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Abstract

We demonstrate a method using photoactivation localization microscopy (PALM) in a
soft-material system, with a rhodamine-lactam dye that is activated both by ultraviolet
light and protonation, to reveal the nanoscale photoacid distribution in a model
photoresist. Chemically amplified resists are the principal lithographic materials used in
the semiconductor industry. The photoacid distribution generated upon exposure and its
subsequent evolution during post-exposure bake is a major limiting factor in determining
the resolution and lithographic quality of the final, developed resist image. Our PALM
data sets resolve the acid distribution in a latent image with sub-diffraction limit
accuracy. Our overall accuracy is currently limited by residual mechanical drift.
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Single-molecule fluorescence imaging® has proven an incredibly powerful
technique in the world of biology, with numerous advances arising as a result of the
dramatically improved resolution that it offers. However, it has seen only limited
application to materials science problems.>* Here we use a novel, dual switching-
mechanism dye combined with an image inversion process, and a maximum-likelihood-
based image reconstruction technique as a quantitative means of probing the distribution
of protons in a thin (~ 100 nm thick), lithographically-patterned polymer film. Our
method permits the use of a low sampling-density of fluorophores and is generally
applicable to those classes of materials possessing well-defined morphologies and
enables information to be extracted while using minimally-perturbative dye loadings.

The lithographically patterned polymer film employed in this work is a model
system that mimics the types of photoresists used in integrated circuit manufacturing.
Today’s production photoresists use chemical amplification (CA),>® whereby each
activated photoacid generator (PAG) molecule’ catalyzes the removal of multiple
protecting groups from the photoresist polymer backbone (Figure 1). A single photon is
therefore responsible for rendering a significant volume of the resist soluble in the
developer, dramatically increasing the resist’s photospeed and enabling the use of lower-
brightness, short-wavelength sources.® Because of the reaction-diffusion nature of the
catalytic process, however, an improvement in the sensitivity (S) comes at the expense of
resolution (R) and line edge roughness (LER, L). The struggle to optimize all three



parameters simultaneously is known as the RLS tradeoff, and has required a considerable
amount of effort, devoted to understanding each step of the exposure and development
process, 9i)n order to satisfy both the demand for both higher throughput and smaller
features.

n n
<J< BN ele
OH OYO A OH OH

Oj<
Figure 1. Photoacid-catalyzed deprotection reaction in prototypical chemically amplified resist material.

The lithographic process consists of four steps: (1) optical image formation, (2)
interaction of the incident radiation with the PAG to create photoacid, (3) acid diffusion
and deprotection of the resist polymer during a post exposure bake (PEB) of the resist to
create a latent image, and (4) development of the latent image to produce the final resist
features. The acid distribution is degraded relative to the optical image by a number of
processes, including scattering of the incident radiation in the resist film, and diffusion of
the released acid during the PEB. This degradation is captured by a single parameter, the
so-called acid blur, which quantifies the standard deviation of the acid distribution
(typically < 100 nm). The optical image incident on the resist can be measured and
calculated precisely,’* ! the extent of the deprotection reaction can be determined via
coherent anti-Stokes Raman spectroscopy,*? scanning transmission x-ray microscopy,
near-field infrared microscopy** and infrared absorbance *>*® and x-ray or neutron
scattering *"*® from samples with large-area, flat interfaces,'® and the developed resist
image can be measured in detail directly by scanning electron microscopy (SEM)? and
atomic force microscopy (AFM).??? Although indirect techniques have been developed
to measure an effective resist point-spread function,? the direct measurement of the
photoacid distribution, and hence its influence on the resist blur, generated by the initial
exposure and increased by the PEB, has proven extremely difficult. Here we demonstrate
an approach using photoactivation localization microscopy (PALM) that reveals the
nanoscale acid distribution created by a lithographic exposure, and its evolution during
the PEB step.

This information can be used to provide insights into how the incoming radiation
interacts with the resist to produce the photoacid, how photoacid and base quencher
interact and how acid behaves in a realistic 3D geometry compared to the planar systems
predominantly used. In addition, it is desirable to know how the acid interacts with the
various components of a given resist formulation. Practically, this is most often
determined by examining developed images as a function of formulation, i.e. the resist
itself is used as the detector. However, in many cases, useful information could be
obtained by, for example, observing acid behavior in individual resist components that
cannot be developed. Our technique enables this type of measurement.



Fluorescence techniques have been used previously to quantify aspects of
photoacid behavior such as quantum yield 2* and catalytic chain length in lithographically
patterned thin films,? but with low degrees of spatial resolution.?® Conventional
fluorescence microscopy is diffraction limited (i.e. has a resolution limit on the order of
200 nm to 300 nm) and so is incapable of resolving the acid distribution at the relevant
length scales (< 100 nm). Super-resolution single-molecule fluorescence microscopy %’ is
a promising method for addressing this problem due to its high spatial resolution. In
some of these super-resolution methods,”**° a low-dose photoactivation pulse creates a
widely-spaced population of fluorescent molecules that are individually imaged and their
positions determined precisely by centroiding the diffraction-limited image of each one.
A super-resolution image is built up through multiple cycles of activation and imaging.

In the absence of a dye that becomes photoactive upon protonation, the use of an
acid-sensitive fluorophore alone will generate a conventional fluorescence image of the
exposed pattern. To achieve single-molecule, super-resolution imaging, we use a dye
that can be activated either by UV illumination or protonation.*** Exposure of the PAG
generates acid that protonates all of the dye present in the patterned regions. This
population is subsequently photobleached prior to PALM imaging of the remaining dye
molecules in the unexposed regions which gives the inverse image of the original
exposure (Figure 2).
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Figure 2. Experiment process flow. For each step we show a perspective view of sample (left), probability
distributions for key components (middle), and more detailed top-down schematic illustrating various states of



the fluorophore (right). (1) Radiation incident from the aerial image (in our case, electrons) generates initial
acid distribution in resist film. Protonation of unactivated fluorophores (black) renders them fluorescent
(orange). (2) Diffusion blurs the initial acid profile during the post exposure bake resulting in protonation and
activation of fluorophores outside the initial exposure areas. (3) Proton-activated fluorophores bleached from
extended exposure to 532 nm light. (4) PALM data set collected by repeated cycles of 355 nm photoactivation
followed by 532 nm fluorescence imaging of sparsely spaced fluorophores. Statistical analysis of data sets
reveals acid distribution.

Current lithographic exposures generate sub-100 nm features with LER of < 10
nm. In order to image an arbitrary 2D structure using PALM to a resolution of 10 nm,
the largest average fluorophore spacing that can be used according to the Nyquist
criterion,® is approximately half the desired resolution. This is equivalent to 40 000
fluorophores per square micrometer. Using such high concentrations is precluded
because the fluorophores will interact - either by aggregating or quenching one another *
— and also will perturb the behavior of the photoresist.*> We circumvent this
concentration limit by exposing a structured (non-arbitrary) pattern — a grating — that
allows for integration of the data over one of the dimensions. Because of this condition,
we can obtain nanoscale acid distribution information even when we employ a
fluorophore concentration that is orders of magnitude below that required by the Nyquist
limit for an arbitrary pattern.
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Figure 3. Rhodamine dye, PAG, and host polymer structures.

We use a model resist film 100 nm thick, spin-coated from a propylene glycol
methyl ether acetate solution consisting of PMMA (0.04 mass fraction, 4 wt%) and a
nonionic PAG 2 (0.01 mass fraction), which releases photoacid upon electron-beam or
optical exposure below 260 nm (here we use electron-beam exposures). A bright,
photostable, hydrophobic, rhodamine-lactam fluorophore (1) (Figure 4, dex = 550 nm, Aem
=579 nm. See Figure 1 of Supporting Information (SI) for more details) is mixed into the
resist formulation at a number density of 28 pm™ before use.
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Figure 4. Activation of Rhodamine dye via protonation and UV excitatidn pathways.



The ratio of PAG to fluorophore in solution is 480:1 and the resulting number of
fluorophores observed in the patterned area totals between 7 000 and 13 000. In our
experiments a typical PALM cycle comprises a 30 ms to 40 ms 355 nm photoactivation
exposure (~ 0.14 W/cm? to 3.5 W/cm?), followed by an image acquisition sequence of 10
s under 532 nm light (=~ 353 W/cm?), of 100 frames of 100 milliseconds each. In each
cycle, an image of gold fiducial marks is collected using illumination from an 850 nm
light-emitting diode and is used to register subsequent images to one another. Each
fluorophore appears as a diffraction limited spot containing ~10 000 photons [see
Supporting Information for details], and is localized using the “Gaussian mask”
centroiding algorithm.® In a typical experiment we collect 60 cycles for a total number of
fluorophores ranging from 1 000 to 4 000 within the 400 pm? electron-beam patterned
area (see Sl for more details).

Quantitative information and qualitative pattern estimates can be extracted from
the data using a maximum likelihood estimator (MLE) that incorporates our prior
knowledge of the exposure geometry and fluorophore activation process. In effect, by
using a sparse set of data points, we can extract information with spatial resolution
significantly better than the inter-fluorophore spacing. The electron exposure profile is
an equal line-space pattern with adjustable line width d and fixed contrast c=0.72,*’
whereas the blur associated with the resulting acid profile is modeled by convolving the
pattern with a Gaussian function of width (standard deviation) c. This “blurred square-
wave” pattern g(x,y) represents the acid distribution at each position; the local density of
fluorophores f(x,y) that survive a subsequent bleach step is given by the exponential of
this function: f(x,y) = fo exp[-a g(x,y)] where a is a “saturation parameter” that
summarizes the efficiency of fluorophore activation by electron irradiation followed by
local photoacid generation and f, is a normalization constant. An overall rotation angle ¢
and pattern offset ox are also adjustable parameters. Collecting all parameters d, «, ¢, dX,
and o into a vector 0, we can denote the two-dimensional model function by f(x,y|0)
representing the acid distribution. For any measured data set consisting of N fluorophores
at locations (x;,yi) with i=1...N, we form a likelihood function for the PALM data:

N
L(®) = ) log f(x:,3:16)

The maximum likelihood estimate of the acid distribution parameters is given by
the value of 6 that maximizes L(6). Using this parameter estimation procedure, we can
estimate the acid distribution from the PALM data, and visualize it as in Figures 5 and 6,
which show the raw PALM data (a) and the resulting effective modulation transfer
function (b).

Results and Discussion
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Figure 5. a) Raw PALM data. Each point represents one localized fluorophore. Scale bar is 1 um.

b) Normalized power spectrum of PALM data from a developed sample containing fluorophore only. Upper
panel shows a histogram of PALM data along the pattern direction (integrated over y). Lower panel shows the
observed power spectrum of the PALM data, with very well-resolved peaks at the pattern period 2 pm™ = 1/(500
nm) and the first harmonic 4 pm™ = 1/(250 nm). The solid green line is the modulation transfer function (M TF)
of a diffraction-limited microscope with numerical aperture (NA=0.9) and peak emission wavelength (A=579 nm)
corresponding to our instrument.® For traditional imaging, there is no information content beyond 3.1 pm™ =
1/(320 nm). For PALM imaging, noise sources contribute a Gaussian low-pass filter on the power spectrum; an
example is shown in the figure for 50 nm noise. As in traditional imaging,* the ultimate resolution is determined
by the noise level set here by the number N of observed fluorophores.

The developed features imaged in Figure 5 consist effectively of sharp-edged top-
hat functions and therefore contain very high spatial frequencies. As such, they act as a
resolution test structure. Using these, we note from repeated experiments, at the signal-
to-noise levels currently attainable, that spatial frequencies of 5 um™ and above are
attenuated beyond resolution. We attribute this result to noise at the level of 50 nm,
which will attenuate those spatial frequencies by at least 70 %. The dashed curve in
Figure 5 shows the attenuation factor as a function of spatial frequency that would result
from a 50 nm standard deviation Gaussian noise on each fluorophore location. Possible
sources of this noise include: imperfect drift/focus correction, incomplete rejection of
signals from overlapping fluorophores,*® and molecular tilt and defocus of fluorophores.**
These can all be mitigated by improved system design** and data analysis.****

Acid distributions in undeveloped samples are inferred from the observed
fluorophore distributions (which correspond to the inverse of the acid distribution) using
the MLE described above.

Acid diffusion during the PEB step was determined by heating wafers containing
line and space patterns with a period of 500 nm (2 um™) to 90 °C for varying lengths of
time. This temperature was chosen to keep the polymer below the glass transition of the
matrix (Bulk T4 105 °C), consistent with standard procedures employed in the
semiconductor industry. We observe that the best-fit (maximum likelihood) profiles
show decreasing contrast and increasing edge slopes with longer bake times. We believe
this to be caused by the movement of acid in the film, as would be expected (Figure 6).
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Figure 6. a) Raw PALM data. Each point represents one localized fluorophore. Scale bar is 1 um. b) PALM
acid distribution data from an undeveloped sample. Upper panel shows a histogram of PALM data along the
pattern direction (integrated over y). Lower panel shows the observed power spectrum of the PALM data, with
very well-resolved peaks at the pattern period 2 pm™ = 1/(500 nm) and the first harmonic 4 pm™ = 1/(250 nm).
The inset shows best-fit profiles from multiple samples with no processing (blue) and samples subjected to post-
exposure bake at 90 °C for 3 s (red) and 10 s (black). Each curve represents the fit for an individual sample.

Conclusion

Our results show that single-molecule, super-resolution microscopy with an acid-
sensitive, photo-activatable dye, can be used to reveal the nanoscale distribution of
photoacid in chemically-amplified resist materials. Our current instrument is limited by
noise sources to approximately 50 nm, but there is no fundamental reason that the
resolution cannot be improved to the 20 nm level or beyond.*> The combination of a
lithographically defined pattern and maximum-likelihood analysis allows us to extract
information and estimate profiles at very low fluorophore loadings. This new technique
completes the suite of tools needed for a complete understanding of the lithographic
process, and will permit improved optimization of resist materials for advanced
patterning. Modification of the rhodamine-based dye to red-shift the photoactivation
wavelength away from the absorbance of arylsulfonium and aryliodonium salts would
allow this method to be used on production 248 nm or 193 nm photoresists and allow for
comparison with subsequently developed resist features. The method introduced here
may also have applications in imaging acid and ion distributions in other nanoscale
functional materials, such as lithium-ion batteries, proton exchange membranes, and
block copolymers. Finally, we note that, in contrast to the biological domain, in many
materials systems it is possible to generate structured samples with a defined basis: this
enables the use of sparse sampling methods to extract relevant parameters at very low
fluorophore loadings, or with small numbers of points in a given time period. This latter
feature will be useful for dynamic studies.
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Experimental

Resist Formulation Resist for development was formulated using 40 mg of 350 000
MW poly(methylmethacrylate) (PMMA) dissolved into 960 mg of propylene glycol
monomethyl ether acetate (PGMEA). 15 pL of rhodamine dye solution (3 mmol/L in
PGMEA) was added to the above solution, which was then stirred to ensure proper
mixing.

Resist samples for imaging without development were formulated using 40 mg of 350
000 MW PMMA, 10 mg of N-hydroxy-5-norbornene-2,3-dicarboximide perfluoro-1-
butanesulfonate, and 950 mg of PGMEA, to which 15 pL of rhodamine dye solution (3
mmol/L in PGMEA) was added.

Spin Coating and Exposure The solutions were spin-coated at 400 rad s™ (4 000 rpm)
for 60 s and then subjected to a post-apply bake for 60 s at 95 °C. The final film thickness
was ~ 100 nm as measured by profilometry. The undeveloped resist was patterned by
electron-beam exposure (500 pC/ecm? to 700 pC/ecm? dose at 100 kV) and used without
further processing. The developed sample was patterned using electron-beam exposure
(500 uC/cm? dose at 100 kV) and developed by immersion using a mixture of methyl
isobutyl ketone and isopropanol (with volume fractions of 0.17 and 0.83, respectively)
for 180 s. See Supporting Information for a cross-section image of developed features.

PALM Microscopy The wafer was then placed into a metrology microscope outfitted
for epifluorescence microscopy and illuminated using a 532 nm diode-pumped solid state
(DPSS) continuous wave laser for 45 min (this was the time needed to bleach the initial
population of active fluorophores to an intensity level near the background). Exposure
cycles during the experiment consisted of 355 nm illumination for 60 ms through a
neutral density filter (= 0.14 W/cm?) followed by 532 nm illumination for 10 s (= 353
W/cm?) . During 532 nm illumination, images were collected using a 100X 0.9NA
objective and a back illuminated electron-multiplying charge couple device (EMCCD)
camera (cooled to -80 °C, 300 X electron multiplication) in 100 ms frames. This process
was controlled by a pulse generator (triggering shutter controllers for laser switching) and
an arbitrary function generator (for camera frame capture trigger). In all experiments, 60
cycles were collected (6000 frames).



Data Analysis Data was analyzed using a custom code to combine all frames from each
cycle, reject overlapping fluorophores and to plot fluorophore positions. A separate code
was then used to fit the line-and-space pattern to each data set. Further details can be
found in the Supporting Information.
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