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Optical lithography is the most prevalent method of fabricating micro-and nano-
scale structures in the semiconductor industry due to the fact that patterning using
photons is fast, accurate and provides high throughput. However, the resolution
of this technique is inherently limited by the physical phenomenon of diffraction.
Absorbance-Modulation-Optical Lithography (AMOL), a recently developed tech-
nique has been successfully demonstrated to be able to circumvent this diffraction
limit. AMOL employs a dual-wavelength exposure system in conjunction with
spectrally selective reversible photo-transitions in thin films of photochromic mole-
cules to achieve patterning of features with sizes beyond the far-field diffraction
limit. We have developed a finite-element-method based full-electromagnetic-wave
solution model that simulates the photo-chemical processes that occur within the
thin film of the photochromic molecules under illumination by the exposure and
confining wavelengths in AMOL. This model allows us to understand how the
material characteristics influence the confinement to sub-diffraction dimensions,
of the transmitted point spread function (PSF) of the exposure wavelength inside
the recording medium. The model reported here provides the most comprehensive
analysis of the AMOL process to-date, and the results show that the most important
factors that govern the process, are the polarization of the two beams, the ratio of
the intensities of the two wavelengths, the relative absorption coefficients and the
concentration of the photochromic species, the thickness of the photochromic layer
and the quantum yields of the photoreactions at the two wavelengths. The aim of
this work is to elucidate the requirements of AMOL in successfully circumventing
the far-field diffraction limit. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4944489]

I. INTRODUCTION

In the micro- and nano-patterning industries the traditional methods of fabricating features
close to or below the diffraction limit which is classically defined as about a third of the expo-
sure wavelength,' are to employ extreme ultraviolet,” multiple exposure-and-etch mechanisms?
or self-aligned patterning techniques.* All of these techniques achieve their goal at the cost of
increased the processing time, expense and complexity.’ Recently the diffraction limit has been
broken in optical microscopy by techniques like stimulated-emission-depletion (STED) microscopy.’
photo-activated-localization microscopy (PALM)’ and stochastic-optical-reconstruction microscopy

4Email: rmenon @eng.utah.edu
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(STORM).® Primarily inspired by STED, our approach to photolithography, termed absorbance-
modulation-optical lithography (AMOL)®!° has been experimentally demonstrated!'~!® to possess
patterning capabilities beyond the diffraction limit.

Past theoretical studies on AMOL were aimed at analyzing the photochemical processes using a
kinetic model of the photochromic reaction.'* However the role of diffraction of the light upon passage
through the AML with complete solutions to Maxwell’s equations were ignored. Nevertheless, it
was a useful study on the effect of the material parameters on the confinement of the exposing beam
PSF. There was also a full-vector finite-element model solved under photostationary conditions to
analyze the effect of light polarization on the AMOL process.'> The paper did not study the effect of
changing the material parameters to influence the light absorbance within the AML.

Thus, in order to fully understand the effect of material characteristics in conjunction with the
electromagnetic effects within the AML, we have resorted to a full-vector finite-element model that
incorporates all the different parameters of interest in AMOL. These include the effects of light
polarization and incident illumination patterns, the ratio of intensities of the confining and exposing
beams, the thickness of the AML, the concentration of the photochromic species, the photoreaction
quantum yields of the two states of the photochromes and their relative absorbances at the two
wavelengths. Hence the model described here presents the most comprehensive picture to date, of
the lithographic process in AMOL and its governing factors.

Il. MODELING AND SIMULATION

The photochromic compounds used in AMOL that comprise the AML, switch between a form
(closed form) that is transparent to an exposure wavelength (A;) and one (open form) that is opaque
to it by exposure to a second wavelength (), as shown in Fig. 1(a). A lithographic exposure in
AMOL is described using the geometry illustrated in Fig. 1(a). Typically the substrate is a silicon
wafer on top of which a thin layer of photoresist is spun. The photoresist is the recording medium of
the latent image of A; (exposing beam). The AML is spun on top of this photoresist layer. Following
sample preparation, two standing waves of A; and A, (confining beam) are incident on the sample
such that the peaks of A; are collocated with the nodes of A,. Under this illumination scheme, the
competing action of the two beams converts the AML into the opaque state everywhere except
at the node of the A, beam and allows spatially confined photons of A; to penetrate through this
aperture and expose the photoresist layer. This two-dimensional geometry is consistent with our
experiments.'3 In order to model and solve the photochemical reactions and the light-material inter-
actions in this geometry, the finite-element method (FEM) (provided by commercial FEM software
COMSOL, interfaced with MATLAB) was chosen due to its ability to effectively handle dispersive
media and material-based inhomogeneities, and solve Maxwell’s equations based on user defined
material properties.

In modelling the photochemical reactions that occur within the AML, the following general
hypotheses!! are considered that have been separately verified in the past by experiments. The

(a) A A, (b)

absorbance A
modulation ‘ — @
layer (AML) A,
opaque transparent
/ (open form) (closed form)
photoresist
substrate (Si)

FIG. 1. (a) Schematic of AMOL showing simultaneous illumination of the AML by standing waves of A, at 647 nm and A, at
325 nm to render the AML opaque to only the regions under the A, peaks. This system in conjunction with the photochemical
interconversion of the two species shown above allows the photoresist to be exposed by only A; photons that are restricted to
dimensions below the diffraction limit. (b) UV-Vis spectrophotometry data showing the absorbance of the two forms (open
and closed) at different wavelengths.
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conversion from the open form of the photochrome (denoted by O) to the closed form (denoted
by C) and the reverse reaction are only light driven upon the absorbance of wavelengths A; and
2 respectively. Both states exhibit thermal stability as verified by previous experiments.!!~!3 The
absorbance data for these photochromes is shown in Ref. 16. In general, this conversion reaction
follows first-order kinetics and the conversion rate of either species within the AML is dependent
on the instantaneous molar concentration of the species (denoted [O] or [C]), the intensity of the
wavelength (/; for A, and I, for ),), the molar absorptivity at the specific wavelengths (g;;, e.g.
denoted by &, for open form at ;) and the quantum yield of the photochemical reactions (¢;;, €.g.
denoted by ¢oc for conversion from open to closed form). Thus, assuming the two states are in
dynamic equilibrium and following the approach adopted in previous work, "' the rate equation for
the photo-transition reaction is expressed as —% = [OlLe0poc — [Clhexcpco — [Clhieiceco.
From the conservation of mass, we have [O] + [C] = [O]o, where [O]p is the initial concentration
under the assumption that the initiala [sotz]ne is composed only of the open form. Solving this equation

for the photostationary state where == = 0, the following expressions can be derived:

[C] 1
—_— =X =
Ol "¢ 1+ bL/Lexc/e100colvoc + €ic/e10¢colpoc

where x¢ is the mole fraction for the closed form. The mole fraction of the open form is thus
xo = (1 = x¢). It can be clearly seen that the material parameters that influence how much of the
two photochromic species undergo conversion are not only the intensity ratio (/»/1;), but also the ra-
tio of the molar absorptivity (exc/€10 and €1¢c/€10) and the ratio of the quantum yields of the
photochemical reactions (¢co/¢oc). The overall absorbance (« ;) at each wavelength can now be
derived from the absorbance of the individual species (@ ;0 and @ ;c) as @) = @1pXo + ®1cXc
and @y = axpxp + axcxc. This translates to the imaginary part of the refractive index for the
AML for A\ as k| = a14,/4n and for A, as k; = aA,/4n . Additionally, the intensity of light for
either wavelength inside the photochromic layer is given by Beer Lambert’s law of the general
form log % = &cl, where ¢ and [ are concentration and depth respectively. The different parameters
corresponding to the AML are presented in Ref. 16.

ey

lll. RESULTS

A representative solution of the model constructed in COMSOL is shown in Fig. 2(a) with
100 nm thick AML and 60 nm thick photoresist and an intensity ratio of 2000. The full vector
solutions of Maxwell’s equations inside the AML reveals the exact light pattern, while the AMOL
governing equations show the distribution of the photochromic species inside the depth of the AML.
This knowledge cannot be acquired by scalar modelling considering only the intensity distribution
on the top of the AML.'* In order to explore the effect of light polarization and the incident illumi-
nation pattern on AMOL aperture formation, the polarization for A; is varied between TE and TM.
For A, the polarization is kept fixed as TE for the highest contrast standing wave formation. The
period for the A, standing wave is taken as 325 nm, consistent with previous experiments.'!

For Ay, four types of spatial patterns are considered to demonstrate the effect of spatial arrange-
ment of the two beams in AMOL: uniform illumination, standing waves with periods twice, equal
to and half that of the ), standing wave. Figs. 2(b) and 2(c) show the confinement achieved for the
M PSF for these different illumination schemes and for different A; polarizations. Exact variations
of the A; PSF with the intensity ratio for both polarizations is shown in Ref. 16. Good confinement
can only be achieved with TM polarized writing beam, consistent with what has been previously
reported.'> Varying the period of A, does not affect the final Full-width-half-maximum (FWHM) for
either polarization to a great extent for TM polarization. The model shows that the system is able
to resolve isolated features down to ~ 20 nm separated by the period of A, standing wave. However
multiple exposures can increase pattern resolution. A detailed discussion is presented in Ref. 16.

Although Fig. 2 indicates that the final FWHM value of the transmitted PSF of the exposing
beam (A;) is independent of the spatial pattern of the incident beams, the FEM model reveals that
for A period being half that of A,, suppressed peaks are formed (Fig. 3(a)) wherever peaks of both
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@ A A, /I, = 2000
A, polar. -TM A polar. -TE

distribution of photochromic
species inside the AML

(transparent)

100
nm

A, intensity N

(opaque)

60 0 200
nm Position (nm)
-200 0
(b) Position (nm) (©)
4001 Uniform 180 A: TM polarization
A TE ., period = 650 nm | | :
= polarization A, period =325 nm | | _ 140 s Uniiform 1.,
E 300 e ), period = 163 nm | | & A, period = 650 nm
s 5100 A, period = 325 nm
§ § s ), period = 163 nm
= ™ 60
100- 20
0 2000 4000 6000 8000 0 2000 4000 6000 8000

FIG. 2. (a) Results of the FEM model showing the A; intensity and corresponding distribution of the photochromic species
inside the AML for an intensity ratio of 2000 and TM polarized L;. (b)-(c) FWHM of transmitted PSFs of the A; v/s different
intensity ratios for TE and TM polarizations.

beams coincide. This was previously observed experimentally'! and this is the first time it is being
demonstrated with theoretical modelling. Three-dimensional PSFs that are of importance when
patterning aperiodic two dimensional structures are provided in Ref. 16.

Uniform illumination seems to provide the sharpest PSF at the loss of some contrast (Fig. 3(d)).
Hence it can be seen that the most important factor that governs the lithographic process in AMOL
and allows for sub-diffraction confinement of the exposing beam is the ratio of the intensities i.e.
L/ 1,, predicting a FWHM linewidth of about 20-30 nm for an intensity ratio of about 6000. This is
the most critical governing factor in AMOL and is similar to the scaling trend in STED microscopy.
Unlike conventional photolithography, where the feature sizes scale with absolute intensity of the
exposing beam, in AMOL the scaling occurs with respect to the intensity ratio. This introduces
the nonlinearity effect required to successfully carry out double exposures without in between etch
steps.

Since the absorption of A, ideally at all locations other than the exact vicinity of the optical
node at A, is critical to improving the contrast of the lithographic procedure, clearly the concentra-
tion of the open form and hence the film thickness of the AML is expected to play an important
role. A plot of the thickness of the AML versus the FWHM of the transmitted dose, for two intensity
ratios 1000 and 4000 is shown in Fig. 4(a). Contrary to previous work using scalar theory'* the
FEM results reveal that the PSF FWHM does not monotonically decrease with increasing thickness
but instead decreases till a certain thickness value before increasing again. The reason for this may
be due to the fact that past a certain thickness even though the aperture in the AML shrinks to a
FWHM of a few nanometers, there is not enough difference in the imaginary part of the refractive
index between the open and closed forms for the light to shrink down further as shown in Fig. 4(c).
Past this point the light behaves as if simply propagating through an effective medium and actually
spreads out with an accompanied loss in contrast. Exact PSF scaling as shown in Ref. 16 also shows
that the suppressed peaks are also observed to become more prominent. Figures 4(b) shows the
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FIG. 3. (a)-(d) FEM solutions for different illumination schemes where the period A; standing wave is varied. Suppressed
peaks form where the peaks of both beams coincide. Contrast loss occurs for uniform A; illumination.

effect of increasing the concentration of the photochromes in the AML. Increased concentration
can achieve narrow PSFs at much lower AML thickness and intensity ratios. This work is currently
being pursued using evaporated thin films of the photochromes'® and photochromic polymers.

The third factor of interest are the two quantum yields of the photoreaction - from the open
to the closed form and vice versa, i.e. ¢oc and @co. It is indicated that good confinement can
be achieved with intensity ratio as small as 10 provided that ¢co/¢oc is high, as presented in
Fig. 5(a), for a fixed AML thickness of 100 nm. Exact PSF behavior as shown in Ref. 16. However
so far only the photochrome 1,2-bis(5,5” —dimethyl-2,2’-bithiophen-4-yl)perfluorocyclopent-1-ene
(otherwise referred to as BTE) of the diarylethene family has been used in successful experiments
and for that the pco of 8.8 x 107* is several orders of magnitude lower than the poc of 0.24.
Synthesis of other diarylethene based molecules with more closely matched quantum yields in the
future can yield better results in AMOL. Interestingly, at higher intensity ratios with higher values
of pco/voc, the FWHM actually first decreases sharply and then increases since the aperture
inside the AML approaches a negligible width and this appears simply as an effective medium to
M1 photons, as shown in Fig. 5(b) where the distribution of the photochromes inside the AML are
compared for intensity ratios of 10 and 100 and ¢pco/¢woc values of BTE and a hypothetical value
of 0.2.
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FIG. 4. (a) FWHM of A; PSF v/s AML thickness. Contrary to previous work!4 FWHM does not monotonically decrease
with increased AML thickness, rather reaches a minimum and then increases. (b) FWHM of A; PSF v/s concentration of
photochromes for an intensity ratio of 2000 and AML thickness of 50 nm. (c) FEM solutions showing the depth profile inside
the AML for the AMOL aperture and corresponding exposing beam intensity. Loss of light confinement occurs at depths
greater than 300 nm where the opacity difference becomes negligible.

The last parameter of interest, the molar absorptivity at the exposing wavelength shows the
same trend as that seen in the case of quantum yield, contrary to previous work.'* Basically increas-
ing €1¢/€10 (the ratio of absorbances of the two species at the exposing beam) at first improves the
contrast before the aperture inside the AML becomes negligible small for the light to guide through.
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FIG. 5. (a) FWHM of A; PSF v/s ratio of quantum yields. Contrary to previous work!4 FWHM does not monotonically
decrease with increased quantum yield ratio for higher intensity ratios, rather reaches a minimum and then increases. (b) FEM
solutions showing the depth profile inside the AML for the AMOL aperture and corresponding exposing beam intensity.
(C) FWHM of 7»1 PSF V/S Slc/slo. (d) FWHM of 7\1 PSF V/S 52C/<910-

However the FWHM appears to monotonically decrease with increasing €,¢ /€10 though the effect
is far less pronounced since as equation (1) shows, the effect of this parameter is largely scaled by
the intensity ratio, the value of which has a more profound influence on the AMOL process.

IV. CONCLUSION

This is most comprehensive and explanatory modelling of the AMOL process that clearly
demonstrates the effect of the various parameters on the process. Increasing the intensity ratio of the
two beams allows for greater confinement of the PSF but the effect can also be achieved at lower
intensity ratios using photochromic material better suited to the process. The aim is to synthesize
such materials with better matched quantum yields for the photokinetics.
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