) were used as photoacid

after exposuré generators (PAGS). The kinetics of deprotection are essentially
identical for the two PAGs (although their diffusion rates are

H+ very different), enabling data for blanket-exposed films contain-
Ol H3G H ing them to be compared directly. Excepting samples prepared
)\ )>< P for reflectance spectroscopy, films were cast from propylene
%@\0 RSN Hs glycol methyl ether acetate (PGMEA) solutions onto cleaned
Si wafers coated with 100 nm of a bottom antireflection layer

(BARL 900, IBM, East Fishkill, NY). Additional details of the
resists and of film preparation procedures are given in ref 10.

- crts Porous poly(methylsilsesquioxane) (PMSSQ) films were pre-
\ / + CO2 + Hch< pared as described in ref 19 and used as controls for reflectance
CHa spectrometry.
OH Exposures.Films were exposed at 254 nm using an Optical

Associates Incorporated (OAl) deep ultraviolet (DUV) lamp.

There have been no direct measurements of volatile products,The light intensity at the wafer plane was measured using a
however, although some related data are available for meth-calibrated exposure monitor (OAI 355 or P354) and a 254-nm
acrylatest> Upon complete deprotection, the molar density of probe.
a film of PTBOCST polymer increases by 5_0% and its Mass  mass Spectrometer Mass spectrometry (MS) is the analyti-
decreases by abogt 45%. The corresponding changes in the ., method of choice for in situ identification of gas-phase
copolymer are an increase of 12% and a decrease of 25%,040ti0n products. However, it requires high vacuum, the
respectively.>'® These are extreme changes by the standardsq ;> ation process can com,plicate the analysis because of
used to design current resist chemistries and should read"yextensive fragmentation, and the unique identification of
display any effects stemming from the transient accumulation components of mixtures can be difficult. Atmospheric-pressure
of deprotection products or the presence of transient excess free.namical ionization (APCI) sources coupled to well-designed
volume during PEB processing. We have investigated both the, 50,,ym systems overcome these difficulties and are in wide-
film and the desorbing vapors during PEB. Direct atmospheric- spread use for trace component anal§la.this work, we have
pressure mass spectrometric analysis of vapors emitted fr,omadapted a Sciex trace atmospheric gas analyzer (TAGA) 6000
CA resist films and polymer powders are used to characterize g yinie quadrupole mass spectrometer for resist outgassing
the reaction pathways that are active during deprotection andg; jie<? The instrument is designed for direct, on-the-fly
the relative abundances of small-molecule products. In situ sampling of high-pressure gas streams and can be operated in
kinetic analyses of resist film composition and structure during single-mass filter or one of several MMS modes. The APCI
PEB using infrared spectroscopy and spectroscopic reflectometrygq, e s a needle biased to several kilovolts in a chamber at
allow a compa_rison of_t_he_rates of deprotection, volatiles atmospheric pressure, forming a corona of positively and
evolution, and film densificatiof’ negatively charged species. The majority of these species are
water ion clusters, which effect soft ionization through electron,
hydride, and proton transfer. APCI offers advantages for the

Materials. TBOCST monomer was obtained from Eastman analysis of complex gas mixtures, including low spectral
Kodak. Resists were formulated using PTBOCST polymer or a congestion, and minimal fragmentation on ionization, both of
39:61 TBOC/HOST copolymer. PTBOCST polymer was ob- which enable part-per-billion sensitivity. The accumulated
tained from Eastman Kodak, and the copolymer was preparedspectral data can provide product identity and, under appropriate
as described elsewhefePHOST was obtained from Hoechst-  conditions, the product formation timeline in a single experi-
Celanese (now TriQuest). Dert-butylphenyl iodonium trif- ment. Species that have a proton affinity lower than that of

Experimental Section
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(a) - transients can be missed because of the relatively slow scan
” gﬁﬂ'““ region/ rate that must be used (approximately 30 ms/amu) to allow the
curtain fields inside the mass spectrometer to settle. The raw data

Forreain | | Houds  masster I O I_ presented here cannot be used to determine absolute product

zone — W distributions without calibration for absolute sensitivities and

'='/ — ] | m— for extent of mass discriminatich, a complex task made
o | l ||_ detectar particularly challenging by the number of products observed.
atmospheric pressure It is straightforward to measure sensitivities for various com-
chemical ionization pound types, however. Using a syringe pump to deliver
controlled doses, order-of-magnitude relative sensitivities for

(b) ketones, alcohols, and alkenes, the primary resist deprotection

coated wafer quick-access cell product types, are estimated to be 2:1:1 for steady flow and

100:1:1 for transient €1-s injection time) loads when the

A == T & 3 | / > amounts of materials are held constant. Thus, the sensitivity to

nitrogen \ \ \ ketones will depend on whether the products desorb in a rapid
hotplate capillary burst or slowly during deprotection. The variability of the ketone

heated inlet  Corona signal depending on injection mode results from the kinetics of

the interactions of the analyte gas with the glass inlet line walls

(c) in the region before and in the sampling capillary.

temperature-ramped Several types of measurements were made. Simultaneous MS
lurnace \ : and TGA of pure PTBOCST and TBOC/HOST polymer
powders and of TBOCST monomer were obtained over a

gas stream

Y

=

microbalance——™ i
g temperature range of 4800 °C. Heating rates of 5 and 20
A powdered sample °C/min were used. Volatiles emitted during wafer processing
nitrogen were observed using the fast-access cell. Spectra were obtained

during PAB at 110°C of ca. 1000-nm-thick PTBOCST films
Figure 2. Schemati'c of mass spectrometer and i_nlet sources: (a) massyjith TBI-T PAG cast onto Si. To avoid overloading the mass
spectrometer, (b) isothermal cell coupled to inlet gas stream, (C) gnoctrometer, the casting solvent was allowed to evaporate out
thermogravimetric analyzer coupled to inlet gas stream. of the films for a period of several days while the wafers were
stored in the dark. Data were also acquired during PEB at about
100°C for PTBOCST/TBI-T films exposed with 254-nm light
after 90 s PAB at 130C to doses of 0.5 and 100 mJ/&m
Although most of the important ions could be assigned by
inspection, in some cases, mass assignments were made by using
MS—MS techniques to fragment selected ions and identify their

water, such as nitrogen, GQalkanes and rare gases, cannot be
detected, and relative sensitivities among functional groups are
dependent on proton-transfer kinetfésSensitivities are com-
parable for similar functional groups,and we assume that
chemically similar products have similar sensitivities, allowing
a qualitative estimate of branching ratios between major paths A
o be made. structures:

Our instrument is interfaced to one of two sample sources, Infrared Spectroscopy. Infrared spectra were acquired using
as illustrated in Figure 2: a Perkin-Elmer TGS-2 thermogravi- & Nicolet Contln_uum infrared microscope attached to a Nl_colet
metric analyzer (TGA) for analysis of bulk samples (powders, Nexus 470 l_:ourler transform infrared spectrometer or a Nlco_let
liquids, or scraped films) following a predefined temperature 'R/44 Fourier transform infrared spectrometer. IR kinetic
program or a fast-access, isothermal hotplate cell for direct analys_es were carried out using a standard protocol described
studies of spin-cast thin films. The Thermodyne 1900 hotplate N €arlier work:0+3
is controlled by an Omega CN 76000 temperature regulator with ~ Reflectance SpectroscopyThe changing reflectivity char-

a K-type [hermocoup|e feedback and is tempera’[ure-stabi”zedaCteriStiCS of a thin CA resist film during PEB allows for the
to within 0.1°C. The cell is equipped with a vacuum chuck to  extraction of information on both its instantaneous film thickness
ensure good thermal contact between the wafer and theand its refractive index. From these data, in turn, rates of
baseplate. It uses a vacuum-sealed lid to allow opening, loadingvolatilization and film densification can be derived. The theory
and closing of the cell within 23 s to avoid loss of data. Gas-  of thin-film reflectivity is well-established, and precise quantita-
phase reaction products are sampled using a stream of ultrapurdive methods for the calculation and analysis of optical properties
nitrogen flowing through the enclosed reaction zone. The of even very complex thin-film structures have been available
products pass through an all-glass line that uses a high-flow for many yearg® Thin-film reflectivity analysis using visible
gas stream to extract a small fraction of the product gasesﬁght is well-suited for the measurement of films with thicknesses
through a capillary for analysis. This arrangement ensures that,on the order of ca. 3im and below, so this technique is in
from the capillary on, there are no collisions between analyte Wide use by the semiconductor industry for process and quality
species and minimal wall interactions. control.

The spectrometer is set to scan repetitively over a mass range Reflectivity measurements were carried out using a high-
while the experiment proceeds, providing a complete time speed CCD-based spectroscopic reflectometer (model HSDRM,
history for all products. These time-dependent data must be SC Technologies, Fremont, CA) specially modified to facilitate
interpreted cautiously, with the following points kept in mind: reflectance measurements of substrates placed on a heated
(1) migration of products through the film and subsequent copper block (Figure 3). A Fostec model DCRII broad-band
desorption might not occur at a uniform rate for all species; (2) quartz/halogen light source (500 nmA < 800 nm) projects
only products that have significant volatilities are observed; (3) an illuminated strip onto the wafer under study. An image of
product intensities depend on both the gas-phase concentratiorthat strip is dispersed by a grating onto the sensor of a high-
of the analyte and the proton-transfer kinetics; and (4) sharp speed CCD camera. The detector optics are configured such
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Figure 3. Schematic diagram of the spectroscopic reflectometer used in this work.

that each row of pixels senses light reflected from a different (shown as dotted lines on each graph) whose forms are
position along the illuminated strip, while each column of pixels determined by the optical constants of the incident medium,
is illuminated by a different wavelength. The result is that each the substrate, and the thin film. Figure 4b displays reflectance
image frame captured by the camera represents a collection ofspectra for two films of different composition (PTBOCST and
reflectance spectra, each corresponding to a different positionPHOST) but identical 1000-nm thickness. The two polymers
along the length of the illuminated strip. In a typical experiment, differ in refractive index, leading to changes in the wavelengths
the camera is first initialized and begins storing image frames at which the extrema are located. For both materials, the maxima
at a predetermined rate (up to 1000 frames/s). An exposed resisfall along the same limiting curve, but the values for the
film, coated on a 1-in.-diameter silicon wafer, is then placed reflectances at the minima do not. This latter difference
on the heated block. Following the completion of the experi- illustrates a second useful property: the maximum reflectance
mental run, each stored frame is read out and corrected for darkis independent of the optical constants of the film (in fact, it is
count and for nonuniformities in illumination and individual equal to the reflectance of the uncoated substrate), while the
pixel response, adjacent rows are binned into groups of six to minimum reflectance depends in a well-defined way on the
improve the signal-to-noise ratio, and the absolute reflectancesrefractive index of the film. By design, a CA resist film changes
that result are saved along with the elapsed time for each frame.in composition during PEB, which modifies its refractive index;
These reflectance spectra are analyzed further using SCin our work, this change is taken into account by applying an
Technologies Inspector 800 software or in-house software baseceffective medium approximation (EMA)23 to model the
on the Berning and Berning algorithris. refractive indices of intermediate polymer compositions.
Method for Measurement of Free Volume by Spectro- Figure 4c shows calculated reflectance spectra for 1000-nm
scopic Reflectometry.The visible reflectivity of smooth, thin  films of 1:1 TBOCST/HOST copolymer containing increasing
transparent films is dominated by optical interference. The amounts of excess free volume. An EMA is used to model the
absolute reflectandg is determined by materials properties (the optical constants of these films. Here, the presence of excess
wavelength-dependent complex refractive indices of the incident free volume is signaled by a vertical offset in the reflectance
medium, the film, and the substrate and the film thickness), minima from the curve predicted with the optical constants of
and by the polarization, angle of incidence, and wavelength of the densified material, and the amount of free volume is directly
the interrogating light beam. A comparison of experimental related to the magnitude of the offset. Figure 4d presents
values of R, measured at multiple wavelengths, with those experimental data that illustrate this effect for a different system.
predicted by optical theory allows the thickness and optical Shown are reflectance spectra of cured films of poly(methyl-
constants of the thin film to be estimated when all other silsesquioxane) (PMSS@®)one of which was formulated with
parameters are knowf .Spectroscopic reflectometry has been 25% added porogen that, during cure, produces pores with
applied to the characterization of resist dissolitféfand for dimensions much smaller than visible wavelengths throughout
the monitoring of solvent removal during PAB of DNQ/novolac the film. The other film was prepared from a formulation that
resists’! Figure 4 provides an illustration of how polymer film  contained no porogen and, hence, yielded a nonporous film upon
characteristics influence reflectivity. Figure 4a displays calcu- cure. The porous film displays a minimum reflectance (at 600
lated reflectance spectra for a range of film thicknesses of a nm) with a substantial vertical offset from the limiting curve.
1:1 TBOCST/HOST copolymer. A small change in film From the magnitude of this offset, a void volume of ca. 19% is
thickness leads to a significant change in the form of the estimated, consistent with that expected from the initial porogen
reflectance spectrum. In practice, film thickness changes of lessloading.
than 1 nm can be readily discerned. This family of curves Kinetics Simulations.Chemical Kinetics Simulator (CK$)
highlights a useful property: for a given material, the extrema was used to calculate time-dependent compositions and thick-
of the reflectance spectra will always fall along two curves nesses of films during deprotection of the PTBOCST resist for
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Figure 4. lllustration of the influence of polymer film properties on the absolute reflect®wafea coated silicon substrate in the visible wavelength
region. The curves in-ac are calculated from optical theory assuming unpolarized light at normal incidence and using experimentally measured
values for material optical properties. In each graph the dotted lines represent the extremum vaRueSréph a illustrates the effect of film
thickness orRfor a 1:1 TBOCST:HOST copolymer, graph b illustrates the effect of polymer compositiBfarl000-nm-thick films of PTBOCST

and PHOST homopolymers, graph c shows the effect of excess free voluRiooa 1:1 TBOCST/HOST copolymer resist, and graph d presents
experimentally measured valuesk®for films of PMSSQ prepared with and without nanoporosity to simulate the effect of free volume. The solid
line (in quantitative agreement with experiment) represents the valuescalculated for a nonporous PMSSQ film of thickness 584 nm.

comparison to experiment. The kinetics model and rate constantsSome of these structures are products expected of secondary

were determined previousk:13 reactions of dert-butyl intermediate (for example, 3-methylene-
1-butene, seen atVe 69). Other major products are species
Results whose formation is difficult to rationalize solely on the basis

Deprotection of PTBOCST. In all cases-polymer and of fragmentatio_n to prqducetart—butyl intermediatt_e (presum-_
monomer, simple thermolysis in the TGA, PAB, and PEB ably a free radical durlng uncatalyzed thermolysis or a catlorj
significant numbers of vapor-phase species were observed. Datd" the presence of an acid thal_yst). For example, as shown in
are presented in Figures-3 and Tables 1 and 2. A detailed 'able 1 our PAB results indicate that the lowest-energy
determination of product identities makes clear that both decomposition pathway in an unexposed PTBOCST/TBIT film
uncatalyzed and acid-catalyzed deprotection of PTBOCST UPon heating at 129C is cleavage of the ©C=0 bond to
polymer are more complex than the simple chemistry depicted form an alkoxy radical that subsequently decomposes to form
in the Introduction. acetoneifye 59), which is seen in equilibrium with its hydrate

The polymer products were found to be very sensitive to the ("€ 77). Data are presented in Figure 7a. These are well-known
temperature ramp, with faster ramps producing much more "€&actions that are a signature for teet-butoxy sp§9|e§§TGA
congested spectra than slower ramps. Typical data are showrfXPeriments show that tiert-butoxy decomposition pathway
in Figures 5 and 6. When the temperature is increased quickly 2ccounts for about 3% of the total mass loss up to a temperature
(Figure 5), the abrupt nature of the deprotectignoduces large of 175°C. Ab0\_/e that temperqture, a new char?nel opens: loss
quantities of small molecules in a short time span. The Of tert-butyl radical, accompanied by the formation of a number
concentrations of reactive intermediates are high enough to©f secondary reaction products, including methyl isopropenyl
promote numerous secondary reactions during the residence timé&ther We 73) and small amounts dért-butyl alchohol (we
of the products in the solid. As seen in Figure 6, a temperature 75), Which presumably are derived frdert-butoxy radical (see
ramp of 5°C/min minimizes the product evolution rate, and Figures 5 and 6). Data comparing the evolution of ttie 57
hence the secondary chemistry, and facilitates interpretation ofandm/e 59 signals are shown in Figure 7b.
the data. These results are in contrast to the thermal decomposition of

Although isobutylene is a major component of the volatile the TBOCST monomer, which involves the isobutylene channel
product mix, a large number of other species can be identified. exclusively, as presented in Figure 8. It appears that the
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TABLE 1: Species Observed during Thermal Decomposition of TBOCST Monomer, PTBOCST, and TBOCST-HOST
Copolymer

TGAP TGA isothermal isothermal
TBOCST monomer TBOCST polymer TBOCST polymer/ TBOCST polymer/
proposed assignment 155°C 210°C TBI-T TBI-T

ion me? of parent structure 20°C/min 5°C/min 109°C 129°C

41 propyne 0.07

43 propylene, ketene 0.02

57 isobutylene 0.17 0.35

59 acetone 0.19 0.48 0.5

69 3-methylene-1-butene 0.1

73 methyl isopropenyl ether 0.14

75 tert-butyl alcohol 0.03

77 acetone hydrate 0.41 0.35

81 GHsO 0.03

91 CyH100; 0.01 0.02

93 GHgOs 0.02

95 CHio 0.04

107 GH-0, GH11 0.06

110 GH1.CN 0.02

117 GHgO3s, CeH120; 0.08 0.1

121 hydroxystyrene 0.21

133 PGMEA 0.02 0.02

151 GH110, 0.1

165 GHgO3 0.2

221 TBOC monomer 0.19 0.02

aMasses are for the protonated neutral. Major species are highlighted in bold type. Intensities are normalized to the total ion signal for each
measurement and are uncorrected for TAGA sensitivity. Water ions and small background peaks have been stb@actadnps are from 40
to 300°C. The reported spectra are for the temperatures at which the decomposition rate reaches a maximum.

TABLE 2: Species Observed during Acid-Catalyzed 350 . . . . .
Deprotection of PTBOCST {(a) 110
PEB 101°C  PEB 103°C 300+
TBOCST TBOCST 1
polymer/ polymer/ ~ 250+ 109
proposed assignment TBI-T TBI-T e 1 S
jon m/e? of parent structure 0.5mJ/cM 100 mJ/crA o 2004 los "§
29 ethylene 0.01 0.02 g 150' €
41 propyne 0.03 0.05 ) ) 1075
43 propylene, ketene 0.01 0.02 g 1 g
57 isobutylene 0.29 0.17 [0} 1004 =
59 acetone 0.09 0.14 = 1 los
61 2-propanol 0.02 50+
69 3-methylene-1-butene 0.03 0.04 1
71 2-methyl-2-butene 0.03 0.02 0 T T T T T 0.5
73 methyl isopropenyl ether 0.05 0.1 0 200 400 600 800
75 tert-butyl alcohol 0.09 0.13 .
77 acetone hydrate 0.03 1.2%10° Time (s)
85 3,3-dimethyl-1-butene 0.03 0.02 ) (b) ‘57 ' ' '
93 CsHgO3 0.07 0.11 1
95 CHio 0.1 0.06 1.0x10° 1
110 GH1.CN 0.06 0.02
113 2,4,4-trimethyl-1-pentene 0.04 0.02 8.0x10° 4 |
133 PGMEA 0.01 0.02
142 GH140CN 0.04 0.02 0 s
149 GHeO2 0.01 € 6.0x1071 1
165 GHgOs 0.02 8 1 59
5
aMasses are for the protonated neutral. Major species are highlighted 4.0x10"1 I8 T
in bold type. Intensities are normalized to the total ion signal for each 1 6
measurement and are uncorrected for TAGA sensitivity. Water ions 2.0x10°- 9B 109 437 .
and small background peaks have been subtrat®ased on MS and 41
MS/MS data. 0.0 o T
0 50 100 150 200 250
condensation of the monomer into a polymer opens up m/e

significant new deprotection chemistry that had not been Figure 5. Data for PTBOCST decomposition during heating with a
recognized previously. This suggests that the use of monomer20 °C/min ramp: (a) TGA data, (b) mass spectrum recorded at the
chemistry to model polymer chemistry should be done with great time of the maximum decomposition rate (approximately 500 s).
care.

The product distributions formed by acid-catalyzed reaction as seen in Table 2. At low dose, although tleet-butoxy
during PEB are significantly different from the distribution of formation channel is still open, deprotection is dominated by
thermal products, as shown in Figure 9, and are dose-dependenthe tert-butyl product channel. Isobutylene is not the sole
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Figure 6. Data for PTBOCST decomposition during heating with a 5 Time (s)
°C/min ramp: (&) TGA data, (b) mass spectrum recorded at the time Figyre 7. Data showing relative temperature dependences of alkoxy
of the maximum decomposition rate (approximately 1750 s). and alkyl decomposition channels: (a) products formed during PAB

of PTBOCST/TBI-T resist at 129C, 90 s after placement on the hot
reaction product; numerous small molecules are observed andplate, (b) time-dependent signals taken from the mass spectra recorded
account for most of the weight loss from the polymer. The during the TGA measurements shown in Figure 6, showing that acetone
primary side products formed fromert-butoxy now include formation is the low-temperature decomposition channel. The integrated

. signals for the products give acetone/2-buteme2. The relative
much_ larger amount§ dert-butyl alcohol relat_lve to ac_etone, segnsitivities of thrtja productg are about 2:1, so the branching ratio for
resulting from a reaction known to be favored in an environment e formation of the products is about 1 under these conditions.
rich in allylic hydrogens such as are provided by isobutylene.

At higher dose, however, both thert-butyl and thetert-butoxy
channels become more competitive. The overall trend is that that the deprotection chemistry and the thickness loss track
an increasing deprotection rate, driven either by increased doseprecisely. Any significant accumulation of small-molecule
or increased bake temperature, favors the alkoxy decompositiondeprotection products would be expected to produce a time lag
channel. Figure 10 summarizes the two competing acid- or offset in the film thickness loss relative to the extent of
catalyzed deprotection pathways. deprotection. These data provide definitive evidence that the
Relative Rates of Deprotection, Volatiles Evolution, and volatilization of deprotection products is rapid compared to the
Film Densification. To probe the dynamic response of the resist rate of deprotection and that there is no substantial accumulation
film to the formation of these products during deprotection, we of deprotection products. The figure also includes results of
have measured, using IR spectroscopy, the time-dependensimulations using our previously determined kinetics mégil,
extent of reaction of exposed films of PTBOCST resist during which are seen to be in excellent quantitative agreement with
PEB and, in parallel experiments under identical conditions, the experimental data.
changes in the optical properties of these films by spectroscopic A closer examination of the individual reflectance spectra
reflectometry. These experiments provide, respectively, inde- provides further information. Figure 12 compares a selection
pendent time histories of the evolving film composition and of the reflectance spectra recorded during this experiment with
changes in the film thickness and refractive index during PEB. those predicted from the instantaneous extents of deprotection
Figure 11 displays the results of one such experiment, carriedthat were determined by IR spectroscopy. For the predicted
out at 65°C on a 1131-nm-thick film of PTBOCST/TBI-PFBS  spectra, it was assumed that product volatilization and film
exposed to a dose of 200 mJ&mt 254 nm. Because of the  densification are rapid compared to deprotection. Agreement
high dose, essentially all of the TBI-PFBS is photolyzed, between experiment and prediction is excellent. In particular,
providing a uniform acid concentration through the film. For the reflectance values at the minima of the experimental curves
direct comparison, the results of the measurements are plottedcoincide with the positions of the predicted curves, showing a
in normalized form, showing the fraction deprotected, or the gradual drop from the curve defining the PTBOCST lower limit
fraction of overall film loss, as a function of time. It is clear tothe PHOST lower limit as deprotection proceeds. The absence
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T T T 1 allows us to extend the reflectance analysis to more extreme
300(a) 110 process conditions. An analysis of those reflectance data
loo provides information on the rate of film loss and the amount of
excess free volume. Table 3 summarizes the results for a range
of process conditions. To probe how polymer structure might
influence film dynamics, a 39:61 TBOCST/HOST copolymer-
based resist was included in this survey, baked at its standard
PEB temperature of 88C. Under most process conditions
(exposure dose and PEB temperature), including those used for
normal lithographic imaging of these resist compositions, we
find no evidence for the presence of significant transient excess
free volume: experimental reflectance spectra match those
. : . . . predicted assuming no excess free volume. Under certain
0 200 400 600 800 extreme conditions, well outside the useful PEB parameter
Time (s) space, slight transient deviations in the reflectance spectra can
e [ S — be discerned. For example, exposure of the PTBOCST resist
| (b) ] formulation to a 200 mJ/cfrdose followed by PEB at 10TC
. 1205 leads to film thickness loss with an effective half-life of 0.5 s.
2.0x10"1 1655 2! ] Under these accelerated conditions, minima in the recorded
1 99 1 reflectance spectra display a slight offset from predicted values;
1.5x10° - 57 4 the offset develops during PEB but disappears by the time the
overall film thickness decrease due to densification is substan-
tially complete. Although other factors such as minor nonuni-
formities in film thickness loss during deprotection cannot be
| ruled out as the origin of this offset, one possible source is a
5.0x10° - 0 4 short-lived decrease in film density due to rapid volatilization
! ] of deprotection products, followed by somewhat slower film
) ,l, 1. l redensification. If we assume this to be the cause of the offset,
0 50 100 150 200 250 300 350 400 then its magnitude is consistent with the intermediate formation
and disappearance 6f3% excess free volume during PEB.

Figure 8. Data for TBOCST monomer decomposition during heating _Because the rates of _each of t_he s_equentlal step_s Iegdlng o
with a 20°C/min ramp: (a) TGA data, (b) mass spectrum recorded at thickness loss-deprotection, volatilization, and den3|f|ca_tr_en _
the time of the maximum decomposition rate (approximately 300 s). c@n be no slower than the overall observed rate of densification,
the data in Table 3 provide a lower limit for the rates of
5x10° S volatilization and film densification at 100C. Reducing the
57 | exposure dose to levels normally used to lithographically image
s PTBOCST (1—2 mJ/cni) leads to a reduction by a factor of
4x10" 1 . 16 or more in the rate of thickness decrease. The effect of a
dose reduction is to decrease the acid concentration in the film,
and thereby the rate of deprotection chemistry, but it would
not be expected to change the inherent time scales of volatiliza-
tion and film densification, which are probably zeroth-order in
acid. We can therefore associate the 16-fold overall rate
reduction with a decrease in the rate of chemical deprotection
and conclude that, under normal processing conditions, vola-
tilization of the deprotection products and densification of the
film occur more than an order of magnitude more rapidly than
deprotection.

0 5 100 150 200 250 IR Analysis of PTBOCST Films. The abundance of small
mle reactive molecules formed during deprotection cannot be
Figure 9. PEB products from PTBOCST/TBI-T resist 90 s after wafer expected to desorb from the film without interaction with the

loading, 101°C bake temperature, 0.5 mJRubse. polymer. As illustrated in Figure 13, several polymeric side
' ' products have been identified by NMR spectroscopy in PTB-

OCST following PEB processinglnfrared spectra for films

of any offsets is an indicator that the material refractive indices, exposed to 200 mJ/chdoses, baked and unbaked, and for
and hence the film densities at each instant during PEB, are inauthentic PHOST are compared in Figure 13. The absorption
agreement with those predicted solely by consideration of the at 2990 cnt is attributable to theert-butyl group. If this film
extent of deprotection. This is evidence that the film densifi- were to undergo deprotection to generate PHOST as the sole
cation in this instance is rapid compared to the rate of nonvolatile product, then after PEB, thert-butyl absorption
deprotection and that there is no significant excess free volumeshould disappear, and its spectrum should essentially match that
(<1% based on an estimate of our detection limit) present during of pure PHOST. Although the IR spectrum of deprotected
this PEB process. PTBOCST does correspond in large part to that of authentic

Whereas the IR kinetic analysis is limited by its relatively PHOST, it contains an additional absorption band at ca. 2955
slow data acquisition, the high data rate of our reflectometer cm~! that can be ascribed to the formation of one or more
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Figure 10. Summary of volatile products detected by TAGA analysis during thermal processing of exposed PTBOCST resist formulations. The
products detected are consistent with the presentarteutyl andtert-butoxy reactive intermediates. At low dose, the alkyl/alkoxy branching ratio
is about 2.4:1; at high dose, it is about 1:1.

10F 11.0(1131 nm) TABLE 3: Results of Reflectance Analyses during PEB of
PTBOCST/TBI-PFBS 1 CA Resist Films under Varying Conditions
09r L 200 muiom’ PEB at 65°C 109 “frectve
5 08 o by IR spectroscopy analysis’] 08 = PEB  exposure half-life for upper limit
B 07F by reflectivity analysis 197 22 temperature dose  thickness transient free
E 06 simulations 106 3 S resist polymet (°C)  (mJ/cnd) decrease volume (%)
& 05f Jos 58 PTBOCST 65 200 200 <1
8 041l 0.4 c g PTBOCST 85 200 7 <1
@ o3l los 23 PTBOCST 100 05 ~3
E ' {7 S |-E PTBOCST 100 2 8 <1
02 192 L TBOCST/HOST 85 200 8 <1
o1r ] 0.1 a All resist formulations contained 0.0445 m TBI-PFBS and were
00}, , , , SogegrEz 0.0 (699 nm) coated at initial thicknesses of ca. 1100 rirfio facilitate comparison,
0 500 1000 1500 2000 2500 an “effective half-life” is used here to characterize the time scale of a
. process; this is not intended to imply that that the kinetics of that process
Time (sec) are first-order or that the form of the rate law is necessarily known.

Figure 11. Comparison of the rates of deprotection as measured by © Copolymer composition: TBOCST/HOS¥F 39:61.

infrared spectroscopy and the rates of film thickness loss as measured
by spectroscopic reflectometry during heating of an exposed film of Of small amounts of acid promotes alkyl formation, whereas

PTBOCST resist. CKS simulations of the thickness and PTBOCST large amounts lead to deprotection via both the alkyl and alkoxy
fraction are overlaid on the experimental data. channels. Numerous secondary products are observed, their
. . . . formation no doubt promoted by their high local density in the
nonvolatile de_prot_ectlon side products. The NMR_studles_f_ound polymeric matrix. The chemistry can be described as an
that O-alkylation IS fa}vored under no- or Iovy-aud qqndltlon§ explosive process, using the classic definition of an explosion
whereas C-alkylation is favore(_i undgr high-acid condltl_ons. This oo 4 non-steady-state, rapid production of highly reactive
suggests that the new band is attributable, at least in part, ©05jecyles that are present in large concentrations and whose

attack oftert-butyl species on the aryl ring. reactions dominate the decomposition process. Many of the
Discussion products interact only weakly with the polymer, escaping rapidly
into the gas phase as the polymer structure relaxes into its new,

The data presented here provide a detailed view of the more dense state. A small percentage of the products attack the
deprotection of PTBOCST polymer to form a PHOST-like polymer chain, forming substituted poly(hydroxystyrene). The
material. The low-temperature decomposition pathway in the reactions observed are not anticipated from the thermolysis of
absence of acid is formation of an alkoxy species, with alkyl the TBOCST monomer, which has much simpler chemistry.
formation only becoming important during the autoaccelerated These results have important implications in several areas.
phase of polymer decompositiSraround 170C. The presence  First, they provide definitive evidence that the commonly



Product Volatilization as a Probe of Latent Image Formation J. Phys. Chem. A, Vol. 106, No. 42, 2002785

N
o
|
]

Amount TBOC
theoretical upper limit = silicon reflectivity remaining :

R R
" A oY
- Iw

' > >
= SV,
y LY.
N ON
& )

X . A
R £B
R A /8
v
A

100%
85%
74%
65%
58%
52%
43%
36%
24%
15%
5%
0%

w
o

Absolute Reflectance (percent)
ODoom Ao e p

PTBOCST theoretical lower limit
o N | L |
550 600 650 700 750

Wavelength (nm)

Figure 12. Comparison of reflectance spectra recorded during@®3EB of exposed PTBOCST/TBI-PFBS resist with those predicted on the
basis of the extent of deprotection.

accepted deprotection mechanism for PTBOCST polymer is paths, and understanding such details might provide insight into
incorrect: two decomposition channels are open, leading to links between polymer composition and structure and the origin
alkoxy as well as alkyl products, and the final deprotected of resist sensitivity.
polymer is not pure PHOST. The earlier NMR studies and more  Finally, the fact that the deprotection products attack the resist
recent MS investigations of homopolymers and copolymers with polymer has implications for image development. The presence
alkyloxycarbonyl protecting groups show that this general of substituents in the imaged regions of the polymer might
chemistry is common to a variety of resist materfas. locally alter the polymer reactivity and the permeability of the
Second, the data presented here show that transient fredilm to aqueous alkaline developer, thus affecting the formation
volume plays little if any role in the acid diffusion process, of the final resist image. Studies of the reactive dissolution
countering the model that has been proposed elsevilidree process should involve materials that allow this possibility to
mobility of ionic species in the resist is well-described as a be tested explicitly.
classical diffusion process, sensitive to local environment and
driven by a concentration gradielftThe agreement between Summary
simulations and experiment in linking the film thickness and
the disappearance of PTBOCST confirms the results of other ~Direct sampling using atmospheric-pressure mass spectrom-
studies and shows that, even though the chemistry is complex etry of gas streams from PTBOCST powders and films show
a simple description of it is sufficient to predict extents of that the deprotection involves two separate routes: elimination
reactionl®1337The kinetic model as currently structured does Of tert-butoxy, the lowest-energy path, and eliminatiortet-
not provide insight into the microscopics of reactions, however. butyl. As its rate increases, thert-butyl reaction appears to
The abundance of mobile small molecules raises the questionbecome intertwined with theert-butoxy channel. The result is
of exactly how acid moves through the polymer and what role, the formation of numerous small-molecule products, some of
if any, these small molecules might play in the deprotection which desorb and are detected in the gas phase. This new view
chemistry. Perfluorobutanesulfonic acid is a strong acid in the of the deprotection chemistry suggests that the nature of the
polymeric environment and, therefore, is essentially completely catalytic chain activated during the PEB process in chemically
ionized. Acidolysis of the polymer involves trapping and release amplified resists might be more complex than previously
of protons, and protons must be bound to mobile species tothought.
move from pendant group to pendant group, particularly when  The relative rates of deprotection, product volatilization, and
the concentration of protecting groups is reduced. The role thatfilm densification have been assessed for PTBOCST resist films
deprotection products might play in this process is worth using a combination of IR spectroscopic analysis and high-speed
understanding: depending on their proton affinity, they might spectroscopic reflectometry. These analyses indicate that, under
function as transfer agents or as proton traps, thus mediatingconventional PEB process conditions, volatilization and densi-
the local availability of acid. Neutralization via proton transfer fication are rapid compared to deprotection. Therefore, there is
or electron capture can be expected to lead to distinct reactionno substantial accumulation of volatile deprotection products
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Figure 13. Infrared spectra illustrating the spectral differences between authentic PHOST and fully deprotected PTBOCST resist.

or excess free volume in the polymer film during normal PEB,
evidence against these factors causing a significant transien
enhancement in acid mobility during PEB. The implications of

the data for resist imaging have been discussed.
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