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ABSTRACT

A general approach to characterize compositional heterogeneity in polymer thin films using Fourier transform
infrared (FTIR) spectroscopy has been demonstrated Polymer films with varying degrees of heterogeneity were
prepared using a model chemically amplified photoresist where a photoacid catalyzed reaction-diffusion process results
in the formation of methacrylic acid (MAA)-rich domains. Within these domains, the carboxylic acid groups dimerize
through hydrogen bonding. FTIR measurements of the relative fraction of hydrogen-bonded versus free carboxylic
groups are used to quantify the degree of compositional heterogeneity. It was shown that the degree of the spatial
heterogeneity varies with changes in the deprotection level and initial copolymer composition. The degree of
heterogeneity is small at very low and very high deprotection level and maximize when the deprotection level is around
0.25. Increased non-reactive comonomer content decreases the degree of heterogeneity by reducing the hydrogen

bonding efficiency.

1. INTRODUCTION

The drive to fabricate ever smaller feature dimensions has led to increasingly stringent requirements on the
photoresist."* Line edge roughness (LER), a metric of the feature quality, is a major limiting factor for sub-50 nm
photolithography. LER is believed to result from the heterogeneous distribution in the deprotection product at the line
edge of the latent image. The optical image quality of the exposure and the distribution of the subsequently generated
photoacid catalysts are key factors in determining LER.*® Schmid et al.*” modeled this process and showed that the
reaction-diffusion of photoacid generates a heterogeneous distribution in deprotected monomer. This heterogeneous
deprotection distribution results in local differences in solubility in the developer solution, where highly deprotected
chains dissolve and those with insufficient deprotection remains in the film.®

A quantitative measure of the degree of heterogeneity in the deprotection reaction product is needed to identify
and enable design strategies to reduce materials sources of LER. Direct experimental observation of the degree of
heterogeneity is difficult because of the small size scale and the limited contrast between protected and deprotected
chains. Several measurements indirectly observe the degree of heterogeneity in chemically amplified photoresists.
Stewart et al. observed differences between protected and deprotected regions in a scanning electron microscope (SEM)

by overcoming the limited electron contrast between the components by selective staining of the deprotected regions

¢ Official contribution of the National Institute of Standards and Technology; not subject to copyright in the United States
* yprabhu@nist.gov; tele (301) 975-3657; fax. (301) 975-3928

Advances in Resist Materials and Processing Technology XXIV, edited by Qinghuang Lin
Proc. of SPIE Vol. 6519, 651916, (2007) - 0277-786X/07/$18 - doi: 10.1117/12.712659

Proc. of SPIE Vol. 6519 651916-1



with a heavy metal.” However, these measurements could not resolve the nanometer scale structure and could only
observe larger scale reaction-diffusion.” Dragnea et al.'’ used near-field Fourier transform infrared (FTIR) spectroscopy
to directly observe the chemical image produced by a patterned photomask. However, the resolution was insufficient to
observe the diffusion of single photoacids or to distinguish between chemically different regions. The shape and size of
the deprotection reaction-diffusion path in a model partially deuterated photoresist was determined using small angle
neutron scattering (SANS)."" The deprotection process does not result in hard spheres, but rather ‘fuzzy blobs’ with
characteristic fractal dimension.!" Despite the success of SANS in determining the deprotection volume from a single
photoacid molecule, this technique is not widely utilized because it requires deuterium substitution of the hydrogen
atoms on the protecting groups and the limited availability of the instrumentation.

In this work, we develop a method to characterize the degree of heterogeneity in thin polymer films using FTIR
on materials that exhibit hydrogen bonding. Chemically amplified photoresists are a good model system because the
degree of heterogeneity is a critically important parameter for their performance. We investigate model 193 nm
photoresists based on poly(methyladamantyl methacrylate) (PMAdMA), which upon complete deprotection forms
poly(methacrylic acid) (PMAA). Carboxyl groups are well-known to form dimers that induce a band shift in C=0O IR
spectra relative to the monomer state. Since hydrogen bonding (dimer) can only occur with adjacent C=0O groups and
the films are processed well below the glass transition, the local distribution in chemical composition generated by
deprotection reaction can be deduced from the ratio of hydrogen bonded to free C=O groups. These results can help to
understand correlations between compositional heterogeneity and the roughness observed upon the dissolution'?
(development) of resists in aqueous bases, as well as provide information about the degree of heterogeneity in other thin

film systems such as polymer blends and nanocomposites.

2. EXPERIMENTAL?

2.1. Polymer characteristics

We used three different model photoresist polymers based upon poly(methyladamantyl methacrylate)
(PMAdMA). The PMAdAMA homopolymer and a copolymer P(MAdMA,;-co-GBLMA ) containing 59 mol-% of the
non-reactive a-gammabutyrolactone methacrylate (GBLMA) were provided by DuPont Electronics Polymers. A second
copolymer containing 50 mol-% GBLMA (P(MAdMAsy-co-GBLMA)) was supplied by AZ Electronics. The chemical
structures of the three polymers are shown in Scheme 1. The acid catalyst for the deprotection reaction is produced from
a photoacid generator (PAG), triphenylsulfonium perfluorobutanesulfonate (TPS-PFBS), under UV exposure. The
photoacid concentration generated from UV was calculated from exposure dose and PAG loading in the sample."”® The

photoacid-catalyzed deprotection reaction is shown in Scheme 2.

* Certain equipment, instruments or materials are identified in this paper in order to adequately specify the experimental details. Such
identification does not imply recommendation by the National Institute of Standards and Technology nor does it imply the materials
are necessarily the best available for the purpose.
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Scheme 1. Chemical structures of three photoresists used in this study; Left: PMAdMA; middle: P(IMAdMA 5y-co-
GBLMA); right: POIMAdMA 4;-co-GBLMA).
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Scheme 2. Acid catalyzed deprotection of PMAdMA.

2.2. Sample preparation and FTIR spectroscopy

Films were prepared from solutions containing one photoresist polymer and PAG in cyclohexanone by spin
coating on double side polished silicon wafers at 209 rad/s (or 2000 rpm) with an acceleration rate of 105 rad/s* (or
1000 rpmy/s ) for 60 s. The samples were then baked at 130 °C for 60 s to remove residual casting solvent. The PAG was
activated using a 248 nm broadband UV lamp. The exposed samples were then transferred to a preheated hot-plate for
post-exposure baking (PEB). The details about the sample preparation can be found in a previous publication." To study
the behavior of deprotection at very low extents of reaction, samples were also prepared on CaF, windows following the
same procedure. To avoid issues with heat transfer, the PEB for the films on the CaF, windows were performed with the
films facing down.

Transmission IR spectra were obtained with a Nicolet NEXUS 670 Fourier transform infrared (FTIR)
spectrometer and analyzed with OMNIC software. The quantification of deprotection level was based on the CHj

bending band (1360 cm™) for PMAdMA and C-O stretching band (1260 cm™) for the two copolymers. '

3. RESULTS AND DISCUSSION
3.1 Free and hydrogen-bonded C=0 in PMAdMA
A partially deprotected PMAdMA film can be treated as a binary system consisting of MAdMA (unreacted) and
MAA (reacted) groups. For this system, there are three C=0 peaks in the IR spectra located at approximately 1740 cm™,
1720 cm™ and 1700 cm™. The central peak (1720 cm™) results from the C=0 in the unreacted PMAJdMA polymer. The

location of this band does not change with deprotection reaction. Therefore, this background C=0O spectra can be
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removed by subtracting the spectra of the unreacted PMAdMA polymer based on its deprotection level. The resulting
spectra in this region are solely from the carboxyl group in MAA. There are two main peaks in the IR spectrum for
PMAA. The peak at higher wavenumber belongs to the free C=0, while the lower one belongs to hydrogen-bonded
C=0, which arises from carboxyl dimers.'*'> The relative intensity of these two peaks reflects the state of aggregation
of carboxyl groups because the dimer can only form when two MAA groups are close enough to hydrogen bond. The
typical proton donor to acceptor distance is between (1.5 to 2.2) A .'® When another MAA group is not available, a free
C=0 is observed due to an absence of a proton donor.

Figure 1a shows the IR spectrum of MAA in a partially deprotected PMAdMA film with different extents of
reaction. If we define a ratio of the hydrogen bonded C=0 to the total C=0 in MAA, F},,4, We can obtain a continuous
change of this ratio with the extent of reaction of the film (Figure 1b). Here, F),,, is calculated from the area under the
IR peaks corresponding to hydrogen bonded and free C=0, Ay, and Ap,,.q, respectively. With an absorptivity ratio of 1.6
between free and hydrogen bonded C=0," the fraction of hydrogen-bonded C=0 is given by

Fbond: (Abond/]-6) /(Afree +Ab0nd/1-6) =1 /(1 + ]-6Afree/Abond) (1)
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Figure 1. (a) Evolution of C=O0 stretching bands of MAA groups with reaction extent in PMAdMA samples. (b) Change
of fraction of hydrogen bonded C=0 in MAA groups with deprotection reaction extent

3.2 Analysis framework for degree of heterogeneity

The degree of heterogeneity within the film is defined relative to the ideal homogeneous structure with a
random distribution of components. For a binary system 4 (MAA) and B (MAdMA), if we assume that the MAA groups
are randomly and uniformly distributed for any given extent of reaction ¢ [= 4/(4+B)], the probability of finding a pair of
A (MAA) groups is ¢*. Similarly, the probability of finding other pairs AB, BA and BB are ¢(1-¢), (1-p)$ and (1-¢)%,
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respectively. Since the bonded carbonyl exists only in A4 pairs (MAA pairs), the ratio of the bonded to total C=0 (free
and bonded) Fj,,q is given by

Frona = 20°120*+0(1-0)+(1-0)p] £ = € ¢ )
Where the “€” is the average efficiency of hydrogen bonding for each MAA pair. The efficiency for two adjacent MAA
group to dimerize should be less than 100%, i.e. € < 1, because hydrogen bonding has an orientation dependence that
should not always be satisfied. The value of ¢ will be determined in a later section. Equation (2) shows a linear
dependence of F,,; with composition when the system is perfectly mixed. In contrast, deviations from this linear
dependence (Equation 3) signify a degree of heterogeneity (DH) that may be defined as:

DH=F, ,—¢&¢ 3)
3.3. Quantification of the heterogeneous structure —Solid Sphere Model

With this framework, the FTIR data points in Figure 1b are well above the reference line, Fi,,0 = ¢, confirming

that a heterogeneous structure exists in the partially deprotected PMAdAMA film. To quantify the dimensions of the
heterogeneous regions, a model of the form of the deprotection reaction path induced by the diffusing acid is needed.
Although SANS measurements demonstrate that the deprotection path is fractal in nature'', we simplify the analysis
through the use of a solid sphere model to estimate the dimensions of the deprotection volume in the PMAdMA films.
In this model, we assume that hydrogen-bonded C=0 are confined inside the sphere volume (V.), while the sphere
surface (Ay) is decorated by free C=0 as shown in Figure 2. The sphere is characterized by an inner radius () and is the

thickness (b) of the outer layer. The outer layer thickness (b = 0.49 nm) is determined by the MAA molecular repeat unit

size in which b = (M/pNA )_”3 with MAA molecular weight (M = 86 g mol™), density (p =1.19 g/cm®) and

Avogadro constant (N4). The analysis here is only valid in the limit where the volumes of single photoacid catalyzed

deprotected regions do not overlap.

PMAdMA

— d~C13 —

Figure 2. Schematic of the solid sphere model comprised of the core of radius » and shell of thickness b. The shaded
region represents the PMAA domains produced by reaction. The boxed region corresponds to the average volume per

photoacid related to the inverse photoacid concentration.
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Given this model and the initial photoacid concentration before PEB, we derive an expression for F,,; as a
function of ¢. The macroscopic average deprotection level, ¢, defined by the fraction of MAdAMA converted to MAA is
quantified from the FTIR measurements.>  The total volume of MAA (Vu44) can be expressed as the sum of the core
(hydrogen bonded) and the shell (free), such that

Viaa=Ve T A “4)
The IR spectrum results from an ensemble of these deprotection volumes formed by individual photoacids. This
average, ¢, is related to the volume deprotected by a single photoacid and distance between photoacids. For a system
with photoacid number concentration C, the average volume per photoacid (Vp4) is 1/C. For isolated deprotection
regions:

0= Vs Vesc= (Ve +AsD) C (5)
From Equation 5, the deprotection volume can be estimated as a function of photoacid concentration and deprotection
level. For a spherical deprotection volume, Fj,,; can be calculated as the fraction of hydrogen bonded MAA within the
core of the sphere to the total MAA. An efficiency factor, &, is included to parameterize the fraction of MAA within the
core that participates in hydrogen bonding. This factor is not expected to be unity because hydrogen bonding depends
upon the correct orientation of two carboxylic groups, may be composition dependent, may not be static at the

temperatures of the measurement (local dynamics), and the actual deprotection volume may not be a solid sphere.

F =
bond V+bA 1_}_(14/) 1+3b

Equation 6 is used to fit the data in Figure 1b with the efficiency factor, €, used as a fitting parameter. For the

(6)

best fit to the data, we find that ¢ = 0.86. By closely examining the data at low ¢, it is clear that the model does not
accurately predict the functional dependence of ¢ on Fj,,;. The spherical model predicts a more rapid increase in Fj,,g
than is observed experimentally. One source of this discrepancy is the shape of the deprotection; we assumed a solid
sphere geometry, but the actual deprotection path is more diffuse with incomplete deprotection''. This picture of the
deprotection volume would result in less hydrogen bonding at equivalent ¢ in comparison to the solid sphere and would
be more consistent with a homogeneous distribution around the photoacid. Also, a non-spherical core-shell geometry
also has a higher surface to volume ratio and would predict a lower fraction of hydrogen bonding, consistent with the
deviation. At higher ¢, the solid sphere model fails because the deprotection volumes from different photoacids will

begin to overlap. The radius of deprotection sphere can be simply calculated from the following equation.
YR C =g %)

The deprotection sphere radius in this study is found between 0.5 nm and 2.8 nm for an acid concentration C = 0.006
nm>. The condition of overlap occurs when the diameter of the deprotection spheres exceeds the mean inter-sphere
distance.  For a given acid concentration C, the criteria for sphere overlap is R > % C'*, which corresponds to a

deprotection level of 0.524.
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3.4. Dependence of heterogeneity on deprotection level

The fact that the efficiency factor, ¢, is less than one confirms our expectation that the dimerization efficiency
cannot be 100 % for MAA pairs. Although the dimerization situation in a solid sphere could be different from that in
random distribution, we assume that the hydrogen bonding efficiency for a physically adjacent MAA pair is constant, i.e.
e =~ 0.86. With this efficiency value, we can calculate the degree of heterogeneity (DH) and the dependence of DH on
deprotection level as shown in Figure 3. It can be seen that the DH is small at very low and very high deprotection level,
but is maximized at a deprotection level of approximately 0.20 to 0.25. These trends arise because the system
heterogeneity is dominated by one component at low or high deprotection levels and the contrast from the uniform phase
is small. It is interesting to note that the DH data are not symmetrical about the peak position. The reason for this
behavior is not clear but could be related to the specific structure of the domains. The phase separation in these polymer
blends could undergo a more complicated path such as that found in spinodal decomposition. Therefore, the MAA
domains could take on more complicated shapes than the solid sphere model here and the number of domains may not be

constant.
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Figure 3. Degree of heterogeneity (Fj,nq — 0.86¢ ) vs. dperotection level in PMAdMA film for photoacid concentration
C =0.006 nm™.
3.5. Dependence of heterogeneity on comonomer composition.

Thus far, the discussion has focused on the deprotection of PMAdAMA, a homopolymer. Many photoresists
contain non-reactive monomers that provide additional functionality such as controlled dissolution or improved etch
resistance.!  Although it has been noted by photoresist researchers that introducing non-reactive comonomer in
photoresist polymer can help improve the LER, the mechanism for this behavior is not well understood. It is interesting
to examine how the degree of heterogeneity is affected by the copolymer composition. Figure 4a shows F},,, changes
with copolymer composition through the deprotection of copolymers containing 100 %, 50%, and 41% MAdJMA by
mole with a constant photoacid concentration and PEB temperature. The data are fitted to the solid sphere model and we
can obtain an efficiency parameter for each copolymer composition. It is found that efficiency factor, €, decreases

monotonically with increasing GBLMA content of the copolymer. By normalizing the efficiency to the homopolymer,
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the value for € is similar to the initial comonomer composition; normalized € = 0.48 for fgpma=0.50 and 0.34 for
foeLma=0.41. This result shows that the hydrogen bonding efficiency or dimerization efficiency is diluted by the
GBLMA comonomer.

Figure 4b shows the degree of heterogeneity characterized by the deviation of F},,, from the reference line as a
function of copolymer composition. Here, the reference line in equation 3 has been corrected by each copolymer
composition because the deprotection level used here is a normalized number. It can be seen that the degree of
heterogeneity consistently decreases with increasing GBLMA content. This decrease arises because the deprotection
sphere contains more GBLMA and dilutes the overall MAA concentration such that the contrast with the protected

regions become smaller, intrinsically resulting in a lower degree of heterogeneity.
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Figure 4. (a) Effect of comonomer composition on the hydrogen bonded C=0 fraction (Fyong) as a function of
deprotection extent (¢). The curves are fitted with solid sphere model. (b) Degree of heterogeneity vs. deprotection
extent. The photoacid concentration is 0.007 nm™ for all samples.

4. CONCLUSION

The heterogeneous structures in partially deprotected photoresist polymer thin films have been characterized
with FTIR with quantification of the degree of heterogeneity through the fraction of hydrogen bonded carboxyl groups.
The degree of heterogeneity depends on the extent of reaction and comonomer composition. The heterogeneity occurs
initially due to discrete domain volumes formed by the photoacid catalyzed reaction within the polymer matrix.
Deviations from a solid sphere model occur due to overlap of the deprotection volumes from multiple photoacids and
fractal nature (non-spherical) of the true deprotection volume. This work has established an experimental method to
quantify the degree of heterogeneity in hydrogen bonded thin films and permits different systems to be compared
quantitatively. We expect that the degree of heterogeneity within complex systems such as gels in bulk or thin film form
can benefit from this approach and complement other methods such as small angle neutron scattering to quantify and

characterize the structure of heterogeneous systems.
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