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Abstract—We present a simulation approach that includes light
and photoresist effects in laser direct write lithography (LDWL).
This simulation flow allows to predict how the fabricated struc-
ture changes with variation in the process parameters. Using
this simulation approach, we compute the change in feature
size or critical dimension (CD) versus laser power and writing
speed. The obtained simulation result agrees with experimental
results. We extend this simulation method to predict the axial
resolution of woodpile like structures and mesa arrays, which
provide interesting patterns for metamaterials.

I. INTRODUCTION

Laser Direct Write Lithography (LDWL) is a maskless pat-
terning technique where a focused light beam is scanned over
a light sensitive polymer (photo-resist) to generate desired pat-
terns. The absence of photomasks in LDWL makes it cheaper
and more flexible in comparison with projection lithography.
However, LDWL is mostly based on serial writing, making
it slower than projection lithography. In addition, the feature
sizes and resolution of standard LDWL systems is in the order
of 500nm [1]–[3], compared to 30nm for state of the art
projection lithography systems.

The development of sub-wavelength projection lithography
was accompanied and supported by the development and appli-
cation of computational models. Such models describe optical
and chemical effects during the exposure and processing of
the photoresist. This paper proposes a corresponding model
and simulation flow for LDWL.

Section II discusses the simulation flow in details. The
application of the developed modeling approach for computing
axial resolution is described in section III.

II. MODEL

The simulation flow is divided into four stages: bulk image,
exposure, dark polymerization, and development. Figure 1
summarizes the effects covered in our model. This method
can be applied for the standard single-photon absorption
process (SPA) and multi-photon absorption processes. The
models were implemented into our lithography simulator Dr.
LiTHO [4], which is an established tool for the simulation
of lithographic processes for the fabrication of semiconductor
nanoelectronic devices.

A. Bulk Image

The bulk image is the 3D intensity distribution in the resist.
This intensity distribution depends on the incident laser beam
profile, numerical aperture (NA), and the refractive index and
absorption of the immersion medium. The incident laser beam
in most cases could be assumed to have a Gaussian profile.

We computed the bulk image using the paraxial approxi-
mation, Debye method [5] and Waveguide method [6]. The
paraxial approximation is a scalar computation, based on the
assumption of small angles between the propagating beam
and the propagation axis. As the NA increases, the paraxial
approximation differs more from the experimentally observed
results. For example, for a typical NA of 1.4 and a x-polarized
laser beam, the focused field is elongated in the x-direction
compared to the y direction. Such effect is modeled by
vectorial models. The Debye model [5] and waveguide com-
putation [6] are vectorial models based on angular spectrum
propagation of plane waves.

Table I presents the parameter values used in the computa-
tion of the bulk image.

B. Exposure

The photoresist material in LDWL typically contains a
photosensitive material, monomer, and quenchers [8]. The
photosensitive component of the resist absorbs light, gets
excited, and decays to generate photo-radicals. Absorption
reactions in the photoresist also lead to heat generation and
increase in temperature of the focal regions. The extent of this
local temperature change depends on the intensity, exposure
duration, and material properties of the resist: heat capacity,

TABLE I: Laser and resist parameters

Parameter Value Units Reference

laser power 5 mW [2]
laser wavelength (λ) 0.78 µm [7]
objective NA (NA) 1.0, 1.4 no units [1]
immersion index 1.6 no units [7]
resist thickness 20. µm choice
reflection co-efficient 0.001 no units choice
linear absorption coefficient 2.× 10−4 cm−1 choice
repetition rate 80 MHz [1]
pulse duration 150 fs [1]
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Fig. 1: Flowchart outlining the reactions considered at the different simulation levels: bulk image, exposure, dark reaction and
development

density, and enthalpy of polymerization. In an Arrhenius-type
model, the increase in temperature leads to an exponential in-
crease in diffusion and reaction rates [9], [10]. The temperature
rise of the focused region of the resist ranges from 0 to 10
degrees for a normal LDWL writing process [2].

The thermal effect is modeled using the well-known heat
equation:

∂T

∂t
=

κ

ρcp
∇2T +

αI[M ]

ρcp
+

H

ρcp

∂[M ]

∂t
(1)

κ is the thermal conductivity of the resist, ρ is the density of
the resist, cp the specific heat capacity, α the molar absorption
coefficient of the monomer, and ([M]) is the amount of
monomers.

The amount of generated radicals is assumed to be equal
to the amount of excited photosensitive material. For a two
photon absorption (TPA) process [7]:

[R] = [Psc]0 − [Psc]0 exp(−nphotons2 × 0.5× δTPA × texp)
(2)

Where [R] is the amount of generated radicals, [Psc]0 is
the initial concentration of photosensitive material, δSPA and
δTPAare the SPA and TPA cross-sections and nphotons is the
photon flux corresponding to the absorbed intensity. texp is
the exposure duration.

Table II shows the parameters used in simulating the ex-
posure phase and the corresponding literature reference. The
initial temperature was assumed to be 293K (about room
temperature). The quantum yield of absorption was taken as a
model fitting parameter so that the exposure duration and the
laser powers in the simulations are close to the usual writing
parameters in LDWL experiments. Typical experimental writ-
ing parameters are: laser power- 1−10mW , exposure duration
per spot- 0.01ms− 10ms [3], [1].

C. Dark Phase

Photoresist materials commonly used in LDWL include
ORMOCER (Microresist Technologies, Germany) [11], SU-8
epoxy resin (developed by IBM) [12], and other acrylate-based

polymers. ORMOCER and acrylate based resists are negative
tone and polymerize via free-radical polymerization [7], [11].
For such resists, radicals generated from the exposure reactions
initiate a polymerization reaction [13]. These polymerization-
inducing radicals react with monomer molecules thereby acti-
vating them for further polymerization reactions. The activated
monomer species react with other monomer species leading to
a growing polymer chain. Competing reactions with polymer-
ization propagation include neutralization by quenchers and
termination of the polymer chains by reacting with each other.

The radical chain polymer reaction in LDWL could be
represented by the following reaction equations [10], [13]–
[15]:

Psc
hν→ 2R∗

R∗ +M
ki→ RM1

∗

 Initiation reactions

RM1
∗ +M

kp→ RM2
∗

RMn
∗ +M

kp→ RMn+1
∗

 Propagation reactions

RMn
∗ +RMm

∗ kt→ RRMn+m

RMn
∗ +Q

ktz→ RMn
∗Q

 Termination reactions

Where R∗ represents the photoradicals; M represents the
unactivated monomers; Q represents the quenchers; RMn

∗, for

TABLE II: Exposure parameters used in simulation

Parameter Value Units Ref.

quantum yield (ϕ) 0.99× 10−2 no unit fit
TPA cross-section (δTPA) 1.0× 10−48 cm4.s.photon−1 [7]
SPA cross-section (δSPA) 2.0× 10−16 cm2 [7]
thermal conductivity (κ) 1.42× 10−3 Wcm−1K−1 [10]
monomer heat capacity (cp) 1.89 JK−1g−1 [10]
monomer density (ρ) 1.07 gcm−3 [10]
monomer concentration ([M ]) 3.3× 10−3 molcm−3 [10]
Psc concentration ([Psc]) 1.32× 10−4 molcm−3 [10]
quencher concentration ([Q]) 2.88× 10−8 molcm−3 [10]
monomer molar mass 200 gmol−1 [10]
initial temperature (T0) 293 K choice
molar absorption (α) 373.83 cm2mol−1 [10]
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n ≥ 1, represents the activated monomers or growing polymer
chain. The propagation reaction rate constants kp is assumed
to be the same for all RMn

∗. ktz is the rate of termination
by quenching reactions. Termination by the reaction of two
activated monomers is kt. In addition to these reactions, the
monomers, quenchers and radicals can diffuse within the resist
volume.

We model the polymerization reaction using the non-local
diffusion driven polymerization model [16]. The correspond-
ing equations were solved using a finite difference time domain
method.

D. Development

Development involves the interaction of the resist with a
developer. Most developers are made up of alkaline solvents:
2-propanol [1], isopropanol [11], cyclohexanone and methanol
[17]. The inhibitor for radical polymerized resist systems is
given by the polymer concentration. Several models have been
developed for photoresists used in optical projection lithogra-
phy systems, mask aligners and interference lithography [18].
We applied the original Mack model in the computation of the
local development rates:

r = rmax
(a+ 1)(1−m)n

a+ (1−m)n
+ rmin (3)

Representing a as another parameter mth:

a =
(n+ 1)

(n− 1)
(1−mth)

n (4)

rmax is the development rate function for the unexposed
regions of the resist. While rmin is the development rate
function for the fully exposed regions of the resist. mth is a
measure of the relative polymer concentration needed for the
structure to be developed. n defines the degree of selectivity of
the developer; the higher the value of n, the more the developer
behaves like a threshold filter between exposed and unexposed
regions.

To compute the fabricated structure after development, the
development rates from the Mack model [18] were supplied
as inputs to a Fast Marching Algorithm [19]. This algorithm
calculates the local developer arrival time at every position in
the resist. It then propagates the development front (boundary
between developer and resist) with a speed proportional to
the local development rates. Spatial positions with arrival
times less than the development time are washed away after
development. The part of the resist that remains after this stage
forms the fabricated profile.

TABLE III: Range of Mack parameters used in simulation

Parameter Value

rmax (nm/s) 100.0
rmin (nm/s) 0.01
mth (no units) 0.5
n (no units) 20

III. MODEL APPLICATION

A. Isolated voxel

We applied the model for the computation of feature sizes
versus laser power and writing speed. The exposure time is
defined as 0.1µm divided by the writing speed while the dark
time was fixed at 0.5ms. Using the obtained simulation results,
we computed the upper and lower limits of the laser power
needed to obtain single spot feature sizes within 5 percent, 10
percent and 15 percent tolerance of the target CDs.

Figure 2 (left) shows the change in transverse CD for laser
powers in the range of 1 − 10mW and writing speeds from
5.0−10.0mm/s. For increasing laser powers, across the range
of simulated writing speed, the transverse CD increases at a
reducing rate. The minimum laser power needed for polymer-
ization to occur increases as the writing speed increases. This
is due to shorter exposure durations at faster write speeds.
These results closely match experimental literature results
(Sun et al. 2002). Figure 2 (right) shows the laser power
latitude (max-min power divided by mean laser power) versus
the target CD. The minimum laser power is the laser power
needed to fabricate the target CD minus the CD tolerance,
while the maximum laser power is the power needed to
fabricate the target CD plus the CD tolerance. The result on
Figure 2 shows that printing smaller CDs implies a lower
tolerance in laser power.

B. 3D patterns

We applied the simulation method to analyze the axial reso-
lution of simple three-dimensional patterns. Specifically, a pair
of mesas separated from each other along the axial direction
and a woodpile like structure were simulated. The separation
along the axial (z) direction at which the two structures, after
fabrication, just do not touch each other specifies the axial
resolution of the structure. The simulation result (Figure 3)
shows that the axial resolution of the woodpile (2.2µm) is
better than that of the mesa array (2.5µm). It is important
to note that the patterns in Figure 3 only serve as axial
resolution tests. In practice, structures have to be connected
to the substrate after development; otherwise, the structures
would fall apart.

IV. CONCLUSION

This paper presents a simulation approach for laser direct
write lithography and demonstrated its application for the
simulation of feature size versus laser power and writing
speeds. We investigated the axial resolution of mesa-arrays
and woodpile structures. The simulation flow can be used to
optimize a LDWL fabrication process.
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Fig. 2: (a) CD variation with laser power and writing speed. (b) laser power latitude needed to fabricate a specified feature
versus the target CD for CD tolerances of 5%, 10%, 15%. Results obtained for two-photon absorption at NA = 1.0.

Fig. 3: (a,b,c,d) Mesas separated at distance 2.0, 2.2, 2.4, 2.5µms respectively. (e,f,g,h) woodpile structures with axial separation
of 2.0, 2.2, 2.4, 2.5µms respectively. At 2.2µm, the mesas are still joined to each other while the wood-pile structures are
separated. Results obtained for two-photon absorption at NA = 1.4.
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