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ABSTRACT

It has been recently postulated that sub-22 nm photolithography with polymeric photoresists has reached a materials
design barrier due to its large molecular mass and distribution. In this argument, the “pixel” size, which is related to the
smallest molecular unit, determines the feature fidelity and resolution of the lithographic process. This hypothesis
remains unproven, but molecular glass photoresists can provide a test because they can share similar chemical
functionality to polymer resists, but with low molecular mass and a monodisperse molecular mass distribution. The low
molecular mass leads to the smaller pixel size compared to the radius of gyration of the polymer photoresist. In this
work, we compare the deprotection reaction-diffusion kinetics of a common photoacid generator in a polymer and
molecular glass resist with similar resist chemistry to elucidate effects of molecular architecture on photoresist
performance. We determine the mechanism of reaction, photoacid trapping behavior, and diffusivity by measuring and
comparing the reaction kinetics parameters as a function of temperature and exposure dose. These results permit an
analysis of the latent image formation which is a crucial factor in resolution and line-edge roughness. Further,
knowledge of the reaction-diffusion parameters of each type of resist provides a quantitative approach to predict line-
space features, crucial for design for resolution-enhancement features.
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1. INTRODUCTION

The photoacid catalyzed deprotection reaction and resulting reaction-diffusion kinetics is at the root cause of current
projection lithography feature limitations with chemically amplified photoresists. Measurements of the reaction kinetics
constants and photoacid diffusion constant would allow a predictive approach to line-edge feature critical dimensions.
This approach should provide physically-based parameters which may qualify, or aide in the interpretation of parameters
determined empirically by photolithography process window experiments. More specifically, current challenges are in
designing resists that faithfully reproduce the resolution-enhancement features in masks. These features require physical
parameters that produce an understanding of sub-32 nm imaging. Therefore, measurements are required that provide
sensitivity to nanometer-scale acid diffusion lengths in model EUV (Extreme Ultraviolet) photoresist materials.

In this study, we developed infrared spectroscopy methods to quantitatively determine the deprotection reaction kinetics
using two approaches; a zero-gradient and one-dimensional gradient method. The zero-gradient method determines the
appropriate chemical reaction model and quantifies the reaction kinetics constants. The one-dimensional gradient model
measures the photoacid diffusion coefficient as the photoacid reaction-diffusion front moves from an initial sharp step
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profile that mimics an ideal exposure edge. The reaction kinetics of a common photoacid generator, triphenylsulfonium
perfluorobutanesulfonate (TPS-PFBS), in a polymer and molecular glass resist thin films are compared. The effect of
reaction kinetics parameters dependence on post-exposure bake temperatures and dose are determined.

2. EXPERIMENTAL"

2.1 Materials

Two different architectures of resists: a polymeric photoresist, poly(hydroxystyrene-co-tert-butylacrylate) or P(HOSt-co-
tBA)' and a fert-butoxycarbonyl (t-BOC) protected calix[4]resorcinarene molecular glass material were studied”. The
P(HOSt-co-tBA) had a number average relative molar mass (M,) = 11,459 g/mol, polydispersity index (PDI) = 1.83, and
copolymer composition of 49 % by mole HOSt and 51 % by mole tBA (DuPont Electronic Polymers). The chemical
formula and acid deprotection reaction equation are shown in Scheme I and Scheme II. The same photoacid generator,
TPS-PFBS was used to directly compare the effect of architecture on the photoacid reaction-diffusion kinetics. When
referring to the PAG loadings (or concentration) it will be implied as % by mass from this point forward. We notice that
the protection groups do differ, which will lead to a small difference in reaction activation energy; however both
materials share phenol functionality. We will compare our results to those in the literature for --BOC protected PHOST,
which share the same t-BOC protection chemistry to the molecular resist studied in this paper.
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Scheme I: Acid catalyzed deprotection reaction of P(HOSt-co-tBA),

Scheme II: Acid catalyzed deprotection reaction of molecular glass (MG-1) t-BOC protected calix[4]resorcinarene.
2.2 Sample preparation and instrumentation

Two methods of thin film preparation called single layer and bilayer layer. Single-layer methods refer to simply the
model photoresist formulation prepared on silicon wafer. The bilayer method involves forming a stacked layer structure

* Certain commercial equipment and materials are identified in this paper in order to specify adequately the experimental
procedure. In no case does such identification imply recommendations by the National Institute of Standards and
Technology nor does it imply that the material or equipment identified is necessarily the best available for this purpose.
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of two films on a silicon wafer with high fidelity and no intermixing between the two layers. Both single layer and
bilayer films are used in this experiment. In the single layer film, the acid is uniformly distributed, while in the bilayer
film, the acid is present only in the top layer. The single layer sample provides the simplest system to study the reaction
kinetics to estimate the reaction rate constant, photoacid trapping rate constant or acid loss constants. In the single layer
film, the diffusion coefficient is completely coupled with the reaction rate constant because the gradient of photoacid
concentration is zero. In order to determine the photoacid diffusion coefficient a well-defined initial acid gradient is
necessary to follow the moving photoacid reaction front.

A new poly(dimethylsiloxane) (PDMS) film stamping technique was developed to generate the well-defined acid
concentration gradient. In this case a resist film containing photoacid generator (PAG) is prepared upon a PDMS
substrate then stamped onto an identical PAG-free resist film at an elevated temperature for 30 s. After the stack cools
the PDMS substrate is removed. The primary advantage of this bilayer approach is that only one diffusion media is
present. This approach is more convenient than previous double spin coating methods, which do provide high fidelity
bilayers, but have severe limitations on finding suitable casting solvents and acid feeder layers that do not share the same
polymer media as the bottom layer’>. The PDMS method forms an interface between two identical polymer layers.
However, in our case the top layer contains PAG. The interfacial width was determined to be (1 to 2) nm as measured
by neutron reflectivity with a bilayer of deuterated and protonated poly(methyl methacrylate). Therefore, the loaded
PAG has a nearly perfect step profile within length scales of the interfacial width.

Spin coat on to PDMS substrate  Stamp onto single layer film at elevated Bilayer sample:
temperature; peel off PDMS substrate one-dimensional gradient

Scheme III. Bilayer sample preparation with the PDMS film transferring technique.
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Figure 1. (a) C-O stretching vibrational band evolution during PEB for P(HOSt-co-tBA). (b) C=0 stretching vibrational
band evolution during PEB for MG-1.
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The C—O stretching vibrational spectroscopic band around 1160 em’ is used to quantify the deprotection level of
P(HOSt-co-tBA), upon PEB (Figure 1a) while the C=O0 stretching vibrational spectroscopic band around 1760 em’ is
used for MG-1 (Figure 1b).

All the Fourier transform infrared (FTIR) spectra were collected with Bomem FTLA 2000 with reflection mode at 16
cm’ resolution. The silicon wafers were coated with Au to increase IR reflectivity and mounted on a preheated hot-stage
though vacuum contact. Film thicknesses were measured with J.A. Woollam IR spectroscopic ellipsometer with error
(one standard deviation) in between (1 to 2) nm based on a calibration with film thickness determined by X-ray
reflectivity.

2.3 Reaction-diffusion modeling and methodology

The details of the modeling approach used are discussed elsewhere, but we provide a brief summary®’. There are three
mains parts in this kinetics model. The first part uses Dill’s equation to describe the acid generation process. The
photoacid concentration H is exponentially dependent on the UV exposure E shown in Equation 1. The [PAG] is the
initial photoacid generator loading and the C is the Dill’s parameter which dependent upon the type of PAG and the UV
wavelength. The second part (Equation 2) describes the deprotection reaction rate such that the rate of change in
deprotection level ¢ is determined by a first order reaction between resist protected species (1-¢) and the photoacid
concentration where kp is the reaction rate constant. The third part (Equation 3) describes the transport properties of
photoacid which is typically non-Fickian because the acid can be trapped with rate constant k1. Dy, is the diffusion
coefficient for photoacid. In the present case both experimentally and modeling, there are no added quenchers.

H =[PAG)(1-¢) (1)
d¢

49k H(1- 2
ke (1-9) )
%—?:DHvzH—kTW 3)

The photacid trapping mechanism has been discussed in our previous work®”. The photoacids could be trapped by the
reaction products through strong hydrogen bonding interactions. The trapping is dictated by local deprotection level
such that with higher deprotection level, the stronger the trapping effect. However in the literature'™"", this was treated
as an acid loss mechanism which is independent of deprotection level and modeled as -k, H where k; is called acid loss
constant and its inverse characterizes photoacid lifetime. There is almost no difference in describing the single layer film
system with these two models except that the k7 is usually several times larger than k; because the deprotection level is
always less than one, while it appears necessary to use the trapping mechanism of Equation 3 to describe the
deprotection profile at the interface of a bilayer system'?.

If all the parameters and the initial conditions are known, the deprotection level ¢ can be solved at any given post-
exposure bake (PEB) time and any position of the sample from the system of equations. A Matlab program was written
to calculate the zero-gradient (single layer) and one-dimensional gradient (bilayer) structure. Using FTIR, we can
measure with excellent accuracy and low noise level, the time evolution of the average deprotection.

3. RESULTS AND DISCUSSION

3.1 Reaction and loss constants

Figure 2a and 2b show the single layer film deprotection level change with temperature and PEB time for P(HOSt-co-
tBA) and MG-1 measured with FTIR . It can be seen that the deprotection level increases with PEB time and temperature
(60 °C to 100 °C). A significant feature for these curves is that deprotection saturates below completion, or the reaction
nearly stops. Using the kinetics model described previously, the reaction rate constant and acid trapping loss constant for
various temperatures were determined as summarized in Table I and Figure 3. Both k; and & are larger for MG-1 than
P(HOSt-co-tBA) at equal PEB temperatures. This could be due to the lower glass transition temperature (T,) for MG-1
(Tg=115 °C) than P(HOSt-co-tBA) (T, = 150 °C). Another possibility is based upon the resist chemistry which favors
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hydrogen bonding between the photoacid and the polar group in the resist. The photoacid is a strong hydrogen-bond
donor, while the phenol on PHOSt and/or the carbonyl are hydrogen bond acceptors. In MG-1 the C=0 is mostly
shielded by the protection groups and not easily accessible and do not participate in hydrogen bonding as determined by
FTIR. However, the hydroxyls in the P(HOSt-co-tBA) copolymer are accessible. The interaction with these polar
groups can slow down the diffusion of photoacid" and its reaction rate which is dictated by acid diffusion'*'” in these

diffusion-controlled systems.

The average acid lifetime is the reciprocal the acid loss constant k; and reflects how long the acid actively catalyzes the
reaction. Table I shows that the photoacid has shorter lifetime in MG-1 than in P(HOSt-co-tBA) at a given PEB
temperature. It is not quite clear how the acid is lost or trapped in these resist but it could be related due to binding within
the cup-like structure, or ordering (crystallization) of the deprotected MG-1 forming a dense packing due to loss of large
bulky protecting groups that prevents acid transport.
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Figure 2. Average deprotection level change in single layers with PEB time and temperature (a) P(HOSt-co-tBA) with 2
% PAG loading; (b) MG-1with 1 % PAG loading. Error (one standard deviation) for deprotection quantification is
around 0.01~0.02. The solid lines are the fitted curves from the kinetics model.
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Table I. Reaction parameters for P(HOSt-co-tBA) and MG-1at various PEB temperatures.

P(HOSt-co-tBA) Molecular glass (MG-1)

(y=0.02; p =1.2g/cm’; Hy =0.0257 nm™) (¥=0.01; p =1.2g/cm’; Hy =0.0129 nm™)

PEB[°C] | ke (nm’s") | & (s') /acid lifetime (s) PEB[°C] | ke (nm’s") | k. (s7) /acid lifetime (s)
60 0.016 0.00094 / 1064 65 0.14 0.0022 / 454
70 0.058 0.0017 / 588 70 0.36 0.0036 /278
80 0.24 0.0052 /192 75 0.74 0.0084 /119
90 0.78 0.014/71 85 3.1 0.023 / 43
100 2.6 0.043 /23

PAG loading and the initial acid concentration can be converted from formula [PAG], =H,=yp N,/ M ,,;

v is the mass fraction of PAG in resist film; p is the mass density of polymer resists; Mpag is the molecular mass of PAG

Na is Avogadro’s constant.

The reaction rate and acid loss constants increase with PEB temperature for both P(HOSt-co-tBA) and MG-1. The
temperature dependence can be described by an Arrhenius equation Ink, = 4 — E, /RT to determine the activation

energy £, (Table II) and prefactor (4) . The activation energy and prefactor for MG-1 are slightly larger than the
P(HOSt-co-tBA). Since the activation energy reflects the sensitivity of a resist to temperature change. The higher a
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resist’s activation energy is, the more sensitive the resist can be to PEB temperature and less stable to temperature
variation. The difference in activation energy between two photoresists could be also related to their glass transition
temperatures. The closer to T, the barriers to diffusion are reduced as the polymer matrix gains increased cooperative
mobility of a few chain segments. Therefore, from the single layer measurements we understand architecture leads to a
quantitative difference in activation energy and photoacid lifetime. The data are of excellent quality to permit such a
comparison. However, a better comparison may be made between PBOCSt and MG-1 where the protection chemistry is
the same. The prefactor and the activation energy for the reaction rate constants for PBOCSt were measured by FTIR
with stochastic simulation modeling'® are also shown in Table II. It can be seen that molecular glass resist still has larger
activation energy and prefactor than polymeric resist PBOCSt.
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Figure 3. Reaction rate constants (a) and photoacid loss constant (b) for P(HOSt-co-tBA) and MG-1at various PEB
temperature. The solid lines are fitted curves from Arrhenius model.

Table II. Activation energy of deprotection reaction of photoacid in P(HOST-CO-TBA) and MG-1.

Reaction rate constant Photoacid loss constant (s)

A E, (kJ/mol) A E, (kJ/mol)

P(HOSt-co-tBA)* 43.9+0.3 133.4+1.1 29.1+£2.6 124.5+3.7

MG-1* 51.6+0.5 150.1+1.4 34.842.4 115.0+£7.2
PBOCSt '° (Houle et. al.) 41.8 119.8

* Uncertainties are shown one standard deviation from the mean of three measurements

3.2 Photoacid diffusion constant

The diffusion coefficients are determined by simultaneously fitting the FTIR reaction kinetics data to both single layer
and bilayer systems. The three kinetics parameters: kp, k7, and Dy, are extracted in the same fit as shown in the example
of Figure 4. It can be seen that the model fit both the single layer and bilayer films well, indicating both systems can be
described by the model and are governed by the same kinetics. Here we use the absolute reaction extent instead of the
deprotection level. The absolute reaction extent is the deprotection scaled to the acid feeding layer and therefore could be
larger than 1.0 for a bilayer film sample. Since the absolute reaction extent is always larger than the corresponding single
layer it provides a direct comparison regarding the magnitude of the diffusion coefficient. The results of reaction-
diffusion kinetics parameters in P(HOSt-co-tBA) at 90 °C PEB are listed in Table 3 for three different samples.

We demonstrate that the PDMS stamping approach is reproducible and the experimental parameters are independent of

the stack thickness and initial PAG concentration by comparing 2 % to 5 % TPS-PFBS. This is demonstrated by the
small variation in reaction constants and photoacid diffusion constant in Table III.
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Figure 4. Absolute reaction extent vs. PEB time for single layer and bilayer in P(HOSt-co-tBA) film samples at

temperature 90 °C (a) and in MG-1 film samples at temperature 70 °C (b). The initial PAG loading for top layer of the
bilayer and the single layer are 2 % and 5 % by mass for (a) and (b), respectively. Exposure dose is ~ 150 mJ/cm®. The
solid lines are fitted curves with kinetics model.

Table III. Reaction rate constants, trapping constants and diffusion coefficients for in P(HOSt-co-tBA)'

Top/Bottom
layer (nm) kp (nm’s™) kr (s7) Dy (nm?/s)
Thin film; 2% PAG 64.8/89.1 0.48 0.0267 4.5
Thick film; 2% PAG 69.0/211.2 0.47 0.0279 4.1
Thick film; 5% PAG 71.1/2223 0.58 0.0304 39
Average’ 0.51 +0.06 0.028+0.002 42+0.3

'PEB temperature of 90 °C. The single layer film is also prepared through PDMS film transfer technique.
Zaverage of three values with uncertainty given as one standard deviation.

B MG-1
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Figure 5. The natural logarithm of measured photoacid diffusion coefficients for MG and P(HOSt-co-tBA) versus
inverse PEB temperature. The solid lines are fitted lines with Arrhenius equation.

Compared with the results obtained in single layer film (Table I) and bilayer film (Table III) at the same PEB condition

for same photoresist, the reaction rate constants kp are very close showing agreement between two methods, while the
discrepancy in k; and k7 reflect only the difference in the modeling. The temperature dependence of the diffusion

Proc. of SPIE Vol. 6923 692317-7



coefficients measured for P(HOSt-co-tBA) and MG-1 are shown in Figure 5. The Arrhenius prefactor and activation
energy from the are listed in Table IV.

Same as figure 3, figure 5 shows MG-1 resist has larger diffusion coefficient than P(HOSt-co-tBA) at the same PEB
temperature. This is obviously due to the same mechanism described above. In addition, Table IV also shows that MG-1
has larger prefactor and activation energy than polymeric resist PBOCSt within experimental error, a similar phenomena
as we have seen in reaction rate constants if the difference in the kinetics modeling between the author and the literature
is not a factor.

The FTIR approach in this study provides a simple but indirect methodology to measure photoacid diffusion coefficients.
A more direct method is through the interface reaction front measurement with neutron reflectivity'’. Our previous
study'® with P(HOSt-co-tBA) has shown that the photoacid diffusion constant is ~ 1.3 nm*/s at 90 °C PEB, which is in
good agreement with these measurements under similar experimental conditions 4.2 nm?/s. The discrepancy most likely
is due to the difference in acid feeder layer diffusion media.

Table IV. Activation energy of photoacid diffusion coefficients of PFBS in P(HOSt-co-tBA) and MG-1.

Prefactor Activation energy (kJ/mol)
P(HOSt-co-tBA) 44+ 8 127 £ 25
MG-1 59 £8 165 +£23
PBOCSt'® (Houle et al..) 51.3 152.6

3.3 Diffusion length and deprotection gradient

The photoacid diffusion length is a crucial parameter in order to determine resolution limits with chemically amplified
photoresists. The model bilayer technique prepared with the PDMS stamping methods provides a means to determine
the optimum diffusion length corresponding to an initial sharp aerial image. This length can be obtained by subtracting
the bottom layer film thickness after PEB and development from its original thickness measured with ellipsometry. On
the other hand, this diffusion length can also be easily calculated from the kinetics model and the fitted kinetics
parameters in which the diffusion length corresponds to the distance from the initial sharp interface of a bilayer to the
intersection between the solubility switch and the deprotection profile as shown in Figure 6a. By comparing the
calculated and the measured diffusion length, we can validate the kinetics model and the parameters. In addition, we can
also calculate the deprotection gradient at the solubility switch, which correlated with LER'". The measured and
predicted diffusion length and calculated deprotection gradient are all listed in Table V for MG-1 and P(HOSt-co-tBA) at

several PEB temperature.
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Figure 6. (a) Calculated deprotection profile for P(HOSt-co-tBA) at 90 °C PEB temperature for various PEB time. PAG
loading in acid feeding layer is 5% by mass fraction. (b) Calculated deprotection profile for P(HOSt-co-tBA) and MG-1
at 80 °C PEB temperature for 30 min PEB time. PAG loading and dose condition are same as (a) for both resists.
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First it can be seen that the measured and calculated diffusion length agree very well with a fitted solubility switch. This
shows strong evidence for the applicability of the kinetics model and parameters. For these model conditions of 30 min
PEB time, there appears to be a weak dependence on PEB temperature for the diffusion length and deprotection gradient
at same PAG loading. Under these conditions even though the initial PAG gradient is sharp the reaction does not
proceed to completely deprotect both layers. The reaction becomes pinned such that the reaction front™*” essentially
stops propagating due to the afore-mentioned trapping effect. Short PEB times would show strong temperature
dependence. The PFBS has a significantly smaller diffusion length in the molecular glass than polymer resist matrix.
Simultaneously, the deprotection gradient at the solubility switch is larger for the molecular glass at the same PEB
temperature. The large difference in diffusion length is attributed to the higher solubility switch for molecular glass
which intercepts the deprotection profile at a shorter distance, when compared to the P(HOSt-co-tBA) (see Figure 6b).
Another reason is that the MG-1 has a larger photoacid trapping effect which results in a shorter acid lifetime even
though the diffusion coefficient and reaction rate constant are also larger. Therefore it is a combination of reaction-
kinetic parameters and position of the solubility switch that determines the relevant acid diffusion length. A conversion
of the diffusion constant to a diffusion length using 1= (6*D*t)" differs from the diffusion length defined as the
change in thickness after development of the bilayer. Here we have seen that the diffusion length is not a simple
function of diffusion coefficient as we usually thought.

Table V. Diffusion length and deprotection gradient for MG-1 and P(HOSt-co-tBA)

P(HOSt-co-tBA) Molecular glass (MG-1)
Diffusion length Deprotection | PEB Diffusion length Deprotection
PEB'? | (measured / predicted) gradient’ [°C] (measured / predicted) gradient ’
() (nm) (nm’) (nm) (nm’)
80 42 /38 0.005 60 4/5 0.022
90 48 /45 0.005 70 6/7 0.013
100 29) /(31 0.004 80 8/7 0.016

'The PAG loading is 5% PAG (or 2% in parenthesis) in acid feeder layer.
? PEB time is ~ 30 min
3 The solubility switch is fitted to be 0.22 for polymer resist and 0.42 for MG

3.4 Simulation and Comparison of latent image

To demonstrate validity of the kinetics model parameters obtained with this methodology to a real system, a simulation
is conducted and compared with AFM latent image of EUV exposed isolated line before development *' (figure 7a).

Protection level

-400 -200 0 200 400

(a) (b) (c) Position (nm)

Figure 7. (a) AFM latent image of EUV P(HOSt-co-tBA) resist pattern (100 nm isolated line); Apparent dose is 8
mJ/cm’ (b) aerial image intensity profile of 100 nm line; (c) Comparison of calculated/model (solid lines) and
measured/data (dots) protection profile. The film thickness shrinkage ratio used in protection level conversion from AFM
topography data is measured to be 0.243 for 100% deprotection level. An apparent Dill parameter of 0.212 is fitted from
four isolated line patterns with four different doses.
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Since the film thickness shrinkage induced by outgassing is generally proportional to local deprotection level, the cross-
section of latent image can be converted to deprotection profile and compared with the simulated deprotection profile.
The intial photoacid distribution used in the modeling can be calculated from Dill’s equation with the EUV aerial image
profile (Figure 7b) obtained and a fitted Dill’s parameter. By applying the intial photoacid distribution and the measured
kinetics parameters for the same PEB conditions into equation (1) — (3), we can calculate expected protection profile
across the 100 nm isolated line. The result is shown in Figure 7c together with the protection profile converted from

AFM latent image (measured/data) with simulated protection profile . The agreement between measured and simulated
(calculated) latent image is excellent, suggesting that kinetic model parameters extracted using this methodology can
represent a real system and would be useful in photoresist design, processing condition optimization and optical
proximity correction.

4. CONCLUSIONS

A quantitative comparison was made between model EUV molecular glass and a polymeric photoresists. It is found that
three parameters charactering the reaction-diffusion kinetics of photoacid in photoresists: reaction rate constant,
trapping/loss constant and the diffusion constant are all significantly larger in the molecular glass at equal PEB
temperature and their sensitivity to PEB is also higher. This has been attributed to the lower glass transition temperature
and/or the weaker interaction of photoacid with the resist molecules of MG-1 than in P(HOSt-co-tBA).

A methodology to accurately determine acid diffusion coefficients has been proposed and the predicted diffusion length
agrees with the measured ones. This methodology is based on a specially prepared model bilayer film with PDMS
stamping technique, which not only generates same diffusion media with sharp initial acid distribution, but also is
applicable to the situation with base quencher and extendable to any other chemically amplified resist system. In
addition, we have also demonstrated that the EUV latent image can be simulated with the measured kinetics parameters.
This could be very useful for future resist design, processing condition optimization and optical proximity correction.
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