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ABSTRACT: Neutron reflectivity and Fourier transform infrared spectroscopy measurements are used to profile
the deprotection reactiordiffusion front with nanometer resolution in a model photoresist polymer using three
perfluoroalkane-based photoacid generators (PAG) with varying chain lengths. As expected, the spatial extent of
the deprotection reaction front increases with decreasing PAG size. Although the total extent of deprotection
increases with increasing postexposure bake time for each PAG, the reatiffasion of deprotection does not
propagate continuously into the photoresist polymer. The form of the deprotection reaction front changes because
the diffusion process is affected by the changing polymer composition. The data are well described by ateaction
diffusion model that includes a simple acid-trapping term and does not require a varying PAG diffusivity. This
high-resolution profiling, together with modeling, illustrates details of the coupled diffusion and deprotection
reaction processes that affect lithographic performance.

I. Introduction material during a postexposure bake; the effect of a single

Coupled reactiondiffusion processes are commonly encoun- photon abs.orptlon 'Sf amplified. )
tered in nature and synthetic systelms.The competition The quality of the final patterned structures is dependent upon
between reaction and diffusion can produce intricate patternsfactors that influence either the spatial distribution of the
such as Liesegang rinfgs formed within gels and Turing ~ Photoacid or the spatial extent of the reactialiffusion process.
patterng as recently reviewed by Grzybowski etSalmple- Using interferometric lithography and varying aerial image
mentation of pattern formation from reactiediffusion into contrast, Hinsberg et al. demonstrated that the initial acid catalyst
technological applications has been limited by lack of spatial distribution, controlled through the exposure quality, signifi-
extent and geometrical contfoDne could imagine devices (e.g., cantly affects the printed feature qualifyPawloski et al.
photonic) fabricated via a single step if the feature size can be 8x@mined measurements of lithographic patterns under a variety
controlled on the nanoscale. The emergence of a new technologyPf imaging conditions and identified an apparent resolution limit

platform based on reactierdiffusion for the formation of micro-  in the final feature quality as quantified by line edge roughfiéss.
and nanostructure patterned via soft lithography illustrates the These changes in the feature quality have been correlated with
power of controlled reactiondiffusion processe®%10 the reactior-diffusion of the photogenerated attd*® into the

d unexposed regions that leads to image spreading or blurfisg.
spatial extent of reactiondiffusion processes is required to Controlling the reactiondiffusion process remains an important

produce functional devices with nanometer scale feature sizes Strategy for improving feature quality-*

For example, the reactiertiffusion of copper into silicon can In photolithography?—28 the transport properties of the
significantly degrade device performariéén photolithography, ~ photoacid can change dramatically with changes in the local
high-resolution imaging is performed by converting an optical chemical composition that occur with the deprotection reac-
image into a chemical latent image within a photoresist via a tion?#? Houle et al. demonstrated that the evolving resist
reaction-diffusion process involving a photoinitiated acid Polymer chemistry plays a crucial role in lithographic imagifg.
catalyst. The chemical latent image is then developed with an An increased photoacid size (the protic acid and neutralizing
aqueous base solution to produce the final pattern. Theseanion) decreased the apparent diffusion lerfg#i.However,
imaging materials are commonly known as chemically amplified the catalytic efficiency of the acid can dominate, such that by
photoresists because each photogenerated acid can catalyz@creasing the size of the photoacid conjugate base, image blur

several hundred reactions as it diffuses through the photoresistoccurs primarily due to the local proton mobility, not diffusion
of the acid-conjugate base pait:32

*To whom correspondence may be addressed. E-mail: vprabhu@ N t_his paper, the latent ch_emical image formation during 'Fhe
nist.gov. reaction-diffusion process in a model 193 nm photoresist

T Polymers Division, National Institute of Standards and Technology. system, poly(methyladamantyl methacrylate) (PMAdMA), is

Ted(]:neorllé%ryfor Neutron Research, National Institute of Standards and maaqred directly with neutron reflectivity and Fourier transform

8 Sematech. infrared (FTIR) spectroscopy. An idealized step acid profile is
' Certain commercial equipment and materials are identified in this paper prepared by a sequential spin-coating process (multil&§é#f*

in order to specify adequately the experimental procedure. In no case doesthe reaction-diffusion process across this interface occurs
such identification imply recommendations by the National Institute of

Standards and Technology nor does it imply that the material or equipment .dur.ing SUbsequem processing of this ideal optical image.. Three
identified is necessarily the best available for this purpose. ionic photoacid generators are used to measure the reaction front

In the microelectronics industry, control over the kinetics an
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Scheme 1. Structure of Photoacid Generators (PAGs) Used in Scheme 2. Acid Catalyzed Thermally Activated Deprotection of
This Study? PMAdMA 2
I s Al ¥
/o<><: o CH; o CH

aIn the presence of acid, the PMAdMA is converted to poly-
(methacrylic acid) and methylene adamantane.

are developed with aqueous 0.26 N tetramethylammonium hydrox-
ide (TMAH) (Aldrich).

. O—S——CyFyg Nf C. Neutron and X-ray reflectivity. Neutron reflectivity (NR)
S o measurements were performed at the Center for Neutron Research
on the NG-7 reflectometer at the National Institute of Standards
©/ \© and Technology (Gaithersburg, MD) in the following configura-
tion: wavelength{) = 4.768 A and wavelength spreat (/1) =

0.025. The large difference in hydrogen content between PHS and
PMAdMA provides sufficient neutron contrast to allow measure-
ment of the bilayer structure with NR. Further, the hydrogen density
o of the PMAdMA layer is significantly reduced because of the
wl LQ—'— ]l deprotection reaction product and the loss of methylene adamantane
O—S—=C4Fy7 PFOS (byproduct), thus providing a route for obtaining the deprotection
I profile through the film thickness. The physical thickness and
o ] ) surface roughness of the films is measured using X-ray reflectfvity.
# The photoacid size is varied systematically. D. Fourier Transform Infrared Spectroscopy. Characterization
of the deprotection reaction (see Scheme 2) and methylene
profile resulting from different photoacid size. While the extent adamantane (MA) residual is performed with a Nicolet NEXUS
of propagation is dependent upon the size of the photoacid, as670 FTIR equipped with a liquid nitrogen cooled MCT/A detector.
expected, the profile width also changes. Additionally, the Double-side polished, with orientatiolO0Cand 50 Q-cm
influence of the changing chemical composition on the spatial- resistance, silicon wafers were used to minimize substrate absor-
extent of the reaction profile can be clarified. The direct Pance.Awavenumber resolution of 8 chwas used with averaging
measurement of the reactiediffusion profile in these experi- ggﬁrgfzizcggSrgérgt?éﬂvreeg]c?i?r?r:e?(lt_cte(r){tnioslSk?arsaég.otmh?hgusggz?ﬁé
ments provides the insight needed to extend preqlwtwe mOdel.Svibration mode of CH (1360 cn) in the protecting MA group
as well as to select advantageous aspects of this lithographic,s pypadMA. This band completely disappears and leaves a flat
component. These fundamental measurements are also appaseline in the IR spectra if all the protected MA groups are reacted.
plicable to improved general understanding of reaction The advantage of choosing this band is that it provides an absolute
diffusion processes for applications outside of microelectronics value of deprotection reaction extent and allows discrimination of

(0]

fabrication. the residual MA from the protected PMADMA group. The
quantification of MA residual level is based on the stretching
Il. Experimental Section vibration of H—C(=C) (3065 cnt?) in the free MA molecule. This

. o band is located at lower wavenumbers than thelt—C) vibration

A. Materials Characteristics. Poly(methyladamantyl methacry-  (,syally <3000 cnt), which makes it possible to quantify the MA
late) M, = 8800 g/mol, PDI= 1.18) was obtained from DuPont  content accuratel§f
Electronic Material.PMAdMA films were spin-cast from toluene The integrated composition of the film determined from FTIR
solution onto silicon wafers (76 mm diameter, 708 thick) primed is then used to fit th€2 profiles obtained from neutron reflectivity;
with hexamethyldisilazane. The preparation of the bilayer neces- yhe geprotection level and concentration of methylene adamantane
sitates the formation of a sharp interface between the two layers f4m NR must be consistent with those from FTIR. The composition
after spin-coating both layers. The acid-feeder layer examined oy FTIR is molar, while the neutron scattering length density is
consists of poly(4-hydroxystyrene) (PHS) (DuPont Electronic yo\ymetrically based. For comparison purposes, we assume ideal
Materials,M, = 8000 g/mol) containing 5% mass fraction of a  mixing and the specific volume of the components. The density of
photoacid generator. Three dlfferent PAGs were examined: tri- ha PMAJMA and the corresponding fully deprotected polymer
phenylsulfonium triflate (TPS-T), tnphenylsulfonu_Jm pe_rfluorobu- are obtained using high-resolution X-ray reflecti¢ftfrom the
tanesulfonate (TPSPFBS), and digrt-butylphenyl)iodonium per-  crjsical edge and elemental composition; the relevant parameters
fluorooctanesulfonate (DTBPIPFOS). The chemical structures of 516 tapulated in Table 1. The use of these molar volumes results in
the PAGs are illustrated in Scheme 1. Vinyl deuteratbg)PHS good agreement in the film thickness upon deprotection (within 2

(Polymer Source) was used in the acid feeder to determine the ) a5 determined by FTIR and NR measurements. For the FTIR
partitioning of the methylene adamantane reaction byproduct for g4t the film thickness was determined from the FTIR absorbance

some cases. calibrated against a fully protected PMAdMA film.
B. Sample Preparation.Details on the preparation of bilayer
films are provided elsewhef@ Films are postapply baked (PAB)  |lI. Results
at 130°C to remove residual solvent. The bilayer is exposed to - .
broadband UV radiation (300 mJ/@nto activate the PAG. A A. Latent-Image Profiling. Figure 1a shows neutron reflec-

constant postexposure bake (PEB) temperature of’C3@ used tivity data for PHS/PMADMA bilayers containing DTBPI

for the acid-diffusion deprotection reaction. To determine qualita- PFOS in the acid-feeder layer offset as a function of the
tively the propagation length of the reactiediffusion process, the  indicated PEB times at 13@. The periodicity of the reflectivity
acid feeder layer and the deprotected portion of the bottom layer fringe wavelength and amplitude indicates the bilayer struc&J&/
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Table 1. Physical Properties of Primary Components

methylene
PMAdAMA deprotectedl adamantarfe PHS
density glcd  1.13 1.19 0.9 1.23
molar mass  g/mol 233.3 74.1 147.2 120.1
specific vol  cn¥mol 206.5 62.3 163.6 97.7
Q2 (x1075) A2 3.99 571 3.15 9.03

aTo determine theQZ2 for fully deprotected PMAAMA, a film of
PMAdMA containing 5% TPSPFBS was exposed and PEB for 5 min at
130 °C. With this processing all the methylene adamantane left the film
with 100% deprotection. NR was used to determine@g&for this film
(Table 1).° Estimated density from typical values for substituted liquid
adamantanes

Reflectivity
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Figure 1. (a) Neutron reflectivity profiles for bilayers of PHSH(
DTBPI-PFOS) and PMAdAMA with®) 0, (O) 8, and @) 30 s PEB at
130°C. Two distinct beatings are evident in the data due to the NSLD
contrast between PHS and PMAdMA. The best fits of the reflectivity
are shown by the solid lines corresponding to (b) the NSLD profile.
The NSLD of the PMAdAMA layer increases with PEB time due to
loss of hydrogen content (methylene adamantane).

is composed of layers with distinct scattering length densities.
These experimental reflectivity data are fit to reflectivity profiles

calculated from model scattering length density profiles
(Q2 = lén3bi/v) using the Parratt algorithiff, where the
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The Q2 profile from Figure 1b cannot be directly interpreted
as the deprotection profile due to the presence of residual
methylene adamantane after deprotection. This aspect is different
from that in a previous study in which the deprotection products
were highly volatile with complete outgassing of the reaction
products?® Therefore, additional experimental data regarding
the composition of the film are needed to determine the
deprotection profiles from the scattering length density profiles.
We provide a description of a general self-consistent scheme
that addresses this problem.

In principle, reflectivity data can be fit in terms of the volume
fraction profiles ¢;) of the individual components with a given
scattering length density;,?). For the specific case examined
here, we have the following expressions,

Qc,filmz(z) = dua(2 QC,MA2 + dvan (2 Qc,MAA2 +

Amapma (@ Qe mabva
Hmaoma (D =1 — dya(2d — Pyaa (@ 1)

2

Since the quantity of deprotection produefga, that remain
in the film and the deprotection level designateddmsa are
unknown, additional information about these two quantities from
FTIR measurements are used to fit the NR results. FTIR
guantifies the integrated concentrations of MA, MAA, and
MADMA within the films through the scheme described
previously for both the bilayer and the developed film. These
extensive quantities are compared to those calculated from the
NR fits as follows,

de¢MA(Z) = NMANR

de¢MAA (@ = Nyaa™" 2)

NuaNRis the integrated (extensive quantity) amount per unit
area of methylene adamantane that remains in the film and
NuaaNRis the integrated degree of deprotection. The component
profiles @wa, dvaa) are determined using eq 1 by assuming
that PMAdMA is completely deprotected at the interface with
the acid feeder layer upon PEB and then allowing the depro-
tection profile to decay smoothly. The decay length is varied
to minimize the differences in deprotection and MA amounts
between FTIR and NR measurements. Because minimal leaching
of the MA in developer is observed, the FTIR on the developed
film is compared to the remaining part of the latent profile from
NR by changing the limits on the integration in eq 2. For an
acceptable fit, the difference between ¥ andN TR is less

scattering length of each repeat unit is determined by the sumthan 3% for all components. Typically, the least-squares fit of

over the atomic scattering lengtbswithin molar volume ¢)

the NR data does not achieve this specification. However, small

leading to the absolute scattering length density, an intensivechanges in the scattering length density profile do not signifi-
absolute quantity. This approach uses successive layers (a boxantly affect the quality of the fit. To obtain the best fit, the

model) of constan®.? with interfaces smeared by a Gaussian
function leading to error function interfacial width profilés.

The best fits to the reflectivity data are shown in Figure 1a by
the solid lines. The neutron scattering length density profile
corresponding to the fit is shown in Figure 1b. The scattering
length density profile begins in air at zero, then the scattering

scattering length density of the deprotected region is changed
slightly from the previous fit and only the width and thickness
of the deprotection region are allowed to vary. This n@w
profile is then used to calculatBlyaNR and NyaaNR and
compared to the FTIR data. This procedure is repeated until
the difference betweeNNR and NFTR js less than 3% for all

length increases to the value of PHS, and then decreases to theomponents; typically (1 to 3) iterations are necessary. An

value of PMAdMA. The substrate is then encountered with
scattering length densities corresponding to the oxide layer (
25 A thick) and silicon. As PEB time is increased, Q¢ of

the MAdMA layer near the PHS increases due to the loss of

example of this procedure is shown in the Supporting Informa-
tion.

One additional complication arises from the PHS acid feeder
layer—this layer could trap some of the residual MA that is

hydrogen content from acid-catalyzed deprotection and the measured with FTIR. The MA was determined to reside partially

partial volatilization of the methylene adamantane byproduct.

within the PHS and PHS/PMADMA interface by a separ&tsv
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series of reflectivity experiments usidg-PHS that amplify the
contrast of the MA. Any accumulation of MA within the
deuterated top layer will lower its average scattering length
density (SLD); this effect is less pronounced for protonated PHS.
A limited concentration €2 vol % methylene adamantane) is
present in the PHS layer with minimal broadeninglLQ A) of

the interface between the PHS and PMAdMA during the PEB
for the conditions examined. On the basis of the FTIR data, a
majority of the methylene adamantane {@9%) is trapped in
the PMAdMA layer. The MA within the PHS layer appears as
a slight decrease in th®¢? (Figure 1b) and in the calculation
of NMANR.

One further possibility that must be examined is the potential
segregation of PAG at or away from the interface. DTBPI
PFOS is known to accumulate at the free surface of PHS due
to the low surface energy of the fluorinated grodp&or the
geometry of the bilayer examined in this case, PAG segregation
to the free interface will result in a slight decrease in the “bulk”
PAG concentration in the film. Thus, the influence of this type
of segregation on the measured deprotection front profile will
be minor and easily correctable if the free surface concentration
profile is known. The segregation of PAG to the polymer
polymer interface would be more problematic in the interpreta-
tion of the reaction-diffusion fronts illustrated in this article.
For the case of an accumulation of PAG at the buried interface,
the initial photoacid concentration would not be a step function.
Measurements of the bulk miscibility of PAG in PMSand
PMAdMA#! indicate that the PAG solubility in PHS is
significantly greater than in PMAdMA. Thus, thermodynami-
cally, segregation of PAG at this polymepolymer interface
would not expected, since the PAG is initially added in the more
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Figure 2. Deprotection profiles for different PAGs: TRSf, TPS—

soluble (PHS) phase. For the systems examined here, componerRFBS, and DTBP+PFOS with PEB at 130C for (@) 8, (W) 15, (¥)

segregation artifacts will not influence the interpretation of the
result. However, it is important to consider segregation effects
when utilizing the bilayer geometry as a model interface for
each system examined.

B. Latent Image: PAG Size Dependencerigure 2 shows
the deprotection profile determined from t@¢? profiles through
the methodology described above. For the largest photoacid
(PFOS), the profile fo8 s PEB extendss 150 A into the
PMADMA film with a diffuse profile tail. When the PEB time
is increased to 15 s, the reaction front propagates an additional
75 A, including an increased deprotection level in the tail of
the profile. Interestingly, longer PEB times, 30 and 60 s, show
greater deprotection extents, but the spatial propagation of the
reaction front does not change significantly; only the leading
tail increases in deprotection amount. Thus, there exists a limit
in the deprotection front propagation with PEB time for the
PFOS system. As the PAG size is decreased from DFBPI
PFOS to TPSPFBS, the width of the deprotection front
increases significantly. For TR$FBS, the deprotection profile
extends completely through the PMAdMA film and continues
to propagate as the PEB time increases. Switching to-TIRS
further increases the reaction extent into the PMAdMA. High
deprotection levels extend throughout the film even after only
8 s PEB at 130C when using TPSTf.

IV. Discussion

Latent Image Profile Features. Influence of Photoacid
Generator Size.The effects of photoacid size on the depro-
tection profile are shown in Figure 3 for a fixed PEB temperature
of 130°C and time of 8 s. The triflic acid propagates completely
through the 600 A PMAdMA film; deprotecting all of the
PMAdMA to extents greater than 40%. The acidic proton does

30, and (hourglass) 60 s. The vertical dashed lines correspond to the
developed thickness using 0.26 N TMAH.

1.0 8s PEB @ 130 °C
c 08— TPS-Tf
ko]
5 06—
8
5 04 TPS-PFBS
O 024

DTBPI-PFOS
0.0 — -

|
100

| | |
200 300 400
Distance (A)

Figure 3. Deprotection profiles for model bilayers Wwi8 s PEB at
130°C using different PAGs. The dashed lines indicate the solubility
switch determined from development with 0.26 N TMAH. As the PAG
size increases, the breath of the deprotection profile decreases. The
largest PAG (DTBP+PFOS) has a much sharper deprotection profile
and shorter deprotection propagation in the film compared to the other
PAGs.

|
500

0 600

not diffuse independently, but is coupled to its conjugate base
(e.g., triflate, perfluorobutanesulfonate, or perfluorooctane-
sulfonate). As the photoacid size is increased from Tf to PFBS,
the breadth of the reaction front profile narrows and the
propagation depth of deprotection decreases. The sharpest latent
image profile is found for PFOS. One concern in the direct
comparison between different PAGs at a fixed time is interpret-
ing the photoacid diffusive properties because the activation
energy for diffusion in these thin films is dependent upon local
compositional environmetft and the PAG itself. However,
Hinsberg et al. found no difference in the activation energyé?)rv
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diffusion between the acid form of Tf and PFBS within a 1.0
phenolic resist* Thus, we anticipate that observed differences o
in diffusion between these PAGs are due to the molecular size; 3 0-8-
not activation energy. It is important to note that the deprotection é 0.6
profiles in Figures 2 and 3 are not photoacid profiles, but & ™
represent the image left by the deprotection reaction which % 0.4
follows the reaction kinetics for each photoacid. 5
From a processing perspective, a larger PAG could be favored 8 0.2
because of the smaller diffusion length with equivalent 0.0+
processing-this will limit changes in the critical dimensions T 1 1 ]
and image blur. The shorter diffusion length with increasing 0 100 200 300 400 500 600
PAG size is consistent with previous indirect measuremnts. Distance from interface (A)

Here, the deprotection profile is directly measured using NR Figure 4. Simulated deprotection profiles at a reactidtiffusion front

with the assistance of FTIR to yield the depth-resolved profile. using equations (3) and (4) for PEB ®)8 s, @) 15 s, () 30 s, and

The importance of this direct measurement is illustrated best (hourglass) 60 s. Similar to Figure 2c, the front is self-limiting and
by the time evolution of the deprotection profile using DTBPI increasing the bake time only increases the background deprotection.
PFOS. Although the total deprotection increases with increasing
PEB time, the reactiondiffusion of deprotection does not
propagate smoothly into the PMAdMA. Previous simulations
by others indicate that the reactiediffusion front propagation
rate decreases with increasing PEB t#hé& However, a
complete arrestment of the front in the highly deprotected region
is not predicted from their modét:2> For larger PAGs (e.g.,
PFOS and PFBS), the model predicts profiles at short times
(<2 min) to be independent of diffusion; thus, they conclude

that reaction kinetics is the important factor in image spreatting. g simply reduced diffusivity in the vicinity of MAA-rich
However, the measurements here indicate that the PAG Sizeregions. Nonetheless, this mechanism can explain the self-

does play an important role even at short times. We note thatiniting effect of deprotection reaction with PEB time in PAG-

the simulations are for a different polymer system, so the |554ed PMAJMA films#2 Here, we apply a simplified scheme
observed differences in this work could potentially be attributed , model quantitatively the deprotection profile in a bilayer

to chemical composition dependent properties. When examining s ctyre. This model does not include every potential reaction
the measured deprotection profiles for the case of DFBPI  4n giffusion step like the IBM model for PHS, and is not meant
PFOS, initially at short times, the profile follows an error 4 serye as an improvement over their model. Instead, this model
function, as expected by a diffusive process. However at longer jizes a limited number of physically meaningful parameters
times (~15 s), the deprotection front almost ceases to propagate,gyfficient to describe the reactiewliffusion process in this
but instead a tail of low deprotection propagates further into system. By including the trapping mechanism into a simple
the unreacted region (Figure 2). This behavior is consistent With a4 ction-diffusion model, the following differential equations

an acid diffusivity that is strongly dependent upon local chemical gre gerived assuming constant photoacid diffusivity.
environment. The PMAA can interact strongly with ionic

specific effects on the fundamentals of dissolutidi and
reaction. For instance the deprotection reaction in PHS is
autocatalytic, while methacrylate-based resists generally do not
exhibit this characteristit?

On the basis of the initial qualitative interpretation of the
reaction diffusion front for PMAdMA, it appears as though the
detailed model proposed by Houle and co-workers for PHS
also applies to PMAdMA. However, it is unclear if there is a
specific binding between the photoacid and the MAA, or there

species, leading to reduced diffusivity similar to that observed do(x.)

for phenolic resist&® The dependence of the diffusivity on the g kel = #HXD 3)
reaction extent is also observed in other reactidiffusion

processes for soft-lithograply.From a lithographic viewpoint, dH(x,t) d?H(x,t)

the arrested front is beneficial because the printed dimensions P g2 krH(X,D)$(x.1) (4)

are not strongly dependent upon small variations in PEB time.

The reaction kinetics for PMAdMA with TPSPFBS were where ¢(x,t) and H(x,t) are the deprotection level and acid
examined previousl§? A trapping mechanism of the photoacid  concentration respectivelfp is the diffusion coefficient of the
with the deprotected product (MAA) was proposed following photoacid ancke andks are the reaction and the acid trapping
the work of Houle and co-workers to fit the kinetics d&t#s rate constants, respectively. We neglect the effect of the residual
mentioned previously, the reaction diffusion frontin PMAAMA  MA to simplify the modeling. Previously determined rate
does not propagate smoothly; there is an arresting of the frontconstant® (ks, k) were used to determine the photoacid
at high deprotection extents. This observation is similar to those diffusion coefficient through the PMAdMA by fitting the
in model 248 nm photoresists based on PPiBor the case of  deprotection profiles for the bilayers using TPBFBS (Figure
PHS-based photoresists, the decrease in the diffusivity of the2b). Unlike the case of PHS, we find that the photoacid trapping
photoacid can be modeled as a reversible reaction between theloes not need to be modeled as a reversible reaction to describe
photoacid and the pendent hydroxyl group of the deprotectedthe data. We speculate that the greater ionizability of the
monomer*3 Through a series of papers, researchers at IBM have methacrylic acid in comparison to hydroxystyrene leading to
provided a detailed chemically and physically based model for stronger binding of the photoacid in the deprotected polymer
the reaction diffusion process for a model PHS-based photo- matrix. Despite the assumptions evoked in eqgs 3 and 4, the
resist. These detailed experiments are capable of predicting theapparent diffusion coefficient for the photoacid is consistent
shape and extent of the deprotection front for this photoresist within a factor of 2 of measurements for PFBS in other fully
material824.25.4346 a5 confirmed through direct measurements protected systen?®,approximately 6x 10~12 cnmé/s. Moreover,
previously using neutron reflectivi?. The switch from hy- the self-limiting reactior-diffusion front can be qualitatively
droxystryrene to methacrylate-based polymers does introducepredicted by eqgs 3 and 4. Figure 4 shows the simulated proéB@
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using reasonable parameters for a slow, strong photolacid ( the PMAdMA film thickness with increasing PEB time up to
30 nn¥/s; kr = 0.4 nn#/s; D = 1 x 10713 cn¥/s). Although it 30 s where nearly all the film is dissolved. The observed
is possible to fit the data in Figure 2c, which shows a self- behavior of the PFOS is quite different; initially with 8 and 15
limiting front, we did not perform this curve fitting routine s PEB there is a decrease in the remaining film thickness.
becausépr andkr have not been independently determined for However increasing the PEB time to 30 or 60 s does not
PFOS. As such, the extracted diffusivity would be unreliable. substantially increase the quantity of PMAdMA dissolved. This
However, the simulated data in Figure 4 qualitatively predict behavior is consistent with the deprotection profiles obtained
the data shown in Figure 2c. The model of Houle et al. was not from NR (Figure 2). The necessary deprotection for these films
used for these data sets of the reaction diffusion front profiles to dissolve is approximately 40%. Thus, the solubility switch
due to limitations in independently determining the physical for the PMAdMA is independent of the photoacid and PEB time
parameters needed in the model. The simplified model utilized as expected. The sensitivity of the composition gradient to the
here is useful for estimating reactiediffusion processes in  choice of PAG is illustrated in these results. The half-width of
cases where detailed knowledge of the reaetidiffusion the deprotection gradient is nearly five times greater when using
processes is limited. PFBS than PFOS. Many of the final developed feature properties
Arrestment of the reaction front propagation is accurately are related to the width of the deprotection proffé?4°
depicted by deprotection products trapping the photoacid. This Additionally, the deprotection front profile for the PFBS and
result suggests that the diffusivity of the photoacid varies linearly Tf bilayers can be used to estimate the acid diffusion lefth.
with the deprotection concentration, since the trapping was The diffusion length difference between the PFBS and Tf is
assumed to be a first-order reaction. However, this model could approximately a factor of 2, consistent with volumetric differ-
be utilized to describe systems with a more complex diffusivity €nce between PFBS and THf.
dependence on reactant concentration through modification of )
the reaction order. When there are large disparities in the V- Conclusions

diffusivity upon reaction, this trapping reaction approach appears  The depth-resolved deprotection profile of a model 193 nm

to be a robust method to model reactiatiffusion without fully photoresist was measured by combining neutron reflectivity and
solving a variable diffusion coefficient problem. A similar infrared spectroscopy as a function of photoacid generator size.
modeling approach may be applicable to simplifying other The larger the photoacid, the shorter the deprotection depth into

reaction diffusion problems. the PMAdMA film and the sharper the deprotection profile. In
The methodology presented here may be useful in under-the case of the largest PAG used, the reaetidiffusion front
standing localization behavior in reactiediffusion. The meth- at long time is characterized by a virtual stop in the highly

ods are generalized such that neutron reflectivity should be abledeprotected region and further reactiatiffusion occurs only

to elucidate details of the reactiediffusion process with sub- by extending the reaction front of low level deprotection into
nm precision. The use of a complementary technique such asthe unreacted region. This observation supports the notion that
FTIR in combination with reflectivity allows for improved the photoacid mobility depends strongly on the local composi-
confidence in the interpretation of the neutron reflectivity profile, tion of the photoresist; it decreases dramatically in regions
compensating for the nonunique solution due to the loss of phasecontaining mostly deprotected species. A simple reaction and
information. The high-resolution measurement of the reaction diffusion-trapping model provides an adequate description of
diffusion front is important to fully realizing the potential of the experimentally observed shape with the self-limiting reac-
reaction-diffusion processes outside of the microelectronics tion—diffusion front. These direct measurements of the profile
industry. shapes and the diffusion trapping model provide the necessary

B. Development of Latent ImageThe bilayer structures can ~ fundamentals to understand lithographic imaging.
be partially dissolved in aqueous hydroxide solution to reveal
the model line-edge. During this process, the top PHS layer is Acknowledgment. This work was supported by SEMA-
completely dissolved as well as a fraction of the underlying TECH under Agreement No. 309841 OF. The authors acknowl-
deprotection profile in 0.26 N TMAH. Despite the broad edge Drs. Jim Sounik and Michael Sheehan at DuPont Electronic
deprotection profile, the developed film generally has a smooth Polymers for providing the polymers used in this study.
surface as previously observed by Lin et?@&lThe partial
development of these films is complex because the solubility Supporting Information Available: Text giving additional
is controlled by the methacrylic acid comonomer content. details and example of self-consistent fit methodology by combining
Additionally, the large fraction of hydrophobic methylene Neutron reflectivity and FTIR reaction front data for PMAdMA/

adamantane that remains within the film must also be consideredznH digﬂ?étﬁ;ﬁﬂ%”&giilﬁ]}ﬁ;sr;caetgfbéiSrei‘;%girg‘ng tfg?égg;ir\llsiti;y’

with regard.s to the |nf|u§nce .on t.he final feature quality. . profile and subsequent fits and fits of the reflectivity data. This
The vertical dashed lines in Figures 2 and 3 are the final material is available free of charge via the Internet at http:/

film thickness determined by X-ray reflectivity. The bilayer film  pubs.acs.org.

develops into the latent-image profile until an average depro-
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