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Abstract

Inspired by the ability of super-resolved fluorescence microscopy to circumvent the diffraction barrier, two-
color super-resolution interference lithography exploits non-equilibrium kinetics in materials to achieve large area
nanopatterning while using visible light. Periodic patterns with super-resolved features down to tens of nanome-
ters have been demonstrated in thin films and monolayers. Extending these advances to the bulk nanopatterning
of thick films requires a quantitative understanding of the time-dependent interactions of optical dynamics, includ-
ing absorption, diffraction and intensity modulation at two wavelengths, with the photo-activated and inhibited
reaction kinetics. Here, we develop an efficient electromagnetic (EM) perturbation theory approach that facili-
tates for the first time fully-coupled simulations of EM and chemical kinetics in two-color interference lithography.
Applied to a spirothiopyran-functionalized photoresist system, these simulations show that diffraction and ab-
sorption effects are negligible (< 0.1%) for depths up to 10 µm, and that tuning exposure time and intensities can
lead to concentration contrasts up to 80%. We investigate multiple exposure strategies to reduce pitch of the line
pattern including sequential exposures with different times to achieve uniform lines, and multiplexed exposures
with equal periods. This capability to rapidly and accurately predict the coupled optical and chemical dynamics
facilitates computational design of high-precision patterns in two-color interference lithography.

Introduction

Additive manufacturing is increasingly making the tran-
sition from rapid prototyping to industrial adoption in
fields as diverse as aviation, construction, sportswear
and medical devices. In the specific case of photopoly-
merization based 3D printing, the first additive manu-
facturing method to be adopted by industry, this trend
is only projected to grow, fueled by recent advances in
high throughput fabrication on the order of cubic me-
ters of volume in a few hours.1,2

Separately, emergent nanotechnologies require the de-
velopment of lithography tools that can operate in 3 di-
mensions with high resolutions.3,4 Within the context
of direct writing with focused visible light, diffraction
is a key barrier that limits feature size. The diffraction
limit has been overcome in far field optical microscopy
using reversibly photoswitchable systems. 5 These prin-
ciples have in turn been applied to direct write lithogra-
phy.6–9 Such “super-resolution” lithography techniques
involve light-driven activation and inhibition, with the
spatial variation in the intensity ratio between the two
colors (activation and inhibition frequencies) leading to
crosslinked features below the diffraction limit. 10 Un-
fortunately, the high exposure doses needed in many of
these systems has meant that fabrication speed remains
a challenge.11 It is worth noting that apart from far-

field super-resolution lithography, near field techniques
such as surface plasmon interference lithography have
been developed for large area nanopatterning, albeit in
2D.12,13

Two color photoresists with inhibition intensity
thresholds that are several orders of magnitude
lower10,14 can be used in interference lithography con-
figurations that involve the exposure of a photosensitive
medium to two or more coherent beams of light. Inter-
ference lithography is inherently configured to support
large area coverage, albeit at the cost of being restricted
to periodic patterns.15–17 Feature sizes on the order of
tens of nanometers have been demonstrated while using
visible light in super resolution inspired interference
lithography configurations.18–20

The throughput benefits of interference lithography
are far greater when the patterns are not limited to a
single planar layer.21 This extension of super-resolution
interference lithography into the third dimension is non-
trivial due to the large number of process parameters
involved. The parameters that must be optimized in-
clude not just those that are directly related to the si-
multaneous interaction of the two colors of light with
the photoresist, but resist-developer interactions, and
the mechanical properties of the resultant structures,
including during the drying process. Decoupling these
processes to gain insight into the impact of individual
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process parameters is experimentally challenging. It is
unsurprising that the simulation of conventional (single-
color) interference lithography played an important role
in optimizing exposures and photoresist chemistry. 22–24

Corresponding advances in two-color lithography are
needed to establish a comprehensive understanding of
the coupled effects of optical dynamics including absorp-
tion, diffraction and intensity modulation at two wave-
lengths, along with the competitive photo-activated and
inhibited reaction kinetics within the resists. There is,
thus, a strong need for simulation tools that can quanti-
tatively predict the interactions between the optics and
chemistry in the super resolution interference writing
process.

Simulating super-resolution interference lithogra-
phy requires the coupled time evolution of spatially-
varying chemical concentration profiles Cα(r, t) of sev-
eral species and optical intensity profiles at two wave-
lengths: I1(r, t) for the activation and I2(r, t) for inhi-
bition, as shown in Figure 1. The goal is to evolve the
coupled kinetics and electromagnetic (EM) intensities
in time, given initial concentrations in the resist and a
configuration of laser sources. The intensities I1 and I2,
which depend on the chemical concentrations through-
out the simulation domain, must be obtained at each
point in the simulation domain by an EM simulation
for each time step. These intensities then determine the
rate of change of chemical concentrations that are in
turn determined by the chemical kinetics particular to
the photo-resist in consideration. Unfortunately, con-
ventional finite-difference time-domain or finite-element
methods for solving the EM equations are too computa-
tionally expensive to incorporate into every time step of
a kinetics simulation. This is particularly exacerbated
by the stiffness of the differential equations that govern
the chemical kinetics, necessitating small time steps
that amount to solving the EM wave equations ∼ 104

times in each simulation that we present below.
Here, we demonstrate the ability to efficiently capture

and investigate the coupled electromagnetic and reac-
tion kinetics in non-planar patterns of two color super-
resolution interference lithography. A key advance is the
first step, in which we develop and benchmark a pertur-
bative EM simulation technique that rapidly predicts
interference and intensity modulation due to the spa-
tially periodic variation in absorption in the resist. We
then incorporate the intensity from this EM approach
applied to two wavelengths in a self-consistent solution
of the time-dependent chemical kinetics in the resist.
We apply this technique over 2D simulation domains
to gain insight into the fabrication of sub-wavelength
lines using a spirothiopyran-based resist chemistry that
is designed for super-resolution interference lithogra-
phy.14,19,25 Specifically, we investigate the deleterious
effects of absorption and diffraction, the impact of vary-
ing intensity ratios and exposure times, the performance
of standing waves in both colors compared to stand-
ing wave in only the inhibition beam, and different ap-
proaches to writing lines with sub-diffraction spacing

using multiple exposures.

Methods

Chemical kinetics

For definiteness, we focus on a spirothiopyran function-
alized photoresist which was designed with the objec-
tive of enabling large-volume interference lithography
by virtue of its low threshold intensity for inhibition.
This reaction system is summarized in Fig. 1 with over-
all kinetics given by

ĊSP = CMC

(
κ+ (I1e

MC
1 + I2e

MC
2 )φr

)
− CSPI1e

SP
1 φf

ĊMC = −CMC

(
κ+ (I1e

MC
1 + I2e

MC
2 )φr

)
+ CSPI1e

SP
1 φf

− k3CMCCAtto

ĊMAP = k3CMCCAtto, (1)

where Cα(r, t) and Ċα(r, t) are the concentrations and
time derivatives of various species α = MC, SP, MAP
and Atto discussed below, I1,2(r, t) are the intensity pro-
files, eα1,2 are the extinction coefficients of each species
at each wavelength, and φr, φf , k3 and κ are rate con-
stants. Note that the intensities and concentrations
depend on space and time (omitted above for clarity),
while all other parameters are constants specific to the
photo-resist that have been experimentally measured
and tabulated in Ref. 19.

Briefly, this reaction system involves an activation
process (rate constant φf ) by UV light with wave-
length λ1 = 366 nm and intensity I1 which converts
spirothiopyran (SP) to its merocyanine isomer (MC).
The reverse reaction (rate constant φr) is predominantly
driven by the inhibiting green light with wavelength
λ2 = 532 nm and intensity I2, in addition to I1 and a
thermally-activated process with rate constant κ. The
MC isomer can react with maleimide moieties (Atto)
in the resist via an irreversible Thiol-Michael addition
reaction (rate constant k3) to form the final crosslinked
product (MAP). The goal in interference lithography
is then to control these reactions by spatially modulat-
ing I1 and I2 to achieve a specific concentration profile
CMAP of the final ‘written’ product. See Ref. 19 for
further details of the reaction kinetic model and their
parameter calibration.

Electromagnetic wave propagation

In order to determine Cα(r, t) by solving (1), we need
to solve the EM wave equations to find the instanta-
neous intensity profiles I1(r, t) and I2(r, t) at each time
step. To circumvent the aforementioned impractical-
ity of using conventional finite-difference time-domain
or finite-element methods for this task, we formu-
late a perturbative approach to calculate the inten-
sity modulation and diffraction effects, which is possi-
ble because the absorption due to the spatially vary-
ing concentration profiles is relatively small. Specif-
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Figure 1: Simultaneous illumination by an activating UV plane wave (I1) and an inhibiting green standing wave (I2)
drives reactions between spirothiopyran (SP), its reactive photoisomer merocyanine (MC), and maleimides (Atto),
to produce the final Michael addition product (MAP) in a sub-diffraction line pattern shown as dark grey vertical
bars. We perform chemical kinetics simulations of the line formation with the intensity diffraction pattern of both
light fields updated self-consistently at each time step of the simulation.

ically, the resist has a dielectric function ε1,2(r, t) =
εb(1 + iη1,2(r, t)) (at the two relevant wavelengths
λ1 and λ2). Here, εb ≈ 2.10 is the approximately
spatially-invariant dielectric constant of the solution
and η(r, t) =

∑
α Cα(r, t)eα1,2 ln(10)λ1,2/(2π

√
εb) is the

spatially-dependent loss tangent (written in terms of the
extinction coefficients of each species).

For each wavelength (λ1 and λ2), we need to solve
Maxwell’s equations in a charge-free and non-magnetic
medium

∇ · ε(r)
∂A

∂t
= 0

∇× (∇×A) = µ0j− µ0ε0ε(r)
∂2A

∂t2
(2)

where A is the vector potential and j is the current
density of the source. Note that while ε(r) changes in
time during the chemical kinetics evolution above (on
seconds - minutes time scales), it is constant at the elec-
tromagnetic oscillation time scale (femtoseconds). Fo-
cusing on the line geometry for this initial study, we
can work with a 2D domain spanning x (periodicity di-
rection) and y (depth into the film), with all quantities
invariant with z, which is the line direction as well as
the direction of the electric field and vector potential.
In this transverse electric (TE) polarization geometry
and using the Coulomb gauge, only Az(x, y) is non-zero,
which reduces Eq. (2) to

(∇2 + k2(1 + iη(r)))Az(r) = −µ0jz(r), (3)

where k = 2π
√
εb/λ is the magnitude of the wavevector

in the uniform medium (without dissipation).
The sources jz(r) and the concentration profile Cα(r)

are all periodic in x with period Lx for the standing

wave patterns utilized.1 We solve these equations with
periodic boundary conditions in x and non-reflective
boundary conditions in y (assuming an index-matched
substrate to avoid reflections) over a domain of dimen-
sions Lx×Ly. Using this periodicity, we can expand the
source current, loss tangent and vector potentials in a
Fourier series in x. The source current may be localized
to the boundary y = 0 as jz(r) = −J0δ(y)e2πn0ix/Lx ,
where n0 = 0 for a plane wave source and n0 = 1
for a standing wave source with the periodicity of the
desired line pattern. For the loss tangent and vector
potential, we expand η(r) =

∑
m ηm(y)e2πmix/Lx and

Az(r) =
∑
nAn(y)e2πnix/Lx . Substituting these expan-

sions, Eq. (3) reduces to a set of coupled 1D differential
equations indexed by n,(

∂2
y −

(
2πn

Lx

)2

+ k2(1 + iη0(y))

)
An(y)

+
∑
m 6=0

ik2ηm(y)An−m(y) = J0δ(y)δnn0
, (4)

where we have separated the x-averaged loss tangent
η0(y) which contributes to overall attenuation of the
lasers from the remaining Fourier components which
lead to diffraction.

The perturbative solution to the EM equation Eq. (3)
relies on the spatially varying loss tangents being small,
|η| � 1. We treat the overall attenuation due to η0(y)
exactly, while treating remaining Fourier components
(ηm 6=0) perturbatively. In this treatment, the zeroth
order wave A(0) is only at the Fourier component of the

1Note that the lines will be at separation Lx/2 following the
periodicity of the intensity, which is the square of the electric field
with periodicity Lx.

3



0.94

0.96

0.98

1.00 (a) I1

EM Pert.
FDTD

0.0

0.1

0.2

(c) EM Pert.

0 1 2 3
0.9994

0.9996

0.9998

1.0000 (b) I2

0 1 2 3
0.0

0.1

0.2

(d) FDTD

0.003 0.000 0.003
I(x, y)/I(y) 1

I(y
)/I

(0
)

Depth, y [ m]

x 
[

m
]

Figure 2: Intensities predicted by electromagnetic
(EM) perturbation theory agree quantitatively (error
< 0.05%) with finite difference time domain (FDTD)
simulations for the x-averaged intensity Ī(y) attenua-
tion of (a) activation UV light and (b) inhibition green
light, as well as (c,d) the relative deviations from Ī(y)
due to diffraction (shown for the UV light which is ab-
sorbed and diffracted more strongly).

source (n = n0),(
∂2
y −

(
2πn0

Lx

)2

+ k2(1 + iη0(y))

)
A(0)
n0

(y) = J0δ(y).

(5)
The second term in Eq. (4) serves as a source for the
remaining Fourier components of the wave at first order
A(0),(

∂2
y −

(
2πn

Lx

)2

+ k2(1 + iη0(y))

)
A(1)
n (y)

= −ik2ηn−n0(y)A(0)
n0

(y), (6)

which then captures diffraction effects. Note that cou-
pling between n 6= n0 components are at second and
higher order, which we neglect in this perturbative
treatment.

We solve the 1D differential equation using a finite-
difference discretization that reduces it to a tridiagonal

matrix equation. For n = n0, we set A
(0)
0 (0) =

√
I0 to

correspond to incident intensity,2 and set a no incoming
wave boundary condition at y = Ly. For n 6= n0, we set
no-incoming-wave boundary conditions at both y = 0
and Ly. For each time step of the kinetics problem, we
construct η(x, y) on a uniform grid from the concentra-

2For notational convenience, we have absorbed prefactors of
ε0, c and ω into the definition of A so that we can write intensity
as I = |A|2.

tion profiles, perform a Fast Fourier transform (FFT)
along the x direction to get ηm(y), calculate An(y) us-
ing a sequence of tridiagonal matrix solves as discussed
above, and then inverse FFT along x to get Az(x, y)
and the intensity I(x, y) = |Az(x, y)|2.

Fig. 2 shows that the resulting intensity from the per-
turbative EM method is in excellent agreement with
finite-difference time-domain (FDTD) simulations using
the MEEP software26 carried out on a characteristic
loss tangent profile (based on the simulations below).
Both the planarly-averaged intensity attenuation and
the detailed modulation of the intensity are in excellent
agreement, with the overall error in the intensity pro-
file < 0.05%. The perturbative method requires only
0.005 core-seconds for this test calculation compared to
50 core-minutes for FDTD. This allows us to integrate
this simulation into the chemical kinetics solver which
evaluates ∼ 104 time steps for the results shown below.

Computational details

The chemical kinetics evolution employs an embedded
Runge-Kutta 4-5 order integrator with adaptive step
size control27 applied to a vector of concentrations
Cα(r) over a uniform grid, with I1(r) and I2(r) treated
as dependent variables recalculated each time. The ini-
tial concentrations are CSP = CAtto = 0.01 mol/liter
(corresponding to a polyethylene glycol photoresist
comprised of 5% SPT by weight with a swelling ratio
of 10) and CMC = CMAP = 0,19 that is uniform in
the simulation domain. The converged grid resolution
is 100 points per micron, with Lx = 0.26µm for the cho-
sen standing wave geometry resulting in concentration
profiles with the same periodicity, and film thickness Ly
varied up to 20 µm. We keep the source geometry con-
stant in the remainder of this study, and explore the de-
pendence of the obtained concentration profiles on film
thickness (depth Ly), intensity and exposure times.

We note that in one dimensionally periodic struc-
tures with features on the order of 100 nm or less, the
larger film thicknesses, such as 20µm, would result in
impractical feature aspect ratios of greater than 100:1.
Nevertheless, understanding the impact of attenuation
and diffraction effects even for large thicknesses is use-
ful. While practical implementations of one and two
dimensional structures would utilize only the smaller
thicknesses from the results presented, the trends and
physical insights for larger thicknesses are particularly
relevant to multi-beam interference patterns that result
in three dimensional structures that are self supporting
and continuously connected.15,16,21

Figure 3(a) shows the concentration profile of the fi-
nal MAP product in a typical simulation corresponding
to 1000 s exposure time at intensities I1 = 6 × 10−4

and I2 = 1 mol/m2 of photons (used throughout be-
low, except where specified otherwise).19 We compute
two metrics to quantify the uniformity of the polymer
written after a specific exposure condition. First, we
characterize a typical line width by computing the ex-
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Figure 3: (a) Concentration profile of the Michael ad-
dition product (MAP) after 1000 s of exposure. (b)
Calculated linewidths, w, and (c) change of linewidths,
|∆wdiff| due to diffraction beyond overall attenuation
of the beam, as a function of exposure time at a few
selected depths. The inset in (b) shows that the lines
appear at slightly different times for the selected depths.
Line widths decrease slightly with depth due to attenu-
ation of the activation UV laser, and diffraction effects
are negligible.

tent of x at a given depth y for which the concentration
CMAP(r) ≥ C0, where the threshold C0 is a concentra-
tion of MAP above which the polymer will not wash
away. This threshold can be altered by controlling the
cross-link density of the polymer, and for definiteness,
we set C0 = 0.005 mol/liter, which corresponds to the
gel point of a trifunctional monomer at the given initial
concentration.28 Additionally, we calculate the concen-
tration contrast similar to Michaelson contrast for an
interference pattern.,29

Contrast =
maxCMAP(r)−minCMAP(r)

maxCMAP(r) + minCMAP(r)
. (7)

Experimentally, the target would be to achieve a de-
sired line width uniformly through the depth of the
film, with as high a concentration contrast as possible
(low concentration of crosslinked polymer networks at
intended nodes).

Results & Discussion

Attenuation and diffraction effects

Attenuation of the laser light due to absorption by the
photoresist invariably leads to non-uniformity of line
widths and decreasing concentration contrast at increas-
ing depths.8,19 We therefore leverage our simulation
framework to identify the theoretical limits of unifor-
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Figure 4: (a) Calculated linewidths, w, at the top of
the film and (b) change of linewidths due to diffraction,
|∆wdiff|, as a function of the intensity of the inhibiting
green standing waves at a few selected exposure times.
Line widths can be increased by either increasing ex-
posure time or reducing I2, and diffraction effects are
minimal throughout.

mity with depth for the chosen spirothiopyran two-color
lithography chemistry. Figure 3(b) shows the line width
at various depths as a function of exposure time, while
accounting for the impact of changes in concentration
and dielectric constant. The lines begin to first appear
at times that correspond to the point when CMAP first
exceeds C0 in the minima of the inhibiting green stand-
ing waves. Although these times vary monotonically as
a function of depth, they are all close to 200 s of expo-
sure, as can be seen from the inset in Fig. 3(b). With
increasing depth, attenuation primarily affects the ac-
tivating UV beam (Fig. 2), resulting in a reduction of
line width of approximately 10% and 25% at 8 µm and
18 µm depth respectively relative to the top of the film.

Figure 3(c) shows the effect of diffraction beyond over-
all beam attenuation on the concentration profile. In
our calculation framework, this is the contribution from
first order of perturbation theory: zeroth order is overall
attenuation due to the planarly-averaged loss tangent,
and the first order term, which depends on the inhomo-
geneity in the loss tangent, captures diffraction. Due
to the relatively weak absorption of all species in the
photoresist, diffraction effects are overall quite negligi-
ble, with changes on the order of 0.1 nm on line widths
∼ 10−100 nm, even at depths of 10−20 µm. However,
since the computational cost of including diffraction is
trivial in our framework, we include this effect implicitly
in all calculations shown below.

The magnitude of these effects also depends on the
overall ratio of intensities between the activating and
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Figure 5: (a) Line width and (b) concentration con-
trast as a function of exposure times for two configura-
tions of the excitation: plane wave and standing wave
(with standing wave inhibition in both cases). Plane
wave excitation achieves similar line widths and com-
parable concentration contrasts as the more complex
standing-wave excitation at low exposure times, but the
line width increases and contrast decreases with increas-
ing exposure times.

inhibiting colors. Increasing both intensities and reduc-
ing exposure times by the same factor should lead to
almost the same concentration profile, as long as the
thermal reverse reaction rate (κ in Fig. 1) is negligi-
ble. Consequently, we keep I1 constant and explore the
effect of varying the intensity I2 of the green stand-
ing wave. Fig. 4(a) shows that the overall line widths
decrease with increasing inhibition intensity I2 as ex-
pected, and this can be compensated by increasing the
exposure time. The impact of diffraction is once again
negligible throughout, as shown in Fig. 4(b). Depending
on experimental constraints of accuracy in controlling
exposure times and intensities, it is possible to select
reasonable combinations of the two parameters. In the
following, we fix I2 = 1 mol/m2 of photons which allows
controlling the line width up to half the standing wave
pitch of 130 nm on the time scale of minutes.

Beam modulation effects

Precisely controlling phase and intensities of the inter-
fering beams is critical in interference lithography. Im-
perfections in the interference pattern lead to poor and
spatially varying fringe visibility, which are directly as-
sociated with reduced contrast and non-uniform line
widths.22

Two-color super-resolution interference lithography
presents additional challenges, especially in the ideal
configuration of standing wave patterns for both the
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Figure 6: (a) Line width and (b) concentration contrast
as a function of the fringe visibility of the inhibition
(green) laser standing wave pattern at a few selected
exposure times (increasing in color intensity). Concen-
tration contrast decreases when the fringe visibility re-
duces from the perfect standing wave (visibility = 1).

excitation and inhibition beams, with maxima of the
excitation light coinciding with minima of the inhibi-
tion pattern, and vice versa.18 However, achieving and
maintaining precise phase control between two beams
of different wavelengths is extremely challenging.

Figure 5 compares the performance of this ideal situa-
tion with a much easier configuration that uses a stand-
ing wave only for the inhibition, with a plane wave ex-
citation that just uniformly illuminates the whole sam-
ple instead. We find that the simpler method performs
comparably in terms of both line width and concentra-
tion contrast for low exposure times up to about 400 s.
The more complex two-standing-wave scheme achieves
perfect concentration contrast for all exposure times
(Figure 5(b)) because the standing wave excitation en-
sures zero writing (CMAP = 0) at its nodes. In com-
parison, in the simpler configuration, SP is activated
everywhere and eventually produces MAP everywhere,
with the concentration modulated only by the inhibit-
ing beam. Consequently, the contrast in this scheme
decreases with increasing exposure time from 80% at
200 s to about 60% at 1000 s.

The above results show that it is possible to work with
the much simpler single standing wave pattern, guided
by simulations to pick appropriate combinations of in-
tensities and exposure times. Figure 6 further explores
the sensitivity of these results to imperfections in the
standing wave pattern, as measured by the fringe visi-
bility (≡ (Imax− Imin)/(Imax + Imin)). When the fringe
visibility < 1, the nodes of the inhibiting standing wave
are imperfect, leading to some amount of inhibition ev-
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Figure 7: Reducing line spacing by two sequential ex-
posures with shifted standing wave patterns. (a) Ratio
of line widths (contours) from the two exposures as a
function of the two exposure times, with the color indi-
cating the second line width. Note that equal line width
(w2/w1 = 1) requires slightly different exposures due to
the modified initial concentration profile for the second
exposure. The empty regions at short exposure times
correspond to Cmap < C0 everywhere, while those at
long exposure times correspond to Cmap > C0 every-
where (saturation). (b) Example concentration profile
with unequal widths after 500 s and 1000 s exposures
(marked + on (a)).

erywhere, thereby reducing contrast. Indeed, Fig. 6(b)
shows that the contrast decreases almost linearly with
decreasing fringe visibility. Fortunately, a 2% error in
the interference pattern (visibility = 0.98), which is eas-
ily achievable in practice, only introduces a 1.6% reduc-
tion in contrast and 1.2% increase in line width. In
particular, the effect of reduced fringe visibility is to
increase the inhibition intensity at the minima where
the lines first begin to form, and decrease intensity near
the maxima where the polymer is generated last. This
has the effect of making narrow lines at short expo-
sure times narrower, and broad lines at longer exposure
times broader. Overall this leads to less sensitivity of
the line widths to fringe visibility at shorter exposure
times (400 s and 600 s cases in Fig. 6(a)). Thus shorter
exposure times are desirable for their insensitivity to
both diffraction effects and imperfections in the inter-
ference.

Pitch reduction by multiple exposures

Super-resolution interference lithography allows con-
trolling the width of lines, or size of features more gen-
erally, by adjusting the intensities and exposure times
as shown above. However, the spacing between features
such as the pitch of the line pattern for the present
case is limited by the periodicity of the standing wave
intensity, which depends on the wavelength (∼ λ/2).
This limitation can be overcome by sequential exposures
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Figure 8: Reducing line spacing by interleaved expo-
sures switching back and forth between shifted stand-
ing wave patterns with different time intervals. Thinner
lines correspond to w1 while thicker lines to w2. The
two line widths are nearly equal after each period of the
switch, even for switching periods exceeding a minute.

with shifted interference patterns to write multiple fea-
tures within the original pitch, taking advantage that
the inhibition is reversible and deactivated regions can
be reused for writing.

For definiteness, consider the specific case of doubling
the resolution or halving the pitch by writing identi-
cal lines in a second exposure halfway between those of
the first exposure. In this case after a first exposure of
time T1, the phase of one of the two beams in the green
standing wave is changed by π for a second exposure of
time T2. Figure 7 shows the phase space of all possi-
ble T1 and T2 leading to several combinations of widths
w1 and w2 of the first and second array of lines. To
obtain a uniform pattern, T2 < T1 because the second
exposure starts with CMAP > 0 at the end of the first
exposure. A minimum time is required for both expo-
sures to get finite width of CMAP > C0, but after some
combined exposure time the entire region gets flooded
with CMAP > C0 removing the pattern.

As discussed above, getting equal lines requires coor-
dination of slightly different first and second exposure
times to get uniformity. We explore an alternative strat-
egy that guarantees equal lines: periodically switching
back and forth between the two exposure phases at some
time interval. Figure 8 shows the evolution of w1 and
w2 with exposure time in this scheme. Note that w1

increases sharply while w2 stays roughly constant when
the standing wave is in the first position, while the sit-
uation reverses when the standing wave is in the second
position. After equal periods in both positions, w1 and
w2 are nearly identical (visually indistinguishable on the
plot), even for relatively large switching times exceeding
minutes that are easy to achieve experimentally.

Conclusions

We have implemented an accurate and efficient cou-
pled electromagnetic-reaction kinetics model to inves-
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tigate the impact of attenuation, diffraction and inten-
sity modulation on the concentration profiles generated
in two-color super-resolution interference lithography.
This approach uses a perturbative calculation of elec-
tromagnetic wave propagation through patterned pho-
toresist to reduce computational cost by several orders
of magnitude compared to FDTD simulations, making
it possible to incorporate self-consistent EM solution
within a chemical kinetics solver. We find that attenua-
tion has minimal impact for depths ∼ 10 µm, especially
for short exposure times, while diffraction effects due
to spatially non-uniform absorption are virtually neg-
ligible. These conclusions remain relatively unchanged
over a range of exposure times and laser intensity combi-
nations, providing significant flexibility in experimental
realization of desired line widths.

The simulations elucidate simpler experimental con-
figurations using standing wave for only the inhibition
beam with comparable performance to the more com-
plex traditional configuration of standing wave for both
wavelengths. We find that the simpler configuration
with a plane wave excitation illuminating the entire
sample can lead to a concentration contrast of up to 80%
for short exposure times. This configuration is also rel-
atively insensitive to imperfections in the interference
pattern with fringe visibility reductions on the order
of 2% only changing the line widths and concentration
contrasts by 1− 1.5%.

Finally, we evaluate two alternative schemes for cre-
ating features with sub-wavelength spacing in super-
resolution interference lithography. Using sequential ex-
posures with shifted standing wave patterns can pro-
duce features within the pitch of a single exposure, but
require selection of unequal exposure times to compen-
sate for the different starting conditions of the second
exposure. Interleaved multiple exposures with practi-
cally convenient switch times of few seconds to minutes
provides an attractive alternative that results in virtu-
ally identical features from the multiple exposures.

The approach established here enables rational design
of optical and chemical configurations as well as expo-
sure schemes for two-color super-resolution interference
lithography. The EM perturbative approach demon-
strated holds promise beyond the insight that it has al-
ready provided into the kinetics of spirothiopyran based
photoresists, the only super-resolution resist designed
to date to have a sufficiently low absorption coefficient
to permit high throughput nano-patterning throughout
the volume of thick films. Since such nanopatterning
is predicated on the resist having a small loss tangent,
the perturbative approach is ideal for understanding the
coupled optical and chemical dynamics of future two-
color photoresists, prime candidates for which are other
low threshold super-resolution systems.7,18 Future work
will extend this approach without significant overhead
in computational costs to more complex multi-beam in-
terference patterns in three dimensions.
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