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Introduction

In the semiconductor industry, the manufacturing process plays a crutial role in the
fabrication of micro structures disigned for critical functionalities and utilities in many
aspects, such as energy harvesting[1–6], optical communication[7–13], display technol-
ogy[14–21], and digital integrated cricuits (IC) consisting of a large number of the
basic element—the transistor[22–24]. Especially for the digital IC such as micropro-
cessors and memory chips etc., which are widely used in eletronic devices e.g. smart-
phones and computers, due to the high demand of faster computing and lower energy
consumption, the transistors are strongly desired to have smaller size and be more
compactive in the IC design, indicating that the manufacturing process are of vital
importance to push the boundaries of the IC industry forward. Fig. 1.1 presents the
connection between the common impression of a commercial CPU and the nanostruc-
ture of the IC from scientific aspect.

In general, the manufacturing processes of IC comprise three catagories: film de-
position, patterning and semiconductor doping[23], among which the patterning is the
key to determine the feature size of the transistors in IC. Patterning is a process that
can transfer the pattern from the mask onto a semiconductor substrate such as silicon
wafer to create 3D microstrutures of the circuits. Fig. 1.3(a) sketches the 3D archi-
tecture of a typical tri-gate field-effect transistor (FET) with fin structures, which is
also called FinFET.[25] Fig. 1.3(b) refers to the SEM image of individual groups of
FinFETs and (c) the cross-sectional SEM image of the microarchitecture of an Intel
chip, which contains billions of transistors. Up to now, the commercial microproces-
sors and memory chips are fabricated through a special patterning process realized
by photolithography technology[23, 24]. One of the subcatagories of photolithography
is immersion lithography, which is currently the mainstream of the lithography and
is widely applied for the feature size from 90 nm down to 10 nm.

1



2 1. INTRODUCTION

Figure 1.1: (a) Sketch of a microprocessor (CPU). (b) The highly-integrated circuits in a
commercial CPU under microscope, the scale bar is about 2 mm according to the die size
mentioned in Ref. [26]. (c) A zoom-in of the nano-structures of the circuits inside a CPU,
the scale bar is about 200 nm. The feature size of the micro structures is essential to the
performance and the energy consumption of the chip, while the manufacturing process is the
key to determine the feature size. The images in (b) and (c) are from the Ref. [26] and [27],
respectively.

1.1 Basic principle of immersion lithography

Immersion lithography in the patterning process includes three basic steps: exposure,
baking, and development, which are sketched in Fig.1.2. Firstly, the collimated UV-
light propagates through the desired patterns on the mask, generating an initial image
of the patterns. The initial image will be demagnified by the optical lens system and
projected onto a silicon substrate (Si-wafer) with a pre-coated photoresist layer, which
will be transfered into the desired micro structures. The feature size of the image is,
however, restricted by the optical limit, below which the sharp image cannot be
obtained anymore. The optical limit is called Rayleigh limit and is described by [ref]

Resolution = k1
λ

NA
= k1

λ

n sin θ
(1.1)

where λ is the wavelength of the light source in vacuum, NA is the numerical
apperture, which is described by n the refractive index of the media between the
projection lens and the wafer surface and θ the maximum incident angle on the wafer.
k1 is a process factor which does not depend on the optical system, but depend on
the resolution enhancement techniques such as the optimization of illumination, the
mask design, and the resist process. A smaller k1 will result in a smaller feature
size according to Eq. (1.1), but it will also reduce the yield and increase the difficulty
of the lithographic process control.[24] For the dry lithography, the gap between the
optical lens system and wafer is filled with gas, which means n ∼ 1 in Eq. (1.1).
Immersion lithography provides a way to improve the resolution by increasing NA,
i.e. by increasing n. In Immersion lithography a water layer is confined between the
last len of the optical system and the photoresist film to obtain a higher numerical
aperture and thus a higher resolution for patterns with smaller feature size.
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Figure 1.2: Basic steps of immersion lithography. (a) A thin water layer is applied between
the last lens of the optical system and the photoresist. The otical system projects the image
of the mask into the photoresist layer in the exposure step. (b) The bake step promotes
the chemical reaction and makes the exposed area soluble in the developer. (c) The soluble
regions are removed by the developer, leaving the image of the mask on the photoresist layer.

1.1.1 Chemically amplified photoresist

To fabricate micro structures on a Si-wafer, the patterns should be transfered from
the mask on to the wafer substrate by etching and deposition, which are supposed to
occur at precise location and build up each element of the structures at nanoscale. To
transfer the patterns onto the underlying layers, the chemically amplified photoresist
(PR) can serve as an ideal material, because it can amplify the effect of the UV-
light, obtain the pattern details by optics, and can be removed by solvent after the
micro structures are built up. A typical PR consist of photoacid generator (PAG),
quencher, watershedding agent (WSA), and resin, the PR is normally dissolved in
special solvents for use. Before the lithography steps are applied, a thin layer of PR
is firstly coated onto a Si-wafer. Spin-coating is one of the conventional ways for the
coating of different materials. The spin-coating of non-volatile Newtionian liquids
using lubrication approximation was first studied by Emslie et al., who reported a
scaling for the thickness of the liquid film expressed by hf ∼ η1/2ω−1t−1/2, with hf
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the film thickness, η the viscosity, ω the spin-coating speed, and t the time of spin-
coating.[28] With a further assumption of solvent evaporation and liquid viscosity, the
thickness of the final coated film hf can be generally scaled as hf ∼ η1/3ω−1/2.[29].
A post-apply bake (PAB) step will be performed after spin-coating to evaporate the
residual solvent and anneal the mechanical stress,[30] which will further reduce the
solvent concentration in the film and consiquently reduce the final film thickness.[31]

Ultimately, there will be a gradient of the solvent concentration in the film after PAB.

Figure 1.3: (a) Sketched structure of a typical field-effect transistor (FET): a 3D Tri-Gate
FET whith fin structure, which is also catagorized as FinFET. (b) SEM image of individual
groups of FinFETs, the pitch indecated by the white arrow is about 60 nm according to
the manufacturing process mentioned in Ref. [32]. (c) A cross-sectional SEM image of the
transistor stacks of a Broadwell Intel chip, the scale bar is about 1µm according to the
manufacturing process mentioned in Ref. [33]. The sketch in (a) and the image in (b) are
taken from the Ref. [34], the image in (c) is from the Ref. [27].

1.1.2 Exposure

The exposure step transfer the patterns from light intensity distribution to the chem-
ical materials concentration distribution. Specifically, the key materials for the chem-
ically amplified PR are photoacid generator (PAG) and photoacid (PA). Before ex-
posure, the PAG molecules are uniformly distributed over the PR film layer. When
the area of PR film is exposed under the UV-light, the PAG will absorb the energy of
the photons and release the PA. The time dependant concentration of PAG and PA
can be described by the Dill model[35]

α = ADill [PAG] +BDill (1.2a)

∂[PAG]

∂t
= −CDill I [PAG] (1.2b)

where [PAG] refers to the PAG concentration. Eq. (1.2a) is derived from the
Lambert-Beer Law, α relates to the absorption coefficient, ADill and BDill are the light
absorption coefficien of PAG and all other components of the PR bulk, respectively,
CDill describes the photosensitivity, I is the local intensity of the incident light. If the
change of absorbance during exposure has little correlation to the concentration of
PAG, then ADill is negligible and α can be considered spatially uniform,[36] and the
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initial concentration of PA can be derived from Eq. (1.2b) as follows[37]

[A] = 1− e−CDill Ilocal t = 1− e−CDill Dlocal (1.3)

with [A] the concentration of photoacid (PA), Ilocal the local light intensity and
Dlocal the local dose. Fig. 1.4(a-b) simulate the conversion from the intensity distri-
bution of incident light to the [A] distribution by coupling Eq. (1.2a) and Eq. (1.3)
based on the Dill model. The simulations in Fig. 1.4 were performed by the software
package Dr. Litho.[38, 39]

Figure 1.4: 2D Simulation for the photolithography steps from image of the pattern to
the final PR bulk profile after development. The sub-micrographs refer to the cross section
of a line pattern in the PR film. All the concentrations values in (a-c) are normalized. (a)
The given distribution of intensity of incident light, which was converted into (b) the PA
concentration distribution based on the Dill model. (c) Concentration profile of deprotected
side group converted from (b) based on Henke model. (d) Morphology of PR film after
development step using (c) as initial condition based on Mack model.[40]

1.1.3 Post-exposure bake

After exposure, a post-exposure bake (PEB) step is applied to the PR film (see
Fig. 1.2). During this step, three mechanisms occur: (1) the mutual diffusion of
the photo-generated PA and quencher; (2) the complex PA-quencher interaction; (3)
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the PA-catalyized deprotection reaction. A general model (the so-called Meta model)
was first proposed by Henke et al. to describe these mechanisms[41]

∂[A]

∂t
= −k1[A][Q]− k2[A]m + ∆(DA∆[A]) (1.4a)

∂[Q]

∂t
= −k1[A][Q]− k3[Q]n + ∆(DQ∆[Q]) (1.4b)

∂[S]

∂t
= −k4[S]i[A]j − k5[S] (1.4c)

where [A], [Q] and [S] refer to the concentration of PA, quencher and the pro-
tective side group of the resin, respectively. Eq. (1.4a) and Eq. (1.4b) describe the
PA-quencher balence due to their mutual acid-base neutralization reaction by the
reaction coefficients k1 and the spontanious loss by k1 and k2, where m and n are
the constants refering to the reaction order. DA and DQ are the Fickian diffusion
coefficients, which in general can be the function of the local PA and quencher con-
centration. Eq. (1.4c) corresponds to the deprotection of the protected side group
catalyized by PA, where i and j are the reaction order close to 1. The deprotected
side group allows the resin selectively soluble in special solvents (developers). Nor-
mally, a single PA can catalyze deprotection reaction for multiple side groups, in this
way the effect of the UV-light can be chemically amplified. Due to the PA diffusion,
the distribution of deprotected resin might deviate from the light intensity distribu-
tion in the patterns. More complicated models were also reported in some studies by
e.g. approching the PA diffusion and deprotection on molecular level[42] or involving
the partial-dissociation of PA into an PA-quencher reaction model.[43]

In general, it is difficult to obtain appropriate coefficients (ki) for the general
model, which however can be specialized by neglecting the spontanious loss of PA
and quencher, or assuming the diffusion to be Fickian or linear. Erdmann et al.
developed the modeling of optical lithography based on the Meta model.[44] Fukuda
et al. used a PA-quencher mutual diffusion/quenching model developed from the
Meta model, where they used Fickian diffusion measured from experiments and ne-
glected the loss term of PA and quencher.[45] Fig. 1.4(c) corresponds to the simulated
distribution of the deprotected side group based on the PA-quencher mutual diffu-
sion/quenching model, in which the initial condition for PA was based on the distri-
bution in Fig. 1.4(b). In the simulation, the initial concentration of quencher was set
as uniform.

1.1.4 Development

A sketch of the development is illustrated in Fig. 1.2(c). For positive resists the
exposed area will be dissolved by special solvents (developer), leaving the disired pat-
terns on the Si-wafer. The main kinetics includes 1) the diffusion of the developer
from the solution into the PR, 2) the reaction between the developer and the depro-
tected PR, and 3) the diffusion of the reaction products back into the PR. Mack et
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al. incorporated these three kinetics in a phenomenlogical model, where the devel-
opment rate rdev governed the development process and was determined by the local
density of the deprotected side group [SD].[40] Mack’s model quantitatively described
the relation between [SD] and r by introducing a threshold concentration for [SD]
to start the development process and the development constants rmin, rmax for the
completely protected and deprotected PR, respectively. Extensions of Mack’s model
for different chemically amplified resist were reported by Robertson et al.. Weiss et
al. used an effective acid model to include the effects from PA loss mechanism and
deprotection reaction, both of which have impact on the development rate rdev.[46]

More detailed picture of the physical and chemical process of the development can be
provided by the critical ionization model, because it allows the development simulated
at molecular level.[47, 48]

For a given rdev, the development of the PR can be also considered as a propagation
of the developer/PR interface, which was first implemented using a fast marching
algorithm introduced by Sethian.[49] The fast marching model was used to simulate
the development result in Fig. 1.4(d), which illustrates a final developed cross section
of a line pattern using [SD] in Fig. 1.4(c) as initial condition. The development rate
distribution was obtained by using Mack’s model.

In general, the edge of the developed line pattern are never completely straight.
An important aspect concerning the development quality is the Line-Edge Roughness
(LER) and the Line-Width Roughness (LWR), which are defined as the deviation
of the detected edge from the average edge and the deviation of the measured width
from the average width shown in Fig. 1.5. The LER issue is caused by stochastic noise
and can be transfered from resist to substrate by etching process and have potential
impact on the patterning process, which can further influence the gate width (see
e.g. Fig. 1.3a) and induce threshold voltage variations between transistors in the
same chip.[24] Many aspects can contribute to the LER. Firstly, the PR is not a
continuous material but consists of monomers with side groups, molecules such as
PAG and quencher, which have finite size and are subjected to the stochastic problem
in the scale of 10 Å.[50, 51] Secondly, the photons and the ionic species are discrete and
follow the Poisson statistics, which results in the shot noise. Specifically, compared
to the deviation of PAG and PA concentration, this shot noise has limited influence
on the LER for the deep UV immersion lithography, while it is more pronouced
for the Extreme UV lithography.[52] Besides, other factors can also contribute to
the LER, such as the speckles in the image of the patterns,[53]the stochastic PA-
quencher reaction[54] and the deviation of the diffusion rate and development depth.[55]

To reduce the resist LER, many resist smoothing processes have been developed,
including the surfactant rinse or high temperature bake of the pattern, the treatments
of solvent vapor or plasma.[24]

1.2 Research background

During volume production of IC chips, the lithography processes are performed on
Si-wafers coated with a photoresist layer, as shown in Fig. 1.6. The Si-wafer is fixed
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60nm 60nm

(a) (b) (c)

i

i+1

n

...

Figure 1.5: (a) The side view of a sample, where the developed line patterns, the substrate
layers and their cross section at the edge of the sample can be seen. (b) The top-view SEM
image of the same sample. (c) The sketch for determination of the Line-Edge Roughness
(LER) and the Line-Width Roughness (LWR). LER and LWR are defined as the deviation
of the detected edge from the average edge and the deviation of the measured width from
the average width W , respectively. The images in (a) and (b) are reprinted from the Ref.[56]

Gas inlet

UV-light

Water 
meniscus

Mo!on Si-Wafer

Immersion

hood
Droplet

Photoresist

Film-pulling

Figure 1.6: A sketch of immersion hood with the optical part shown in Fig.1.2 integrated.
A Si-wafer coated with a photoresist layer is fixed on a stage, which can move relative to the
immersion hood. A thin water film is filled between the immersion hood and the photoresist
layer. The inlet gas is provided to generate gas knife at the premeter of the immersion
hood to confine the water underneath the optical part. When the stage moves above the
critical speed, the water film is entrained by the photoresist layer and breaks up into residue
droplets, which are indicated by the black arrow.

on a wafer stage, which can move relative to the immersion hood, so that the image
of the mask can be transfered on different areas of the wafer, allowing a large number
of IC devices to be fabricated on a single wafer.

In order to maximize the throughput, higher speeds of motion of the wafers relative
to the optical system is desired. This will also increase the relative receding contact
line speed of the water meniscus. Beyond a certain critical speed, however, the water
meniscus is no longer confined underneath the objective lens, where the meniscus is
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pinned on the photoresist surface and the so-called Film-pulling occurs, as shown
in Fig. 1.6. Furthermore, even below this critical velocity, the contact line can also
become pinned locally by small surface defects or heterogeneities on the photoresist
layer and its border, where water patches can become entrained on the wafer. This
leads eventually to the formation of residual water droplets, which potentially lead to
the defectivity problem of lithography.

1.2.1 Defectivity in immersion lithography

Defectivity is one of the most troublesome issues to be solved for the high-volume
manufacturing of IC with feature sizes at sub-100 nm scale. Especially, there is a
strong drive towards minimizing immersion lithography-related defectivity in order to
keep the overall process yield at a profitable level. In the past decade, defect counts
have been reduced essentially by trial-and-error methods, but a further reduction or
complete avoidance has remained elusive.

In general, the defects can be classified into non-immersion defects and immersion-
related defects. In non-immersion lithography, defects can be introduced by the scan-
ner, the track, the materials, or the process. The defect types include dust, micro-
bridging, and coating defects. All the defect sources introduced during non-immersion
lithography will also present in immersion lithography. Besides, additional source of
defects can also be introduced by immersion lithography.

One catagory of the immersion-related defects originates from the undesired change
of refractive index within the water thin film between the end of optical image system
and the PR surface. A typical abrupt change of the refractive index is induced by
the gas bubble in the water, which scatters or refracts the light during exposure and
strongly impacts on the local aerial image, causing the distortion of the pattern image.
Fig. 1.7(a) presents the defect induced by a gas bubble attached to the PR surface.
The formation of gas bubble can be due to many effects. The incomplete degassing
of water can give rise to the formation of the bubbles when the pressure changes.
Gas bubbles can be also entrained at the liquid–wafer–gas interface of the advancing
contact line of the water meniscus during the motion of the wafer. Besides, the poor
exposure head design and the outgassing of the PR during exposure can also induce
bubbles. Other factors for the change of refractive index include the blister due to
the water penetration and accumulation between the top-coat[57] and the PR layer,
the swelling PR, and the transparent particles coming from the water supply, wafer
stage, or loose flakes at the edge of PR layer. The slimming pattern in Fig. 1.7(b) was
caused by the top-coat blister, while the bridged pattern in Fig. 1.7(c) was induced
by particle.

Another catagory of the immersion-related defect arise from steps after exposure.
Normally, those defects occur due to the water droplet present on the PR surface.
During the evaporation of water droplet, the contaminants in the droplet will rede-
posit on the PR surface, forming the well-known ”coffee stain” pattern[58] governed
by the physics of the drying process.[59] The contaminants can be introduced from the
substate (PAG, PA, quencher, dissolved silica [60]) or picked up from the environment
(dust, phthalates, or siloxanes).[61] Reducing the contaminants has been carried out
by many studies.[62–64] Beside the coffee stain problem, the interaction of the water
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droplet with the PR also potentially gives rise to the incomplete developed PR pat-
terns, forming the so-called Watermark Defect,[24, 60, 61, 64–67] which is identified as
large area of swelling,[68, 69] T-topping or bridging pattern. Fig. 1.8(a) shows a defect
arose from the residual water trapped by a particle, which is indicated by a white
arrow. Fig. 1.8(b) refers to a top-view SEM image of a T-topping defect on the line
pattern with a pitch of 220 nm. The SEM image in Fig. 1.8(c) corresponds to the
cross section of a T-topping defect.

Figure 1.7: SEM image of immersion-related defects originate from the undesired refractive
exposure light. (a) Top-view of a defect pattern results from a gas bubble attached on the PR
surface. (b) Top view of a defect pattern induced by the top-coat blister, where the dotted-
line in the circle area indicates the center of the defect. (c) Bridged lines pattern, which are
mostly due to the small particles blocking the exposure light and are often observed at the
immersion lithography of feature sizes ≤ 300 nm. The pitch of the line and space pattern is
220 nm. The image in (a) is from the Ref. [70], the images in (b-c) are from Ref. [24].

1.2.2 Watermark defect and challenges

Many Strategies from have been developed so far for the defectivity problem. Op-
timization of the exposure head can restrict the gas bubble formation. A better
combination of topcoat and PR can reduce the top-coat blister. Improvement of the
filtration and the quality of the immersion water can reduce the number of particles
that can cause the bridged line pattern and coffee stain.[24] To reduce the watermark
defect, special stratergies were investigated.

One of the challenges is to minimize the number of water droplets left on the
PR surface during exposure. During the scanning process, water thin film is most
likely entrained at the edge of the PR film, giving most of the droplets present in the
vicinity of the wafer circumference. Hydrophobic surface can increase the receding
contact angle and restrict the water film entrainment and thus reduce the defect
number, which is already report by many studies.[72–74] Liang et al. reported the
defect reduction with special routing[68]. Understanding the liquid entrainment by
the surface heterogeneity would also help to optimize the wafer edge and the design of
immersion hood.[24, 75] Besides, the edge bead removal (EBR) process was developed
to remove loose flakes, because they can be peeled off by the water meniscus and
act as particles, which contribute to the particle-induced residual water during the
droplet evaporation and eventually increase the probability of the watermark defect,
for exmaple the one shown in Fig. 1.7(a).[24, 75, 76] Pre-exposure and post-exposure
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Figure 1.8: SEM image of immersion-related defects due to the present of the water droplet.
(a) Watermark defect results from the particle-induced residual water. (b) A T-topped
watermark defect, where the dotted-line circle indicates the extent of the defect. (c) Cross-
sectional image of a T-topped watermark defect. The pitch of the line and space pattern in
(a) and (b) is 220 nm[24], in (c) is about 115 nm.[71]

rinse process were also used to reduce the contaminants and the watermark.[66, 67]

The remaining big challenge is to fully understand why the presence of the water
droplet can potentially induce the watermark defect. Previous studies include the
impact of the droplet size and its evaporation time on the defect number,[65, 77–79] the
effect of water droplets on the local sensitivity of PR,[72, 80], and the influence of the
watermark.[79] Since the watermark defect is attributed to the incomplete development
of exposed PR, Nakagawa et al. and Wei et al. investigated the leaching dynamics
of the local PR components.[24, 81]. Further more, because the local PAG leaching
can directly reduce the photo acid concentration and thus the low concentration of
local deprotection,[67] there are also experimental studies about the supression of PR
components leaching.[81, 82]

However, the whole mechanism for the interaction between water and PR during
droplet evaporation, and ionic kinetics, which could be responsible for the inhibition
of the deprotection, are still much less explored. Therefore, it is essential to perform
a more fundamental and systematic research involving both experiments and theo-
retical modelling. This thesis deals with the formation process of residual droplets,
their possible displacement during the lithography process, their evaporation and the
concomitant leaching and redeposition of photoresist components.

1.3 Content of this thesis

In chapter 2 the fundamentals of the lubrication approximation is introduced. In
chapter 3, we systematically studied the formation of residual droplets during dip-
coating of localized chemical heterogeneities or topographic patterns on an otherwise
flat substrate of homogeneous hydrophobicity. We studied the size of the residual
droplets as a function of the coating speed, substrate surface energy and the pattern
dimension. We also studied the influence of the geometrical shape of the hetero-
geneities on the droplet formation as well as the break-up dynamics of the liquid
bridge formed in the process. Moreover we developed numerical simulations that are
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consistent with the experimental data.
In chapter 4, the interaction between droplets and gas jets was investigated. In

IM-lithography the air knives are used to confine the water meniscus underneath the
objective lens, while the wafer is moving underneath. If there are residual droplets
present on a wafer, these air knives will displace (bulldoze) the droplets. We conducted
systematic experiments of this bulldozing process by using a single axisymmetric gas
jet and by varying the substrate speed, the jet flow rate as well as the initial droplet
position. We also used a double gas jet to maintain a droplet at a stationary position
with respect to the jets, while the substrate is moving. Moreover, we developed a
numerical model based on Stokes flow that quantitatively reproduces the measured
droplet trajectories.

Interestingly, the motion of a water droplet over a photoresist surface can cause
the formation of residual electrical surface charges. In chapter 5 we investigated the
generation of such surface charge distribution by means of the deposition, motion and
evaporation of liquid droplets. We found that the magnitude of the surface charge
conforms well to the Boltzmann relation for the dissociation probability of ions in
solution, indicating that the phenomenon is electrokinetic in nature. Experiments on
polycarbonate and chemically-amplified photoresist yield surface charges of opposite
polarity. By systematic variation of the photoresist composition, we identified the
leaching of photoresist additives such as the photoacid generator and quencher species,
which are ionic compounds that dissociate in water.

Droplets on the photoresist surface will evaporate and leave residues behind, which
are believed to consist mainly of the leached ionic compounds that dissociated in the
water. We systematically characterized the residue dimensions as a function of the
initial droplet size and the photoresist composition. Due to the non-volatile ionic
compounds in the residues, the water and solvent will stop evaporating before the
residues are completely dry. We argue that this deliquescence phenomenon will allow
a certain amount of water to remain on the photoresist surface and to enter the
subsequent process step (post-exposure baking), which may potentially induce or
enhance the watermark defect formation. This is reported in chapter 6.

In chapter 7 presents the main conclusion of this thesis and the outlook for the
future work inspired by the inhibition of the deprotection due to the presence of the
water droplet evaporated during the PEB process.



2

Basics of the hydrodynamic
lubrication approximation

This chapter introduces the theory of the lubrication approximation, which will be used
in chapter 3. The lubrication equation is derived in this chapter from the Navier-
Stokes equation by considering the restriction of mass conservation, geometric con-
straints and the stress balence at the fluid interface, and the assumption of the vari-
ables with different scales in different direction for the liquid film.

13
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Figure 2.1: Cross section of a thin liquid film model. The liquid film flows on a substrate
surface, which can be considered as an xy-plane. The thickness of the film is described by
h(x, y, t), the liquid has a velocity profile u = (ux, uy, uz), the scale of the film thickness and
longitudinal length is H and L, respectively.

Firstly we consider a thin liquid film flows on a substrate surface in xy-plane. The
scale of the film thickness and longitudinal length is H and L, respectively. Here,
we start from the assumption that ε ≡ H/L � 1. In this case, the Navier-Stokes
equation can be significantly simplified. A sketch of a thin film of an imcompressible
Newton fluid on a flat and smooth substrate is described in Fig.2.1. The Navier-Stokes
equation (2.1) can be non-dimensionalized by introducing the scalings in (2.2):

ρ

(
∂−→u
∂t

+−→u · ∇−→u
)

= −∇P + µ∇2−→u (2.1)

(x̄, ȳ, z̄) =
( x
L
,
y

L
,
z

H

)
(2.2a)

(ux, uy, uz) =
(ux
U
,
uy
U
,
uz
V

)
(2.2b)

t̄ =
t

L/U
(2.2c)

P̄ = P/Ps (2.2d)

Here, H and L are considered as the characteristic thickness and length of the film,
respectively. V and U are the fluid velocity in the direction corresponding to H
and L, respectively, and Ps is the characteristic scale for the pressure P . In order
to compare the scales for each variable, we firstly consider the non-dimensionalized
continuity equation

U

L

∂ux
∂x̄

+
U

L

∂uy
∂ȳ

+
V

H

∂uz
∂z̄

= 0 (2.3)
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To scale all the variables properly, the magnitude of the prefactors must be of the same
order, which indicates that V/U ∼ H/L � 1, i.e. V ∼ εU . We non-dimensionalize
the x-component of (2.1)

εReH

(
∂ux

∂t̄ + ux
∂ux

∂x̄ + uy
∂ux

∂ȳ + uz
∂ux

∂z̄

)
= − ε

2LPs

µU
∂P̄
∂x̄ +

(
ε2 ∂2ux

∂x̄2 + ε2 ∂2ux

∂ȳ2 + ∂2ux

∂z̄2

)
(2.4)

with the Reynolds number ReH = ρUH/µ. To obtain an appropriate magnitude
for the pressure scale Ps, we consider a 1D Poiseuille flow in x direction between two
parallel plate with a distance of H and a length scale of L. The magnitude of ux and
P will have following relation

Uux ∼
H2

µ

Ps
L

dP̄

dx̄
z̄(1− z̄) (2.5)

which implies Ps has a magnitude of 1
ε2
µU
L . Using this condition, we can simplify

Eq.(2.4) as well as the non-dimensionalized y- and z-component of (2.1) as follows

εReH

(
∂ux

∂t̄ + ux
∂ux

∂x̄ + uy
∂ux

∂ȳ + uz
∂ux

∂z̄

)
= −∂P̄∂x̄ + ∂2ux

∂z̄2 + ε2
(
∂2ux

∂x̄2 + ∂2ux

∂ȳ2

)
(2.6a)

εReH

(
∂uy

∂t̄ + ux
∂uy

∂x̄ + uy
∂uy

∂ȳ + uz
∂uy

∂z̄

)
= −∂P̄∂ȳ +

∂2uy

∂z̄2 + ε2
(
∂2uy

∂x̄2 +
∂2uy

∂ȳ2

)
(2.6b)

ε3 ReH

(
∂uz

∂t̄ + ux
∂uz

∂x̄ + uy
∂uz

∂ȳ + uz
∂uz

∂z̄

)
= −∂P̄∂z̄ + ε2 ∂2uz

∂z̄2 + ε4
(
∂2uz

∂x̄2 + ∂2uz

∂ȳ2

)
(2.6c)

Since the characteristic scale of Reynolds number for thin films is small, which indi-
cates εReH � 1, so we can neglect the terms with εReH and ε2 and arrive at

µ
∂2ux
∂z2

=
∂P

∂x
(2.7a)

µ
∂2uy
∂z2

=
∂P

∂y
(2.7b)

∂P

∂z
= 0 (2.7c)

where (ux, uy, uz) and P are still unkonwn. In order to determine the thickness
profile h(x, y, t) of the flowing thin film, we need more information, which will be
disscussed in the following sections.

2.1 Boundary conditions

Deriving the profile of the film velocity requires the boundary conditions at the gas-
fluid and the fluid-solid interfaces. Firstly, in our study we assume that a no-slip
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boundary condition applies at the liquid-solid interface, i.e.

u(ux, uy, uz) = 0 at z = 0 (2.8)

Now we consider the stress balence at the gas-fluid interface[83](
S

liq
− S

air

)
· n +∇Sγ − γn(∇S · n) = 0 (2.9)

where ∇Sγ = ∇γ − n(n · ∇γ) (2.9a)

and n ≡ 1√
1 +

(
∂h
∂x

)2
+
(
∂h
∂y

)2

(
−∂h
∂x
,−∂h

∂y
, 1

)
(2.9b)

Here ∇ is the gradient operator, n is the normal unit vector of the interface pointing
from the liquid phase to the gas phase, and ∇S is the surface gradient operator[84].
The last two terms of (2.9) describe the surface gradient of the surface tension and
the Laplace pressure, respectively. S refers to the stress tensor at the interface

S = −P I + T (2.10)

with T =


2µ∂ux

∂x µ
(
∂ux

∂y +
∂uy

∂x

)
µ
(
∂ux

∂z + ∂uz

∂x

)
µ
(
∂ux

∂y +
∂uy

∂x

)
2µ

∂uy

∂y µ
(
∂uz

∂y +
∂uy

∂z

)
µ
(
∂ux

∂z + ∂uz

∂x

)
µ
(
∂uz

∂y +
∂uy

∂z

)
2µ∂uz

∂z

 (2.11)

where I is the identity matrix and T the viscous stress. From the inner product of
(2.9) with the unit vector n (normal) and t (tangential), we obtain a stress balence
for the normal and tangential direction, respectively

normal Pair − P − n ·
(
T

liq
−T

air

)
· n + γn(∇S · n) · n = 0 (2.12a)

tangential
−→
ti ·

(
T

liq
−T

air

)
· n +

−→
ti · ∇Sγ = 0 (2.12b)

Because we are considering a general case for a flowing liquid film without any air
flow externally applied to the film, the term of viscous stress in the gas phase can
be neglected due to µair � µair. In addition, the approximation assumption H/L ≡
ε� 1 and V ∼ εU implies that the slope of h(x, y, t) at the interface is small, which
leads to [∂h∂x ] ∼ [∂h∂y ] ∼ ε� 1.

Now we can simplify (2.12a) and (2.12b) by neglecting the terms at the magnitude
of (∂h∂x )2, (∂h∂y )2 or ε2. Firstly, Compared with P which is scaled as Ps ∼ 1

ε2
µU
L , the

largest term in n ·Tliq ·n in (2.12a) scales as µU
L and is therefore negligible. The same
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approximation can be also applied to simplify the last term of (2.12a), leading to the
normal stress boundary condition:

P = Pother − Pcap = Pother − γ
(
∂2h

∂x2
+
∂2h

∂y2

)
= 0 (2.13)

where Pcap reprecents the capillary pressure. The hydrostatic pressure contribu-
tion from the gas phase is already neglected since the density of air is much smaller
than that of liquids. Other pressure contributions such as the gravitation of liquid or
the disjoining pressure, are included in Pother. Similarly, the tangential stress balance
in (2.12a) can be simplified as

µ
∂ux
∂z

(z = h) =
∂γ

∂x
and µ

∂uy
∂z

(z = h) =
∂γ

∂y
(2.14)

2.2 Mass conservation

The velocity profile of incompressible liquid is restricted by the mass conservation,
which is expressed by the continuity equation. On the other hand, to obtain the profile
of h(x, y, t), we need another restriction for h and u(ux, uy, uz). For this purpose, we
integrate the continuity equation in the vertical direction∫ h

0

(
∂ux
∂x

+
∂uy
∂y

+
∂uz
∂z

)
dz = 0 (2.15)

where we can use the Leibniz integral rule∫ h

0

∂ux
∂x

dz =
∂

∂x

∫ h

0

uxdz − ∂h

∂x
ux(h)∫ h

0

∂uy
∂y

dz =
∂

∂y

∫ h

0

uydz − ∂h

∂y
uy(h)

(2.16)

and arrive at

∂Qx
∂x

+
∂Qy
∂y
− ∂h

∂x
ux(h)− ∂h

∂y
uy(h) + uz(h)− uz(0) = 0 (2.17)

with Qx =

∫ h

0

uxdz and Qy =

∫ h

0

uydz (2.17a)

Applying the material derivative (i.e. the full differential) on h(x, y, t) and considering
(2.8) gives

dh

dt
=
∂h

∂t
+ ux

∂h

∂x
+ uy

∂h

∂y
+ uz(h) = 0 (2.18)
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The equation of the air-fluid interface is expressed by z−h(x, y, t) = 0, which indicates

dh

dt
=
dz

dt
(z = h) = uz(h) (2.19)

combining (2.17), (2.18) and (2.19) yields

∂h

∂t
+
∂Qx
∂x

+
∂Qy
∂y

= 0 (2.20)

2.3 Thickness profile of thin liquid films

Now we have enough information from section 2.1 and 2.2 to obtain the expression
for the thickness profile of a thin liquid film. Firstly we integrate (2.7a) and (2.7b) in
the z direction by using the boundary condition (2.8) and (2.14)

ux =
1

µ

∂P

∂x

(
z2

2
− hz

)
+

1

µ

∂γ

∂x
z

uy =
1

µ

∂P

∂y

(
z2

2
− hz

)
+

1

µ

∂γ

∂y
z

(2.21)

Equation (2.7a) indicates that the pressure profile P is z independant and thus equal
to its value at the gas-fluid interface, which is expressed by (2.13). Combining (2.17),
(2.20) and (2.21) gives the fluxes Qx and Qy by

Qx =

∫ h

0

uxdz =
h2

2µ

∂γ

∂x
− h3

3µ

∂P

∂x

Qy =

∫ h

0

uydz =
h2

2µ

∂γ

∂y
− h3

3µ

∂P

∂y

(2.22)

which results in the lubrication equation for thin film

∂h

∂t
+

∂

∂x

(
h2

2µ

∂γ

∂x
− h3

3µ

∂P

∂x

)
+

∂

∂y

(
h2

2µ

∂γ

∂y
− h3

3µ

∂P

∂y

)
= 0 (2.23)

with P ≡ −γ
(
∂2h

∂x2
+
∂2h

∂y2

)
+ Pother (2.13)

The additional contribution of pressure can be e.g. hydrostatic pressure ρgh, disjoin-
ing pressure −Π(h), etc. Besides, for an air-liquid interface on a substrate surface
with non-flat topography or defects expressed as s(x, y, t), the thickness of the liquid
film can be expressed as h = zla − s(x, y, t) with zla is the z-position of the liquid-air
interface, which will be discussed in chapter 3.
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Formation of satellite droplets
during dip-coating of
partially-wettable surface
protrusions on hydrophobic
substrates

In this chapter we studied the formation of residual droplets induced by the presence
of surface heterogeneities on a partially wettable substrate surface during dip-coating.
The heterogeneities are either topographical or chemical patterns with well-defined ge-
ometric shape. Typically the residual droplets are distributed in the form of a cascade
of satellites that arise from capillary break-up and the recession of the coating menis-
cus after it is temporarily pinned by the surface heterogeneities. We focused on the
biggest satellite droplet and characterized the volume and position as a function of
the geometrical shape and size of the patterns as well as its topographical amplitude
or contact angle contrast. Our results are important in the context of immersion
lithography, where the occurrence of residual droplets is undesirable.

The contents of this chapter correspond to the manuscript with title ”Formation of residual droplets

upon dip-coating of chemical and topographical surface patterns on partially wettable substrates”

by M.A.C. van Gestel, B. He, and A.A. Darhuber, which has been submitted for publication. The

experiments presented in this chapter were performed by M. van Gestel in the context of his MSc

thesis project, to which the author was assigned as daily supervisor.
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3.1 Introduction

In a commercialized immersion lithography machine, the image of the mask is por-
jected onto a thin photoresist layer, which has a typical thickness of about 100 nm.
A thin water layer is filled between the objective lens and the photoresist surface.
Normally, the size of the exposure area underneath the immersion hood is a few cen-
timeters, while a conventional silicon wafer used as substrate has a diameter of 12
inches. This means the wafer stage has to move so that the immersion hood can scan
over the whole surface of the photoresist. One of the big challenges is to increase
the scanning speed in order to maximize the throughput. However, there’s an upper
limit for the relative speed between the receding contact line of the meniscus and
the substrate, beyond which the liquid film will be entrained and film-pulling will
occur[24, 85].

However, sometimes the film-pulling can even happen at a scanning speed below
the critical value. The reason is that the photoresist surface is not ideally smooth
and the meniscus will get pinned during the scanning procecss due to the surface
heterogeneities, which can be the edge of the wafer (see Figure 3.1), a non-uniform
wettability, or a topological defect. When film-pulling occurs, the local thickness of the
liquid film decreases, whereby dry spots nucleation take place. Ultimately the liquid
film breaks up into droplets. The droplets that remain on the photoresist surface can
potentially induce the formation of so-called watermark defects[24]. Especially when
those droplets are displaced during the scanning process, the likelyhood could be even
enhanced.[86]

To understand the impact of surface heterogeneities on the formation of residual
droplets when a receding liquid meniscus encounters a surface defect, the dip-coating
of partically wettable substrate with topological or chemical patterns was investigated
in our study, because dip-coating is hydrodynamically well-defined.

Landau and Levich first reported that dip-coating an ideally smooth and chemi-
cally uniform surface gives rise to an entrained liquid film with thickness h =
0.964lcCa

2/3, where lc is the capillary length[87]. Darhuber et al showed that the
dip-coating of chemical stripes on a flat substrate gives a scaling relation for the film
thickness h = CwCa1/3, where C is a constant and w is the width of the stripe[88].
Davis determined the parameter C = 0.356 by using an asymptotic matching analy-
sis[89]. Liquid entrainment induced by chemical[16, 90–95]or topological[96–98] patterns
on a substrate has been reported by many authors. Furuta et al studied the size
dependency of the chemical patterns for the sliding behavior of droplets[99], Yang et
al exploited the entrained thickness on the hydrophilic patterns with different geo-
metrical shapes[100].

Brasjen et al [101] explored the dependance of the entrained liquid volume on the
substrate speed and pattern orientation. They also observed satellite droplets induced
by chemical pattern and elucidated the formation of satellite droplets as a manifes-
tation of the so-called pearling instability[102–107]. The liquid ligament break-up was
first exlained by Plateau and Rayleigh[108, 109]. Xue et al studied the effects of ther-
mally excited capillary waves on the break-up properties of a thin liquid ligament[110].
Other studies considered non-ideal fluids with phase segregation[111, 112].
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Also in many studies, people have considered the liquid meniscus moving across
the topographically patterned subsrtates. Mayo et al simulated the droplet motion on
virtual leaf surfaces[113], Jackman et al presented the spatially well-defined microwell
structures filled rapidly and uniformly by a moving liquid meniscus[96], Schwartz et al
studied the liquid withdrawal from gravure cavities by numerical modelling[97], Kim
et al studied the liquid entrainment effect of the geometrical shape of the grooves[114],
Park et al demonstrate that, with certain combinations of defect heights and widths,
the receding contact line of the memiscus can be pinned and result in the residue
droplet on the defects[115].

However, the formation of satellite droplets, which come from the pearling insta-
bility and liquid ligament break-up, is still much less explored. In this chapter, we
used dip-coating because it is hydrodynamically well-defined. We focus on the for-
mation of satellite droplets beyond the pattern area and study the influence of the
defect size and shape, the contact line speed as well as the wettability contrast. We
consider separately chemical as well as topographic surface irregularities.

Gas inlet

UV-light

Photoresist

Water 
meniscus

Mo!on Si-Wafer

Immersion
hood

Edge

Figure 3.1: Film pulling occurs when the receding meniscus of the contact line move across
the edge of the photoresist layer, the entrained liquid film will ultimately break up into
droplets. See also Fig. 1.6.

3.2 Materials and Experiments

The silicon wafers (Si-Mat, prime grade, 6 inches, thickness 675µm ) covered with a
thermal oxide layer were used as substrates in all experiments. The wafers were spin-
coated with a positive photoresist (PR) layer (Allresist, product number AR-P3510T,
thickness hPR = (2.3 ± 0.1)µm) and exposed by using a mask aligner (Karl Suss,
MJB3). The masks comprised circles, triangles and squares of various dimensions
that were intransparent to UV light. The exposed parts of the PR layer was removed
by the developer solution (Allresist, AR300-26). Subsequently, the samples were put
in a UV ozone cleaner (Jelight, product number 42-220) for 15 minutes, where a
photo-sensitized oxidation process removes contaminant molecules.
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Afterwards, the sample were immersed into the solution of Trichloro(1H,1H,2H,2H-
perfluorooctyl)silane(PFOTS, Sigma Aldrich, product number 448931) in anhydrous
heptane (Sigma Aldrich, product number 246654) for 2 hours, whereby a PFOTS
monolayer formed on the wafer surface area, which was not covered by photoresist
and would become hydrophobic. The sample was then rinsed by heptane and baked
at a temperature of 115 oC for 30 s to stablize the formation of the monolayer and
remove the residue PFOTS on the sample. All chemicals were used as received.

As shown in figure 3.2 (a) and (b), the patterns used in the experiment are circular,
square or isoscele triangle, which have both chemical and topological properities due
to the PR thickness (indicated in figure 3.2 (b)) and a heterogeneity of the static
contact angle from the PFOTS-coated surface to the pattern surface. The substrate
was a wafer square with a side length of 5 cm, patterns with the same geometric
shape were fabricated on one sample. The pattern dimension w ranges from 0.2 mm
to 10 mm, the spacing between the patterns is several times of the capillary length lc =√
γ/ρg ≈ 2.2 mm to eliminate the influence from the interaction of the neighboring

coating menisci. Here, g = 9.81 m/s2 is the gravitational acceleration, γ the surface
tension and ρ the density of the liquid.

The liquid used for the dip-coating experiments was a mixture of water and glycerol
(Fluka, product number 49770) with a viscosity µ = (220±20) mPas, a surface tension
γ = (60.9± 0.5) mN/m and a density ρ = 1250 kg/m3. The static advancing contact
angles of the liquid were θad = (100 ± 2)o and (88 ± 2)o on the PFOTS-covered and
the PR-covered regions, respectively. The static receding contact angles were θr =
(71± 2)o and (12± 2)o, respectively. The critical coating speed measured was about
(6.5± 0.5) mm/s corresponding to a critical capillary number Cac = µUc/γ = 0.0235.

Figure 3.2(c) shows the experimental setup of dip-coating. The sample was fixed
to a translation stage (Newport, UTS100PP), which can withdraw the sample out
from a liquid reservoir vertically with a constant speed from 0.1 mm/s up to 20 mm/s.
The sample surface is always parallel to the direction of withdrawal. The triangles
and squares were oriented to make sure that at least one edge of the pattern was
normal to the coating direction. A camera with a frame rate of 15 f/s is fixed close to
the liquid level for direct observation of top-view.

3.3 Experimental results: topological patterns

Figure 3.3(a-d) precent the frames recorded during the withdrawal of the sample
from the liquid reservoir. The dip-coating speed is U = 6 mm/s. The liquid film
was entrained by a square pattern with a dimension w = 1 mm and a liquid ligament
connected to the bottom edge of the pattern and the reservoir at the beginning, as
shown in figure 3.3(a) and (b). The ligament became narrow and ultimately broke up
into a cascade of satellite droplets as the pattern raised higher, which are shown in
figure 3.3(c) and (d). The time increment ∆t is given relative to the first frame (a).
The critical dip-coating speed Uc was determined to be 6.5mm/s, above which the
liquid film starts to get entrained by a substrate without patterns. The distance dmax

from the biggest droplet to the bottom edge of the pattern and the droplet redius
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Figure 3.2: (a) and (b) Sketch of the top- and side-view of the patterns on the wafer
substrate, the grey area is covered by the monolayer of PFOTS. (c) Photograph of the
dip-coating setup.

rmax can be extracted by image processing based on Matlab.

In figure 3.4 and 3.5, rmax and dmax are plotted as function of the pattern di-
mension w (mm) and the dip-coating speed U (mm/s). The markers in each sub-
micrographs indicate the geometric shape of the patterns. All experiments are re-
peated for at least three times. The errorbars represent the standard deviation of
the repeated experiments, in which w ranges from 0.2 mm to 10 mm while U is from
0.25 mm/s to 6 mm/s.

In figure 3.4(a-c) and 3.5 (a-c), rmax and dmax have a powerlaw dependance on
w when w < lc, i.e. rmax ∼ wα and dmax ∼ wβ . Beyond this region, the linear
dependances disappear, especially for low dip-coating speed U , this agrees with the
results marked by dashed circles in figure 3.4(a-c) and 3.5(a-c), where the data points
overlapped with eachother for w = 6, 9 and 12 mm. For higher speed (U = 6 mm/s ≈
0.9Uc) this transition seems to be absent. The grey vertical lines indicate the capillary
length lc. In figure 3.4(d-f) and 3.5(d-f), there are no powerlaw relation for rmax and
dmax. The sensitivity to the dip-coating speed is higher, when U is approaching Uc.
In general, larger w and higher U induce larger values of rmax and dmax. Triangles
and squares exhibit very similar behavior for the scaling experiments of rmax and
dmax, and α ≈ β ≈ 0.9. Circles give smaller exponents (α ≈ 0.8 and 0.4 6 β 6 0.64)
and values of rmax and dmax.
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Figure 3.3: (a-d) Liquid film was entrained by a square pattern during the withdrawal of a
sample from the liquid reservoir, the liquid ligament connecting the pattern with the reservoir
broke up during the withdrawal. The pattern dimension w is 1 mm and the withdrawal speed
is U = 6 mm/s. The time increment ∆t is given relative to the first frame (a). (e) We focus
on the largest satellite droplet and extract its radius rmax and the distance dmax from the
bottom of the pattern.

3.4 Numerical model

The horizontal position of the liquid-air interface is denoted as z = h(x, y, t)+s(x, y, t),
where h(x, y, t) is the liquid film thickness and s(x, y, t) = s(x, y−Ut) the topographic
surface profile of the substrate moving vertically with speed U . In chapter 2 we
already solved the lubrication equation for the general case of a thin film flowing on
a stationary flat surface. Here, we start from the boundary conditions uy(z = 0) = U
and (2.14), and modify the lubrication equation for the assumption of small slope and
small contact angle[116]:

∂h

∂t
− ∂

∂x

(
h3

3µ

∂P

∂x

)
− ∂

∂y

(
h3

3µ

∂P

∂y
+ Uh

)
= 0 (3.1)

Here, P is the so-called augmented pressure defined as

P = Pamb − γ
(
∂2

∂x2
+

∂2

∂y2

)
(h+ s) + ρgy −ΠSE (3.2)

where Pamb is the ambient pressure and ΠSE the disjoining pressure. The latter
allows modeling of moving contact lines. We use the following phenomenological
expression[117]:

ΠSE = γ(1− cos θ)
(n− 1)(m− 1)

(n−m)h∗

[(
h∗

h

)n
−
(
h∗

h

)m]
(3.3)
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Figure 3.4: The radius of the biggest satellite droplet rmax as function of (a, b, c) the
pattern dimension w (mm) and the (d, e, f) dip-coating speed U (mm/s). The plots are for
the data from (a,d) square , (b,e) triangle and (c,f) circular patterns, respectively. The data
in (a-c) were obtained at four different speeds of U = 0.25, 1, 3 and 6 mm/s. The data in
(d-f) were obtained for six different pattern dimensions w = 0.2, 0.6, 1, 3, 6, 9 and 12 mm.
The red vertical lines in (d-f) indicate the critical coating speed Uc.
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Figure 3.5: The distance between the biggest satellite droplet and the bottom edge of
the pattern dmax as function of (a, b, c) the pattern dimension w (mm) and the (d, e, f)
dip-coating speed U (mm/s). The plots are for (a,d) square , (b,e) triangle and (c,f) circular
patterns, respectively, which is indicated by the markers in the sub-micrographs. The data
in (a-c) were obtained at four different speeds of U = 0.25, 1, 3 and 6 mm/s. The data in
(d-f) were obtained for six different pattern dimensions w = 0.2, 0.6, 1, 3, 6, 9 and 12 mm.
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where n > m > 1 are positive real numbers, j(x, y, t) = j(x, y − Ut) is the
position-dependent contact angle and the precursor layer thickness h∗ is typically
on the order of a few nanometers. The second and third term in (3.2) represent
the capillary and hydrostatic contributions. We have used the parameter values
(n,m, h∗) = (3, 2, 20 nm), except where otherwise noted.

For the topological patterns, the sample surface has a constant static contact
angle (θ = θo) and a varying topography (s 6= const.). The chemical patterns have
a constant topography (s = const.) and a varying static contact angle (θ 6= const.),
which is set as 0 within the pattern area in the simulations. Both s and θ are described
by a smooth Heaviside function below:

fhs(ṽ) =

 0 for ṽ < −1
1 for ṽ > 1
1
2 + 15

16 ṽ −
5
8 ṽ

3 + 3
16 ṽ

5 otherwise
(3.4)

where the non-dimensional variable ṽ represents e.g. (x− 1
2w)/∆w with the tran-

sition width ∆w. A typical transition width is a few microns.
Figure 3.6 illustrates the computational domain as well as the boundary conditions

(BCs) used. For polygonal patterns such as isosceles triangles and rectangles, we only
consider orientations where the coating direction (y-axis) lies in a mirror symmetry
plane of the pattern, i.e. the lower edges of the patterns are oriented horizontally. The
existence of this vertical mirror-symmetry plane through the center of the pattern,
normal to the substrate and parallel to the direction of withdrawal, allows to reduce
the size of the computational domain by 50% as shown in Figure 3.6(b). We used the
following BCs:

∂h

∂x
(x = 0) = 0

∂h

∂x
(x = Lx) = 0 (3.5a)

∂p

∂x
(x = 0) = 0

∂p

∂x
(x = Lx) = 0 (3.5b)

∂h

∂y
(y = Ly) = 0 Qy (y = Ly) = −Uh (3.5c)

h(y = 0) = hres p(y = 0) = pres (3.5d)

where the vertical flux Qy is defined as

Qy ≡ −
h3

3µ

∂p

∂y
− Uh (3.6)

The conditions at the upper boundary represent a film leaving the computational
domain with a speed U that has vanishing derivatives along the y-direction. Equation
(3.5a) and (3.5b) correspond to mirror symmetry at the left and right boundaries.
This implies that the simulations actually correspond to the coating of a horizontal
1D pattern array with period 2Lx. The lateral width of the domain Lx is typically
0.32 mm, which means that patterns dimensions up to approximately w ≤ 0.2 mm can
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Figure 3.6: (a) Skecht of the physical model and (b) 2D domain for numerical simulations.
The pattern can be either topological or chemical. We use a smooth Heaviside function to
describe the topological patterns (θ = const.) or chemical patterns (h = const. and θ = 0
within the pattern area).

be considered to good approximation isolated. At the lower boundary, both the local
film thickness and the local pressure are prescribed in Eq.(3.5d). The value of pres

corresponds to the analytical result of the pressure for a static meniscus adhering to
a partially wetting wall inclined at an angle α with respect to the horizontal, which
is espressed as following:

pres = −
√

2γρg (1− cos (α− θo)) (3.7)

In this study we maintained α = 90◦ constant. The value of hres (typically 0.1 mm)
is chosen such that the slope of the interface profile ∂h

∂y remains small at all times.
The initial condition corresponds to the topographic and chemical surface patterns
being fully immersed, such that the contact line is horizontal and the meniscus shape
corresponds to the equilibrium shape for a uniform partially wetting surface with
contact angle θo. The above equations are solved using the finite element software
Comsol 3.5a.

3.5 Numerical results

3.5.1 1D simulation: topological patterns

We firstly performed 1D simulations on a smooth and chemically homogeneous sur-
face. The purpose is to determine the critical withdrawal speed Uc and validate
the disjoining pressure based model. We chose (n,m, h∗, θo) = (3, 2, 10 nm, 10 o).
The non-dimensional receding contact angle θr/θo is plot as the function of the non-
dimensional dip-coating speed U/Uc in figure 3.7(a). When U/Uc < 1, θr decreases as
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Figure 3.7: (a) Numerical simulations of the non-dimensional dynamic receding con-
tact angle θr/θo as a function of dimensionless coating speed U/Uc for (n,m, h∗, θo) =
(3, 2, 10nm, 10o). The dotted line is a guide to the eye. (b) Numerical simulations of the
critical capillary number Cac as a function of contact angle θofor(n,m) = (3, 2) and several
values of h∗. The solid lines are powerlaw fits Cac ∼ θαo

U/Uc increases. When U/Uc → 1, a liquid film starts to be entrained by the substrate
and θr/θo approaches a value of about 0.58. This is an excellent agreement with the
transition value derived by Golestanian et al.[118, 119]:

θr (U/Uc → 1)

θo
=

1√
3
≈ 0.58 (3.8)

Figure 3.7(b) present the powerlaw relations between the critical capillary number
Cac ≡ µUc/γ and the static contact angle, i.e. Cac ∼ θαo , for h∗ = 5, 10, 20 nm.
Their fitted curves indicate that the powerlaw exponent is only weakly sensitive for
the choice of h∗, which is shown in Table 3.1. Eggers derived an implicit relation for
the critical coating speed of partially wetting surfaces assuming that a Navier slip
condition with slip length Λ holds at the solid-liquid interface.[120] The corresponding
dependence of Cac on θo follows to good approximation a powerlaw behavior for
small θo < 20o. Identifying Λ with h∗, the resulting values of the powerlaw exponents
are given for comparison in the last column of Table 3.1. They agree well with the
exponents α found for our disjoining pressure formulation.

In Fig. 3.8(a,b) we present sketches of the meniscus shape for dipcoating a surface
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Table 3.1: Powerlaw exponents which imply the dependence
of Cac on θo for different values of (n,m) and h∗

h∗(nm) (n,m) = (2, 3) (n,m) = (2, 3) Egger[120]

5 2.69 ± 0.01 2.69 ± 0.01 2.81 ± 0.01
10 2.65 ± 0.01 2.61 ± 0.01 2.79 ± 0.01
20 2.65 ± 0.01 2.56 ± 0.01 2.78 ± 0.01

Sub-critical

speed U < UFP

h(y)
(a)

s(y)

Super-critical

speed U > UFP

(b)

s(y)

h(y)

‘Film pulling’

∆h
y∆

Figure 3.8: (a,b) Sketches of the meniscus shape for dipcoating a surface with a single
Gaussian topographic defect at sub- and supercritical coating speeds, respectively. (b) If
the meniscus contains a fraction (indicated by the blueish rectangle) with a width of ∆y >
100µm and a deviation of thickness ∆h, which satisfy ∆h

∆y
6 0.001, then the case is considered

as film-pulling, and the corresponding substrate speed is considered as critical speed of film-
pulling.

with a Gaussian topographic defect

sGauss ≡ ∆s exp
[
−(y − Ut)2/(∆y)2

]
(3.9)

at sub- and supercritical coating speeds, respectively. In the first case the menis-
cus moves over the defect without pinning. In the latter case, the meniscus gets
pinned temporarily and a thin film is entrained. In immersion lithography this phe-
nomenon is known as ‘film pulling (FP)’. Here we define the case where the film
pulling occur: if there exists a fraction of the meniscus (indicated by the blueish
rectangle in figure 3.8(b)), where the width of the fraction ∆y > 100µm and the de-
viation of the thickness ∆h within this fraction satisfies ∆h

∆y 6 0.001, then the case
is considered as film-pulling, and the corresponding substrate speed is considered as
critical speed for film-pulling. We plot the normalized critical capillary number, i.e.
CaFP/Cac(∆s = 0), as a function of the aspect ratio A ≡ ∆s

∆y in Fig. 3.9. A sketch

of the defect (bump) is shown at the bottom left of the figure. The red and blue
data points correspond to the simulations using the contact angle of 5 o and 10 o for
the liquid, respectively. The triangles and the solid squares were obtained from the
simulation for the bump with either constant height ∆s or constant width ∆y. The
horizontal grey solid line represents the critical capillary number Cac(∆s = 0) for a
flat substrate as a reference. For sufficiently large values of A, the critical capillary
number CaFP falls significantly below Cac. For small defects where ∆s� lc only the
aspect ratio matters, i.e. variations of the peak width or peak height at constant A
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Figure 3.9: Critical capillary number CaFP (normalized by Cac(s = 0) for a flat surface)
as a function of the aspect ratio A ≡ ∆s

∆y
of a Gaussian topographical defect moving through

the meniscus. Blue circles and red triangles represent bumps where either the height or the
width of the defect is held constant, respectively. The solid red horizontal line represents
the critical capillary number Cac for a flat substrate. The black dotted line is a guide to the
eye. The gray vertical dashed line represents the value of A when θmax = θo.

yield equivalent results. The red and blue arrows indicate the value of A when the
maximum slope angle of the θmax topographic pattern is equal to θo.

In Fig. 3.10 the film thickness is plotted versus the capillary number for supercriti-
cal substrate velocities Ca > CaFP and several values of A ranging from 0 to 0.4. The
different data sets all collapse, i.e. the thickness of the entrained film does not depend
on the defect shape. The solid line represents the Landau-Levich law[87] , which is an
excellent approximation to the data for small Ca. We note that in 1D simulations
we never observed residual satellite droplets, i.e. ones that are not pinned at the
defects themselves. This is in contrast to experimental observations, where satellite
droplets are normally observed. Moreover, Fig. 3.9 might suggest that for U < 0.2Uc

no residual droplets occur. However, Fig. 3.4(d∼f) shows that satellite droplets are
present for speeds as low as U = 0.05Uc. Therefore, we turn our attention to 2D
simulations.

3.5.2 2D simulation of chemical patterns

We first study residual droplet formation due to chemical patterns, i.e. the substrate
is entirely flat s = 0, but chemically heterogeneous. Inside the patterns, the contact
angle is θi = 0o and outside θo. Figure 3.11 shows the non-dimensional volume Vmax/l

3
c

and the nondimensional distance dmax/lc of the biggest residual drop as a function of
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Figure 3.10: Entrained film thickness h versus capillary number Ca for supercritical sub-
strate speeds.

pattern dimensions. The patterns are horizontal rectangles of width wx and height
wy, respectively. In Fig. 3.11(a,b), the pattern height is kept constant; in Fig. 3.11(c)
the pattern width is kept constant. The solid lines in Fig. 3.11(a,b) represent powerlaw
relations Vmax/l

3
c ∼ (wx/lc)1.96 and dmax/lc ∼ (w/lc)0.86, respectively.

Figure 3.12 shows the non-dimensional volume Vmax/l
3
c and the non-dimensional

distance dmax/lc of the biggest satellite drop as a function of pattern width w for hy-
drophilic squares and circles. To good approximations, the data exhibit powerlaw be-
havior. The solid lines in Fig. 3.12 represent powerlaw relations Vmax/l

3
c ∼ (w/lc)2.80

and dmax/lc ∼ (w/lc)0.93 for squares and Vmax/l
3
c ∼ (w/lc)2.56 and dmax/lc ∼ (w/lc)0.87

for circles, respectively. These exponents compare favorably with the values found
from experiments for the regime w < lc, considering that Vmax ∼ r3

max.

Figure 3.13 presents the dependence of Vmax/l
3
c on the capillary number Ca for

squares, circles as well as upand down-triangles. Squares and up-triangles show a very
similar behavior. Down-triangles produce residual droplets only in the high-speed
regime where Ca is close to Cac (approximately Cac ≈ 1.42 ·10−4 ) and even then are
they significantly smaller than for uptriangles[93]. This is because the tapering width
continually reduces the width of the liquid bridge connecting the liquid entrained on
the pattern and the reservoir meniscus. Similarily, circles result in smaller residual
droplets than squares. Squares and up-triangles exhibit a distinctly different behavior
for small and large capillary numbers. The solid lines represent exponential relations
Vmax/l

3
c ∼ exp[k(Ca − Cac)]. The dashed lines represent relations Vmax/l

3
c = C0 +

C1Ca
0.9. Here, k, C0 and C1 are fitparameters. In contrast to the dependence on θo,
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Figure 3.11: Numerical simulations of (a,c) the non-dimensional volume Vmax/l
3
c and (b)

the non-dimensional distance dmax/lc of the biggest satellite drop as a function of pattern
dimensions. The patterns are horizontal rectangles of width wx and height wy and contact
angles θi = θo and θo = 8o. The coating speed was U/Uc ∼ 0.55. In (a,b), the pattern height
is kept constant at wy/lc = 0.0063; in (c) the pattern width is kept constant at wx/lc = 0.05.
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Figure 3.12: Numerical simulations of (a) the non-dimensional volume Vmax/l
3
c and (b)

the non-dimensional distance dmax/lc of the biggest satellite drop as a function of pattern
width w for θi = θo , θi = 8o and U/Uc ∼ 0.55. The patterns are square shaped or circular
as represented by the respective symbols. The solid lines represent power law relations
Vmax/l

3
c ∼ (w/lc)2.80 for squares and Vmax/l

3
c ∼ (w/lc)2.56 for circles in (a) and in (b)

dmax/l
3
c ∼ (w/lc)0.93 for squares and dmax/l

3
c ∼ (w/lc)0.87 for circles.
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Figure 3.13: Numerical simulations of the non-dimensional volume Vmax/l
3
c of the biggest

satellite drop as a function of capillary number Ca for w/lc = 0.055 and θo = 8o. The
pattern shapes were squares, circles as well as up- and down-triangles as represented by the
respective symbols. The solid lines represent exponential relations Vmax/l

3
c ∼ exp[k(Ca −

Cac)]. The dashed lines represent relations Vmax/l
3
c = C0 + C1Ca

0.9. Here, k, C0 and C1

are fitparameters. The dotted line is a powerlaw relation Vmax/l
3
c ∼ Ca1.15. The insets are

snapshots of two simulations for up-triangles (corresponding to the labeled datapoints) just
before the first meniscus breakup event. The color levels from blue to red represent the film
thickness range from 26 nm to 1µm.

where a singularity for small θo → θc is observed, there is no singularity apparent for
Ca→ Cac. The low Ca regime is characterized by a powerlaw relation with constant
offset. The constant offset represents the breakup of a liquid bridge that corresponds
to a capillary equilibrium shape.

Figure 3.14 illustrates the dependence of the nondimensional volume and the non-
dimensional distance of the biggest residual droplet on the exterior contact angle θo

for triangular patterns. Both Vmax/l
3
c and dmax/lc appear to diverge as the critical

contact angle θc ≈ 4.95o for entrainment on the entire sample surface is approached.
The solid lines in (a,b) and (c,d) represent power law relations Vmax/l

3
c ∼ (θo− θc)−1

and dmax/lc ∼ (θo − θc)−0.5, respectively.

3.5.3 2D simulation of topological patterns

We have studied satellite droplet formation due to chemically homogeneous, topo-
graphic surface patterns. The shapes were circles, squares and rectangular grooves
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Figure 3.14: Numerical simulations of (a) the non-dimensional volume Vmax/l
3
c and (c)

the non-dimensional distance of the biggest satellite drop as a function of contact angle θo

for w/lc = 0.055 and Ca = 2.0 · 10−5. The pattern is triangular shaped. Filled triangles
correspond to (n,m, h∗) = (3, 2, 20 nm), solid open triangles to (n,m, h∗) = (4, 3, 20 nm).
The dashed open triangles correspond to (n,m, h∗) = (3, 2, 12 nm). The insets (b) and (d)
present the data for (n,m, h∗) = (3, 2, 20 nm) as a function of θo−θc with double-logarithmic
axes. The solid lines in (a,b) and (c,d) represent power law relations Vmax/l

3
c ∼ (θo− θc)− 1

and dmax/l
3
c ∼ (θo − θc)−0.5, respectively.
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(representing scratches) with dimensions w or (wx, wy) and topographic amplitude
∆s. For circular and squareshaped patterns, ∆s was positive (surface protrusions), in
case of scratches ∆s was negative (surface depressions). For sufficiently high speeds,
sufficiently low contact angles and sufficiently high edge curvatures s′′, liquid becomes
pinned at the regions of concave curvature. The breakup of the liquid bridge induces
the formation of satellite droplets, similar to the case of chemically patterned surface.

In Fig. 3.15 we present numerical simulations of the nondimensional volume Vmax/l
3
c

of the biggest satellite drop as a function of topographic amplitude ∆s for squares,
circles and scratches. The solid lines in Fig. 3.15(a,b) represent powerlaw relations
Vmax/l

3
c ∼ ∆sδ with exponents δ = 1.7 and 2.3, respectively. For select datapoints, we

show the morphology of the entrained liquid just after the coating meniscus broke un-
derneath the pattern, but before the first satellite droplet was formed. For small |∆s|,
very little liquid is entrained [see insets (1), (3) and (5)]. For large values [see insets
(2), (4) and (6)], the meniscus becomes pinned and liquid is entrained all around the
pattern edges, where the surface curvature s′′ is large and positive. For grooves, the
satellite droplets no longer increase in volume with |∆s| for |∆s| > 0.4µm, because
once the surface curvature s′′ is sufficiently large such that the groove emerges filled
with liquid, the coating meniscus below it no longer depends on |∆s|. For surface
protrusions, the entrained meniscus keeps getting thicker as |∆s| increases, such that
Vmax continues to grow.

In Fig. 3.16 we show the dependence of Vmax on the feature width w of topograph-
ically defined squares, circles and scratches for θo = 8o. For w/lc > 0.3, the data are
well represented by powerlaw relations Vmax/l

3
c ∼ wε with exponents ε ranging from

1.4 to 2. These exponents are significantly smaller than for the chemically defined
patterns in Fig. 3.12. Whereas the depth of a scratch has only a minor influence on
the width dependence of Vmax, the coating speed has a pronounced effect for squares.

For circles, Vmax starts to diminish at a lower value of θo than for squares and
scratches. This is likely related to the fact that over most of the perimeter of a circle,
the direction of the gradient of s is not parallel to the direction of withdrawal, whereas
for the lower part of a scratch or square it is. Figure 3.17 presents the dependence
of Vmax on the speed of withdrawal U . The shape of the curves resembles those for
chemical defects in Fig. 3.13.

Figure 3.18 illustrates the dependence of Vmax on the contact angle θo for topo-
graphically defined squares, circles and scratches. The overall shape of the curves
resembles those for chemical defects in Fig. 3.14 with the exception that Vmax dimin-
ishes beyond a critical value of θo. This is due to the fact that for more hydrophobic
surfaces, a given topographical pattern ceases to pin the meniscus, such that liquid
bridge breakup no longer occurs. The meniscus shapes for θo ≈ θc resemble those for
large values of ∆s in Fig. 3.15. Those corresponding to the largest values of θo resem-
ble the ones for small values of ∆s in Fig. 3.15. According to Eq. 3.4, the maximum
surface slope angle is given by

θmax ≡ arctan [max (|∇sGauss |)] (3.10)
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Figure 3.15: Numerical simulations of the non-dimensional volume Vmax/l
3
c of the biggest

satellite drop as a function of topographic amplitude ∆s for (a) squares (w/lc = 0.04) (b)
circles (w/lc = 0.03) and (c) scratches (wx/lc = 0.04, wy/lc = 0.0063) for θo = 8o. The
dimensionless speed of withdrawal was U/Uc ∼ 0.55 for (a,c) andU/Uc ∼ 0.78 for (b). The
solid lines in (a,b) represent powerlaw relations Vmax/l

3
c ∼ ∆sδ with exponent δ = 1.7 (a)

and 2.3 (b). Certain datapoints are labeled with indices (1-6), for which snapshots of the
corresponding simulations just after the first meniscus breakup event underneath the pattern
are presented. The color levels from blue to red represent the film thickness range from 30
nm to 2µm. The contour lines represent the topographic pattern. The vertical dashed lines
indicate the value of ∆s at which θmax equals θo
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and scratches (wy/lc = 0.0063) for θo = 8o. Open squares represent data for U/Uc ∼ 0.22, all
other data are for U/Uc ∼ 0.55. The solid lines represent powerlaw relations Vmax/l

3
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with exponents ε given in the plot.

3.6 Discussion

3.6.1 Comparison of numerical and experimental data

There is generally good agreement between the powerlaw exponents derived from
experiments for w < lc and those from numerical simulations for chemical defects,
keeping in mind that Vmax ∼ r3

max. For example rmax scales as w0.94 for squares in
both Figs. 3.4(a) and 3.12(a) and dmax scales as w0.93 for squares in both Figs. 3.5(a)
and 3.12(b). Also the speed-dependence for 200µm wide squares in Fig. 3.4(d) is con-
sistent with the data shown in Fig. 3.13 in terms of the overall modulation and the
shape of the curve. For a more quantitative comparison, the scatter in the experimen-
tal data is too large. The powerlaw exponents derived from numerical simulations for
topographic defects are quite different. However, the volume of the satellite droplets
due to topographical defects is significantly smaller than those due to chemical defects
for w/lc ≤ 0.1, as is evident from a comparison of Fig. 3.13(a) and Fig. 3.16. This is
due to the assumed complete wettability of the chemical patterns, which always pro-
vides efficient meniscus pinning. This means that for our experiments, the wettability
contrast is the predominant factor behind satellite droplet formation. Similarly, the
satellite droplet diameters in Fig. 3.4 are all (much) larger than 4µm, which (by far)
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Figure 3.17: Numerical simulations of the non-dimensional volume Vmax/l
3
c of the biggest

satellite drop as a function of the capillary number for topographically defined squares and
circles for ∆w = 6µm, w/lc = 0.03 and θo = 8o. Open squares represent data for ∆s =
1.5µm, filled symbols for ∆h = 1 µm. The solid lines represent fitfunctions Vmax/l

3
c =

(C0 +C1Ca)ε with fitparameters C0 , C1 and exponents ε = 1.42 for ∆s = 1.5 µm and 1.52
for ∆s = 1µm, respectively. The vertical dashed line indicates the critical capillary number.

exceed the topographic step height of 2.3µm. Furthermore, the fact that the reced-
ing contact angle was measured to be small but non-zero, whereas it was assumed
to be zero in the simulations (θi = 0), does not forego a meaningful comparison.
This is because the critical speed of wetting of the photoresist surfaces was smaller
than U, except for some of the experiments performed with the smallest speed. This
implies that the photoresist patterns were essentially completely filled with liquid
during the meniscus entrainment process [see e.g. Fig. 3.3(a-d)] and that there was
no corresponding impact on the satellite droplet formation.

3.6.2 Effect of defect type and shape

Both chemical and topographical defects give rise to satellite droplets. For topo-
graphical defects, the criterion whether a defect is weak or strong is determined by
whether the maximum slope angle of the topographic defect is smaller or larger than
the substrate contact angle. Both local depressions and elevations induce satellite
droplets. The distance of the largest satellite droplet below the lower edge of the de-
fect is typically less than the defect width and frequently exhibits a powerlaw scaling
dmax ∼ wδ with exponents δ between 0.4 and 1 for small patterns (w < lc). The de-
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Figure 3.18: Numerical simulations of the non-dimensional volume Vmax/l
3
c of the biggest

satellite drop as a function of the contact angle θo of topographically defined squares, circles
and scratches (wy/lc = 0.0063) for ∆s = 1.0µm, ∆w = 6µm, w/lc = 0.03, and Ca ∼ 1.33
·10−5. The dotted lines are guides to the eye. The vertical dashed line indicates when θmax

equals θo .

pendence of the radius of the largest satellite droplet on the defect width often follows
a powerlaw scaling rmax ∼ wε with exponents ε between 0.45 and 1 for small patterns
(w < lc) . The droplet size rmax increases with the speed of withdrawal U/Uc and
decreases with the substrate contact angle θo. Near the critical values Uc and θo the
dependence is strongest. In the experiments we also studied defect widths exceeding
the capillary length lc. For slow speeds the size and position of the largest satellite
droplet seem to approach constant values. This is likely because the size and shape
of the liquid bridge prior to its breakup ceases to be sensitive to the pattern width.
As far as the pattern size dependence of Vmax is concerned, the geometrical shape of
chemical defects has only a relatively weak effect. The dependence of Vmax on coating
speed shows a strong shape dependence for small values of the capillary number: cir-
cles and down-triangles induce much lower values than squares or up-triangles. This
is primarily linked to the dimensions of the transient liquid bridge connecting the
reservoir meniscus and the defect area. For circles and down-triangles, the effective
pattern width (and thus the width of the liquid bridge) narrows as the substrate is
withdrawn, which gives rise to smaller satellite droplets. For small capillary numbers
the liquid bridge resembles a static equilibrium meniscus, which explains why e.g.
for squares the speed-dependence weakens in the limit Ca → 0. For high capillary
numbers approaching Cac the liquid bridge becomes elongated in the coating direc-
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tion and thicker due to viscous entrainment, both effects leading to larger satellite
droplets. Generally, up-triangles and squares yield analogous results, because they
both have a horizontal lower pattern edge.

3.6.3 Satellite droplet formation mechanism

In this study, the first and largest residual satellite droplet typically results from
the breakup of the narrowing liquid bridge. A number of previous studies have
investigated the breakup of sessile liquid rivulets of infinite length and constant
width.[121–130] Surprisingly, the results obtained for Rayleigh breakup of a free jet
were found to largely apply also to the case of a rivulet. Mechkov et al. studied
rivulets confined to hydrophilic stripes on an inclined plane where gravity induces
an axial flow, which has a stabilizing effect.[127] Young and Davis[124] considered the
unconfined case and concluded that axial flow tends to stabilize capillary instabilities
for small forcing, and enhance kinematic-wave instabilities for large forcing. In our
case, there is no symmetry in the base case solution as for the case of sessile rivulets,
since one part of the bridge is attached to the chemical or topographic pattern and
the other part is connected to the reservoir meniscus. Moreover, the drainage pro-
cess and hydrostatic pressure gradient induce a downwards flow in the stretching and
narrowing liquid bridge. The fact that to good approximation rmax/w ≈ const. and
dmax/w ≈ const. e.g. for chemically-defined squares may suggest a scale invariance
and a dominant influence of the geometrical parameters on the break-up process.
This is a non-trivial result and statement as Brasjen et al. have shown that e.g. the
thickness of the liquid entrained on a hydrophilic square is not linearly proportional
to w.[101]

3.6.4 Relevance to technological applications

Chemically and topographically patterned surfaces are used to create arrays of liquid
droplets or lines for a range of applications from biotechnology to organic electron-
ics[16, 88, 90–96, 98, 99, 131–133]. In the majority of these applications the occurrence of
residual droplets outside the intended patterned areas is undesirable. In the context
of immersion lithography (IM), residual droplets are believed responsible for the for-
mation of so-called watermark defects.[24] Therefore, a significant effort is devoted to
suppressing residual liquid, while at the same time maintaining a high wafer speed
and throughput. One measure was the introduction of hydrophobic top-coat layers
and later the addition of so-called water shedding agents to photoresist polymers in
order to increase the receding contact angle.[65, 134] As illustrated by Fig. 3.7(b), there
is a sensitive dependence of Uc on θo. Terai et al have studied the influence of contact
angle hysteresis and top-coat swelling on watermark defect densities.[135] Low defect
counts correlate with high receding contact angles and low contact angle hysteresis
values. Several groups have presented models and correlations for the dependence of
the critical speed on the contact angle and other IM parameters.[85, 136–138] However,
to the best of our knowledge, the occurrence of residual liquid even at velocities far
below the critical speed as a consequence of topographic patterns or chemical het-
erogeneities has not received any attention. Okazaki et al. have investigated the
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impact of irregularities at the wafer edge on IM defect formation and found a strong
reduction in defect number after elimination of the irregularities.[135] However, all
defect categories were considered, no data specific to watermark defects were pre-
sented. The water contact angle of photoresist materials can change upon deep-UV
exposure, which induces chemical heterogeneities on the wafer.[24] Another type of
contact angle inhomogeneity occurs at the wafer perimeter, where the wafer surface
may be exposed.[135] At the wafer perimeter, the photoresist and anti-reflection coat-
ings typically terminate typically a distance of 1 mm before the edge, which induces a
topographic step on order of 0.5µm.[135] Moreover, semiconductor wafers commonly
contain (sub)-micron-scale surface topography due to pre-existing features, which may
not be planarized entirely. These considerations provide a strong motivation for our
investigation

3.7 Summary

We have studied the formation of residual satellite droplets when a liquid meniscus
moves over a partially wettable surface with a chemical or topographical defect. Using
systematic experiments and numerical simulations we have characterized the size of
the largest residual droplet as a function of pattern dimension, shape, meniscus speed,
and substrate contact angle. Whereas there is approximately a linear dependence of
satellite droplet size on pattern dimensions for chemical defects, the dependence is
weaker for topographical defects. In both cases, however, there is a strong dependence
of droplet size on the speed of withdrawal, especially for values close to the critical
speed. For topographical defects, the criterion whether the defect strength is high
or low is determined by whether the maximum slope angle of the topographic defect
is larger or smaller than the substrate contact angle. Both local depressions and
elevations give rise to satellite droplets. No satellite droplets were observed in one-
dimensional simulations, as long as the film thickness is sufficiently large to not be
susceptible to spinodal dewetting, which implies that two-dimensional simulations are
necessary to properly describe the phenomenon.
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Manipulation of droplets on
partially wettable surfaces by
impinging gas jets

Air knives are used to confine the water meniscus underneath the objective lens, while
the wafer is moving underneath. If there are residual droplets present on a wafer,
these air knives will displace (“bulldoze”) the droplets. In this chapter we conducted
systematic experiments of this bulldozing process by using a single axisymmetric gas
jet and by varying the substrate speed, the jet flow rate as well as the initial droplet
position. We also used a double gas jet to maintain a droplet at a stationary position
with respect to the jets, while the substrate is moving. Moreover, we developed a
numerical model based on Stokes flow that quantitatively reproduces the measured
droplet trajectories.

The contents of this chapter correspond to the manuscript with title ”Manipulation of droplets on

partially wettable surfaces by impinging gas jets” by M. S. Feenstra, J. Vernooij, B. He, and A.A.

Darhuber, which has been submitted for publication. The experiments presented in this chapter

were performed by M. S. Feenstra in the context of his MSc thesis project. The author contributed

to the numerical modeling.
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4.1 Introduction

During the exposure process of immersion lithography, the so-called film-pulling can
ocurr when the wafer substrate moves at a supercritical speed, whereby the water
thin film will break up and induce the formation of residual droplets. Surface het-
erogeneities of the substrate can reduce the critical speed for the film-pulling and
result in residual droplets, which is already discussed in chapter 3. When the im-
mersion hood scans over the whole area of the wafer substrate, the residual droplets
on the substrate surface can be bulldozed by the air knives, which are located at the
perimeter of the immersion hood and designed to confine the contact line of the thin
water film. The displacement of the residual droplets can enhance the probability of
watermark defect formation.[86]

Droplet deformation and displacement on partially wettable surfaces by surround-
ing gas flows have been reported by many studies.[139–151] Primarily unidirectional
outer flows have been investigated, such as Poiseuille flow or simple shear, where the
force on the droplet essentially does not (strongly) depend on its position in the flow
direction. On the other hand, impinging gas jets allow for the application of typically
much greater flow-induced forces in a highly localized fashion. They are used e.g. for
cooling,[152] or removal of particulate contaminants from surfaces.[153, 154]

In the context of air-knife wiping, they are employed to reduce the thickness of
entrained layers e.g. of molten Zn on steel plates.[155, 156] Leung et al. have used
a turbulent jet to displace sessile droplets on a surface and measured the statistical
displacement probability as a function of its size and the jet impingement angle.[157]

In this chapter we focus on the manipulation of sessile droplets on partially wet-
ting surfaces by means of impinging gas jets. We performed systematic experiments
regarding droplet displacements induced by a single, laminar, axisymmetric jet as
well as droplet mobilization by a double jet. We varied the substrate speed, the jet
Reynolds number, the initial droplet position as well as the droplet size. In addition,
we present a model based on Stokes flow that quantitatively reproduces the measured
droplet trajectories.

4.2 Matericals and Experiments

The liquid used for the experiments was tetraethylene glycol (TEG, Sigma Aldrich,
product number 110175) with nominal[158] density ρliq = 1121 kg/m3, viscosity µliq =
51 mPa·s (at 23 oC) and surface tension γ = 45 mN/m. TEG is essentially non-
volatile, such that mass loss due to evaporation can be neglected during the course of
an experiment. Its static contact angle on polycarbonate is θs = 40 o± 2 o. Before we
performed systematic experiments, we measured the dynamic advancing and receding
contact angles θA and θR as a function of the speed of the droplet relative to the
substrate Urel, as shown in Fig. 4.1(a). The solid line is a fitted curve of the form

cos θR− cos θA = D1U
1/2
rel +D2 , where D1 = (11±2) m−1/2s1/2 and D2 = 0.28±0.05
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are fit parameters. The yellow symbols in Fig. 4.1(b) represent cos θR − cos θA.

A micro-drop inkjet dispenser head (microdrop, product number MD-K-140) was
used to generate and deposit micro droplets on the substrate. The dispenser head is
connected to a controler (microdrop, product number MD-E-3011), which can con-
trol the droplet size and dispensing frequency by means of providing different wave
functions. The nozzle of the dispener head was set to 80 oC. Stoboscopic images of
the droplet ejection process are presented in Fig.4.2, where a time series of droplets
being ejected from the inkjet dispenser head was shown. The images were obtained
using stroboscopic illumination with a delay time that increases for consecutive im-
ages. The sharpness of the images illustrates the high reproducibility of the ejection
process and of the droplet volume. The droplet diameter is on the order of 70µm.

The whole experiment setup is described by the sketch in Fig.4.3. A circular glass
plate covered by a polycabonate plate (Makrofol, Bayer, thickness 750µm, diameter
30 cm) serves as the substrate in all the experiments. The rotation plate is sup-
ported by four air-bearings (New Way, product number 8003941046) and connected
via a gearbox (Maxon Motor, product number 166182, gear ratio 636:1) to a motor
(Maxon Motor, product number 136292), which is linked to a controller (Maxon Mo-
tor, product number hedl-5540a11). The motor can achieve a maximum rotation rate
of 4000 rpm in steps of 1 rpm.

A stainless steel hollow needle (Nordson EFD, gauges 32, 25 and 21) is fixed
above the substate to provide an impinging gas jet, which has a velocity normal to
the substate surface. The inner diameters of the needles were determined as Djet =
115, 275 and 545µm with an uncertainty of ±2µm using an optical microscope. The
total needle length was L = (11.2 ± 0.5) mm, the wall thickness 85µm. The needles
were positioned at a stand-off distance H above the substrate, which was set equal
to the jet diameter Djet in the majority of all experiments.

The air flow is supplied from a gas cylinder. The cylinder is connected through
a precision pressure regulator (Norgren) to a mass flow controller (Bronkhorst F-
201CV) regulating the flow. The mass flow is subsequently measured using a flow
meter (Omega FMA3304) and can be converted to a volume flowrate Q at room
temperature (23 oC) and atmospheric pressure. By controlling the volume flowrate
Q, the average jet velocity can be calculated according to ujet = 4Q/(πD2

jet). The

nominal density and viscosity of air are ρgas = 1.177 kg/m3 and µgas = 1.835·10−5 Pa·s
(interpolated[159] for 23 oC). A syringe filter unit between solenoid valve and needle
reduced the risk of foreign particles entering the jet.

The droplets are firstly deposited on the substrate area away from the needle and
move along with the rotation motion of the substrate without any slip. When they
are approaching the needle, they will be deformed and displaced by the impinging
gas flow. Meanwhile, the droplets are monitored by means of two cameras (Allied
Vision Technologies Manta G125B and Thorlabs DCC3240M) from underneath the
transparent substrate and from the side, i.e., radially-inwards with respect to the
substrate rotation. The circular motion of the substrate underneath the jet can be
considered as essentially rectilinear due to the large diameter of the rotation plate.
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Figure 4.2: Stroboscopic image series of droplets being ejected from the inkjet dispenser
head. The time delay increases from left to right from 0 to 115µs.
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Figure 4.3: Sketch of the experimental setup. The green arrow labeled with ‘bottom view’
indicates the viewing direction of the bottom view cameras. H denotes the stand-off distance
of the jet orifice above the substrate surface.

4.3 Theoretical model

To simulate the drag force induced by the air flow on a droplet, we consider 2D-
and 3D-axisymmetric domains for the simulations. Since the TEG droplets in our
experiments have a diameter of typically 100µm and move with a speed typically
below 1 mm/s, inertial effects are negligible, i.e. their motion corresponds to a Stokes
flow. Thus, the characteristic velocity scales linearly proportional to the driving force
and we can write Urel = C0(Fjet − Fhys). Here Urel is the speed of the drop relative
to the substrate and C0 is a mobility coefficient. For the case of Stokes drag on a solid
sphere, its value is C0 = (6πµairRdrop)

−1. For Stokes drag on a spherical droplet,
Hadamard[160] and Rybczynski[161] derived

C0 =

(
6πµairRdrop

λ+ 2
3

λ+ 1

)−1

(4.1)

where λ ≡ µliq/µair is the viscosity ratio. According to Eq.4.1, if the viscosity
ratio λ exceeds 100, the drag force on a liquid droplet differs little from the that of a
solid sphere in the Stokes flow limit. Similarly, Sugiyama and Sbragaglia showed that
the drag force on a sessile hemispherical droplet due to slow uniform shear flow is
essentially equal to that on a solid hemispherical protrusion, once the viscosity ratio
exceeds 50[162]. TEG has a viscosity approximately 2500 times higher than that of
air. Consequently, we expect that the aerodynamic drag force Fjet on the droplet
differs little from that on a solid protrusion of identical shape.

We performed numerical simulations of the stationary, 2D-axisymmetric and 3D
Navier-Stokes equations using the finite-element software Comsol 5.3 and a continu-
ation approach. We assumed incompressibility, which is appropriate as long as the
Mach number Ma = max(|u|)/usound remains below about 0.3[163]. Here, u is the
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for H = Djet = 275µm and ujet = 60 m/s.

air flow velocity field and usound ≈ 344 m/s is the speed of sound in air at room
temperature.

Figure 4.4(a,b) shows sketches of the corresponding computational domains and
boundary conditions. Due to computational cost, only the flow in a finite volume
around the droplet-shaped protrusion could be taken into account, which does not
include the jet orifice (see Fig.4.4). The droplet is centered around the position
(x, y) = (rdrop, 0) and has the shape of a spherical cap. At sufficiently high val-
ues of the Reynolds number Rejet ≡ ρairujetDjet/µair, the flow at position (x, y) =
(rdrop, 2Rdrop) i.e. in the immediate vicinity of the droplet is essentially unaffected by
the presence of the droplet. Consequently, the limited 3D-domain volume does not
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Figure 4.5: Bottom-view of droplet deflection due to an impinging gas jet. The jet diameter
was Djet = (275± 2)µm, the substrate speed Usub = (209± 5)µm/s and average jet velocity
ujet = (56± 1) m/s.

induce significant finite-size artifacts. The boundary conditions were as follows

n · u = 0 (no slip, no penetration) (4.2a)

t · T · n = 0 (symmetry) (4.2b)

p = 0, T = 0 (outlet) (4.2c)

u = (ur cosϕ, ur sinϕ, uz) (inlet) (4.2d)

where n and t are normal and tangential unit vectors of the boundary surfaces of
the computational domain, T is the viscous stress tensor, cosφ ≡ −n · ex represents
the polar angle with respect to the z-axis and (ur, uz) is the velocity field extracted
from 2D axisymmetric simulations at position r = 0.16 mm.

4.4 Results and discussion

4.4.1 Experimetal data

Figure 4.5 shows a bottom-view of a typical droplet deflection experiment. A series of
sessile droplets initially translates with speed Usub from left to right on top of the PC
substrate. We use a Cartesian coordinate system to describe the deflection process.
Its origin coincides with the intersection of the jet axis and the substrate surface. The
x-axis is parallel to the direction of motion

Before studying drop displacement on moving substrates, we characterized the
steady-state distance r∞ that droplets maintain from the jet axis as a function of
average jet speed ujet for stationary substrates Usub = 0, see Fig. 4.6. The green line
corresponds to a powerlaw relation r∞ ∼ u1.04

jet . In the corresponding experiments,
the 1D droplet array was deposited on the substrate, while the jet was switched off.
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Inset: bottom view of experiment for ujet = 61 m/s.

Subsequently, the jet was switched on and the minimum steady-state distance of the
droplets in the vicinity of the jet was recorded, as illustrated by the inset in Fig. 4.6.

Figure 4.7 shows the lateral droplet displacement ∆y ≡ y∞ − y0 as a function of
the initial lateral droplet position y0 for jets with two different diameters Djet and
several different average jet speeds ujet. The slanted lines in Fig. 4.7(a) all have the
same slope and serve as guides to the eye. For a larger value of Djet = 545µm,
a qualitative change in behavior is visible. For jet speeds ujet ≤ 29 m/s, a local
maximum in ∆y is observed at y0 ≈ (175± 25)µm, which roughly coincides with the
position at which the stagnation pressure distribution has its maximum gradient.[164]

For higher jet speeds ujet ≥ 31 m/s, the local maximum has either disappeared or
shifted to much smaller values of y0. We note that for small y0 and large Q, the
droplets were pushed back (i.e. in the negative xdirection) upon approaching the jet
and merged with subsequent droplets. In such a case no steady-state solutions could
be observed.

Figure 4.8 shows representative snapshots of the droplet displacement process for
different values of the substrate speed Usub. For a relatively small value of Usub

[Fig. 4.8(a)], the droplets displace without disintegration, i.e. without leaving any
residual liquid behind. For intermediate values of Usub [Fig. 4.8(b,c)], the droplets
develop short tails that extend along the perimeter of the incoming sessile droplets.
The tails disintegrate and leave liquid behind on the substrate. For a high value of
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Usub [Fig. 4.8(d)], long tails develop with a length of approximately four droplet di-
ameters that subsequently break up. Minute droplets are left on the substrate along
the original perimeter of the incoming droplets as well as along the trajectories traced
out by the tails. The dimensionless number governing the droplet morphology during
the displacement process and the occurrence of residual liquid is the capillary number
Carel ≡ µUrel/γ. In experiments concerning mm-sized droplets being dragged along a
substrate,[107] the receding side of the droplets had a round shape for Carel . 1.8·10−3

and no residual liquid was observed. The receding contact line developed a pointy,
triangular shape for Carel ≈ 2 · 10−3. For higher values of Carel & 1.8 · 10−3, trails
of minute residual droplets were observed. We obtained estimates (lower bounds) of
Urel from the droplet displacements in Fig. 4.8(a-d) of 170, 510, 486 and 1925µm/s,
respectively, which translate into Carel values of (0.19, 0.58, 0.55 and 2.18)·10−3,
respectively. The critical value of Carel, above which droplet disintegration and the
occurrence of residual liquid is observed, is therefore about a factor of 5 lower com-
pared to the droplet dragging experiments in a previous study[107]. Figure 4.8(e) shows
∆y as a function of the substrate speed Usub. Interestingly, the droplet displacement
is only very weakly dependent on Usub. Figures 4.8(a-d) illustrate the droplet trajec-
tories for various values of the substrate speed ranging from 209µm/s to 2763µm/s,
respectively, which result in comparable values of ∆y.

We have also performed experiments with a double jet. Due to the presence of two
stagnation points with a finite separation, a sessile droplet on a moving substrate can
maintain a stationary configuration with respect to the laboratory frame. Figure 4.9
shows an example of such a stationary droplet on a moving substrate. In Fig. 4.10 we
plotted the steady-state distance of the apex of the advancing contact line from the
axis of the double jet dadv as a function of the average jet speed ujet for three different
droplet sizes. The vertical arrows indicate the approximate threshold values of ujet,min

required to maintain the droplets stationary. For ujet < ujet,min the aerodynamic drag
force is too weak to hold the droplet and it passes underneath the jets.

4.4.2 Scaling analysis

Numerical results extracted from 3D simulations for the total drag force Ftot on
the droplet-shaped protrusion in the radial direction as a function of the distance
from the jet axis rdrop are presented in Fig. 4.11. The solid lines are fit functions
representing powerlaws Ftot ∼ r−αdrop. The fitted values for the exponents α are close
to 2.1. The inset shows the same sets of data after they are non-dimenssionalized
by F tot ≡ Ftot/(

1
2ρairu

2
jetR

2
drop) and rdrop ≡ rdrop/Rjet. Here, we scaled the droplet

position by the jet radius and the drag force by the product of jet stagnation pressure
1
2ρairu

2
jet and the square of the drop radius. The curves almost collapse and a powerlaw

F tot ∼ r−2.1
drop with exponent α = 2.1 provides a good approximation in the range

3 . rdrop . 7, which will be compared to the exponent from data fitting. Glauert
derived asymptotic similarity solutions for the radial boundary layer velocity profile
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ur and the radial wall shear distribution τr of axisymmetric wall jets[165]

η =

[
135F

32ν3r5

]1/4

z (4.3a)

ur =

[
15F

2νr3

]1/2

f ′(η) (4.3b)

τr = ρ

[
125F 3

216νr11

]1/4

(4.3c)

Here, η is the similarity coordinate, ν = µair/ρair is the kinematic viscosity and
F is a constant. Riley[166] determined the value of the constant F for an impinging
axisymmetric jet as proportional to U3

0D
2
jet , where U0 is proportional to the nozzle
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Figure 4.8: (a-d) Droplet shape evolution during the displacement process for different
substrate speeds Usub of (a) (209±5)µm/s, (b) (627 ± 15)µm/s, (c) (836 ± 20)µm/s, (d)
(2508± 60)µm/s. The jet diameter was Djet = 275µm, the average jet speed ujet = 76 m/s.
(e) Lateral droplet displacement ∆y as a function of substrate speed Usub for a jet diameter
of Djet = 275µm, an average jet speed ujet = 76 m/s and an initial displacement of y0 =
(195± 5)µm. Symbols denote experimental results, the solid line is a guide to the eye.
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exit velocity. It follows from Eq. (4.3a) that the boundary layer thicknese scales as
δ ∼ r5/4. The force driving the droplet displacement is the aerodynamic drag force
Fjet on the droplet. The retentive force opposing any displacement is due to contact
angle hysteresis. Many expressions have been proposed for the retentive force on the
droplet,[167–173] most of which correspond to an expression of the kind

Fhys = 2Rdropγk1(cos θA − cos θR) (4.4)

where θA and θR are the advancing and receding contact angles, which depend
on Urel. The numerical coefficient k1 is of order 1 and depends on the shape of the
droplet. Since the aerodynamic driving force decays with increasing distance from
the jet axis, but the opposing force does not, droplets on a stationary substrate will
reach a steady-state distance from the jet axis, which is determined by the balance
of Fjet and Fhys. For a small contact angle θs, the aerodynamic force Fjet is governed
by friction drag, i.e. the wall shear of the boundary layer. Thus, we expect the radial
component of Fjet to scale as the droplet footprint area and the local value of τr.

Using Eq. (4.3c) we find Fjet ∼ R2
dropU

9/4
0 r−11/4, which leads to the scaling relation

r∞ ∼ U
9/11
0 . For larger contact angles θs, the dominant contribution to the drag

force is the form drag, which is expected to scale as u2
r . Consequently, we expect

Fjet ∼ R2
dropU

3
0 r
−3 and the steadystate distance to scale as r∞ ∼ U0. These scaling

relations for r∞ are in good agreement with the experimental results in Fig. 4.6. In
Fig. 4.9(b) we present the same data as in Fig. 4.10 in a dimensionless fashion. The
scaled droplet centerline distance (dadv − Rdrop)/Rjet is plotted as a function of a
modified Weber number

We∗ ≡
ρairu

2
jetDdrop

γ (cos θR − cos θA)
(4.5)

which quantifies the ratio of the aerodynamic driving force and the retentive force
acting on the droplet due to contact angle hysteresis. The three datasets collapse
nicely onto a single curve in Fig. 4.9(b). We find the critical value of the modified
Weber number, below which droplets pass underneath the double jet, to be equal to
We∗ ≈ 5. This number is of comparable magnitude to results obtained for different
flow configurations.[143]

If the substrate is moving in the x-direction with speed Usub and the relative
motion of the droplet is caused by an axisymmetric jet flow originating from a nozzle
positioned at (x, y) = (0, 0), then we can derive the following ordinary differential
equation for the in-plane position |r| ≡ (x, y) of the droplet

dr‖

dt
= Usubex + C0 max (Fjet − Fhys, 0) er (4.6)

where C0 is the mobility coefficient for a sessile hemispherical droplet, ex and
er are in-plane unit vectors in the x- and the radial directions, respectively. For
the determination of the hysteresis force Fhys, we set the parameter k1 in Eq. (4.4)
to 1. We note that Fhys depends on the relative droplet speed Urel, because the
dynamic contact angles are speed-dependent (see Fig. 4.1). Moreover, we note that
Fjet(r = 0) = 0 due to symmetry and Fjet(r → r∞) = 0, because the boundary layer
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decays, which necessitates the occurrence of a maximum in Fjet(r) somewhere in the
vicinity of the position r = Rjet. Nevertheless, we approximated the drag force in the
experimentally relevant range 1 ≤ r/Rjet ≤ 5 by the following powerlaw

Fjet(r) = C1

(
Rjet

r

)α
(4.7)

and treated C0, C1 and α as fit parameters. In Fig. 4.12(a,b) we compare experi-
mental droplet trajectories with numerical solutions of Eq. (4.6) for two values of the
average jet speed ujet. The agreement is generally excellent. The optimum values of
the fit parameters are C0 = 94 and 120 m/(Ns), C1/(γRdrop) = 10 and 17.6, as well
as α = const. = 2.2±0.05, respectively. A sensitivity analysis regarding the impact of
changes in the values of these fit parameters can be found in section 4.3. In Fig. 4.12(c)
we plotted numerical simulations of the droplet displacement ∆y as a function of y0

for the same two values of ujet (solid and dotted lines). The symbols correspond to
experimental data from Fig. 4.7. Again the agreement is quite satisfactory.

The droplets spend a finite time in the circular area r ≤ r∞, where |Fjet| > |Fhys|
holds and where displacement is thus possible. For a vanishingly small mobility co-
efficient (i.e. in the limit C0 → 0 ), the droplet passes the jet essentially undeflected.
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A very high value (C0 & 10000 ) ensures that the droplets essentially always reach
the maximum possible value of ∆y. In this case, droplets are being displaced to the
same final distance y∞ = r∞ from the x-axis, irrespective of their initial position y0,
which would correspond to a slope of -1 as indicated by the triangle in Fig. 4.12(c).
For intermediate values of C0, the non-linear position dependence of Eq. (4.7) im-
plies a stronger y0-dependence for smaller values of y0 and thus an increase of the
slope towards smaller values of y0. This is the case for the solid lines in Fig. 4.12
and is investigated more systematically in Fig. 4.13(c). Our model reproduces the
experimental results in Fig. 4.12 obtained for Usub = 209µm/s very well. However, it
predicts a much stronger dependence of ∆y on Usub than is observed in Fig. 4.6(e),
see Fig. 4.14. The likely reason is that our model does not account for the occurrence
of shape deformations for high capillary numbers Carel. The expression for Fjet in
Eq. (4.7) represents the force on a non-deformable object, whereas Fig. 4.6(d) shows
a drastic elongation of the droplets. Viscous drag is a prominent contribution to
the total force on the droplet. Therefore, we expect that the elongation increases
the total force, which accounts for the relatively weak speed-dependence observed in
Fig. 4.6(e).

We estimated Fjet(r) based on 2D and 3D simulations of the flow field around a
solid protrusion in the shape of a spherical cap with a certain footprint radius Rdrop

and contact angle θs = 40o (see 4.3). In the range 3 . r/Rjet . 7 the numerical results
for Fjet(r) could be well represented by a powerlaw with exponent α ≈ 2.1, i.e. almost
the same value as obtained from fitting the droplet trajectories. Also the prefactors C1

in Eq. (4.7) agree with the values obtained from the trajectory fit to within 20%. The
parameter C1 depends on the jet speed. According to our finite-element simulations,
we expect a dependence of the form C1 ∼ uβjet for Djet = 275µm and ujet > 20.
Using 2D-axisymmetric simulations, we find an exponent β2D = 2.1± 0.2 depending
slightly on the distance to the jet. From 3D-simulations, we find the same range
β3D = 2.1 ± 0.2. By comparison, the ratio of the values of C1 obtained from the
trajectory fits in Figs. 4.12(a,b) corresponds to an exponent of 2.5.

4.4.3 Sensitivity analysis

In order to evaluate the sensitivity of the numerical solutions to variations of the fit
parameters, we compare a typical solution that accurately reproduces a measured
trajectory with solutions for which a single fit parameter was given a different value.
The red solid lines in Fig. 4.13(a,b,c) correspond to a simulation with fit parameter
values C0 = 120 m/(Ns) and α = 2.2.

In Fig. 4.13(a) we compare it with solutions for α =1.9 and 2.5. The vertical line
segments in Fig. 4.13(a) demarcate the intervals along the x-axis where the droplet
trajectories deviate visibly from either y = y0 or y = y∞, which approximately
coincide with the intervals where Urel 6= 0. A larger exponent α corresponds to a
stronger position dependence, i.e. a faster decay, of Fjet(r), which reduces the size of
the displacement zone.

In Fig. 4.13(b) we varied C0. Its value does not affect the size of the displacement
zone, but influences the droplet mobility and thus the value of y∞. We conclude
that the accuracy of the fitted value of C0 is on order of ±10 m/(Ns). C0 has a
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(b) ujet = 76 m/s. (c) Comparison of numerical simulations (solid and dotted lines) of
the lateral droplet displacement ∆y as a function of y0 to experimental data from Fig. 4.7
(symbols).
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Figure 4.13: Numerical simulations of droplet trajectories for (a) three different values of α
and (b) five values of C0. The gray, dash-dotted circle in (b) has a radius of r∞. (c) Numerical
simulations of droplet displacements ∆y as a function of initial position y0 for different
values of C0. The parameter values that were not varied in (a,b,c) were Djet = 275µm,
Usub = 209µm, α = 2.2, C0 = 120 m/(Ns) and C1/(γRdrop) = 17.6.
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Figure 4.14: Numerical simulations of the droplet displacement ∆y as a function of
substrate speed Usub for different values of C0. The remaining parameter values were
Djet = 275µm, α = 2.2, and C1/(γRdrop) = 17.6. Inset: non-dimensional representation
∆y/r∞ as a function of C0 of the same set of data.

pronounced effect on the curvature of the trajectory at the point where it starts to
deflect, as indicated by the vertical line segments. In the limit of large C0 →∞, the
shape of the trajectory in the displacement zone approaches an arc of a circle with
radius r∞ centered around the jet axis [black dash-dotted line in Fig. 4.13(b)]. In the
limit of small C0 → 0 (e.g. C0 = 1 ), the droplet passes the jet essentially undeflected
[black solid line in Fig. 4.13(b)]. In Fig. 4.13(c) we investigate the impact of C0 on
the dependency of ∆y on y0, keeping all other parameters constant. Large values of
the droplet mobility tend to bring the slope of the curve towards a value of -1. Low
values of the droplet mobility lead to smaller values of ∆y and a more pronounced
non-linear dependence on y0.

The droplets spend a finite time in the circular area r ≤ r∞, where |Fjet| > |Fhys|
holds and where displacement is thus possible. This time is shorter for higher values
of the substrate speed Usub and also shorter for larger values of y0. Higher values of
the mobility coefficient C0 imply that the droplets have a better chance of reaching
the maximum possible value of ∆y, which tends to reduce the dependency of ∆y on
Usub. Figure 4.14 shows numerical simulations of the droplet displacement ∆y as a
function of substrate speed Usub for different values of C0. The results are consistent
with a higher value of C0 implying a weaker dependence of ∆y on Usub.

To have a better impression about how the value C0 affects the dependance of
∆y on Usub, we non-dimensionalize Eq. (4.6) as well as the mobility coefficient C0 as
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follows:

t ≡ t/(r∞/Usub)

r‖ ≡ r‖/r∞

F jet ≡ Fjet/ρairu
2
jetD

2
drop

which leads to

dr‖

dt
= ex + C0 max

(
We∗F jet − k1, 0

)
er (4.8)

with

C0 =
C0Ddropγ (cos θR − cos θA)

Usub
(4.9)

where C0 denotes the non-dimensionalized C0. The inset in Fig. 4.14 shows a
non-dimensional representation ∆y/r∞ as a function of C0 of the same set of data,
which collapses the curves. It is evident from Eq.(4.8) that ∆y/r∞ is a function of
C0 alone, provided the jet parameters do not vary. Figure 4.14 shows a much stronger
dependence of ∆y on Usub than Fig. 4.6(e), most likely because our model does not
take jet-induced droplet elongation into account.

4.5 Summary

We have extensively studied the mobilization of sessile droplets on moving, partially
wettable surfaces by means of impinging air jets. We performed systematic exper-
iments regarding the droplet displacement by a single axisymmetric jet, where we
varied the substrate speed, the jet Reynolds number as well as the initial droplet po-
sition. At sufficiently low substrate speeds, the droplets displace as a whole, whereas
at higher substrate speeds, the droplets partially disintegrate upon displacement. The
critical capillary number for the occurrence of such residual liquid is about a factor
of 5 smaller than for droplets on a moving substrate that are held in place via con-
tact with a stationary needle. We developed a numerical model based on Stokes flow
that could quantitatively reproduce the measured droplet trajectories. Experiments
using a double jet allowed to mobilize droplets, i.e. to maintain them at a stationary
position with respect to the jet, while the substrate was moving underneath. The
mobilization threshold depends on the droplet size, the jet flowrate and the contact
angle hysteresis and could be formulated in terms of a critical value of a modified
Weber number.
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Visualization of droplet
trajectories on polymer
surfaces by electrical surface
charge measurements

In this chapter we studied the generation of surface charge distributions on polymer
surfaces due to the deposition, motion and evaporation of liquid droplets. We used
liquids with different static dielectric constants and found that the magnitude of the
surface charge conforms well to the Boltzmann relation for the dissociation probability
of ions in solution, indicating that the phenomenon is electrokinetic in nature. In-
creasing substrate thickness results in a decreasing surface charge density due to the
image charge effect. Experiments with the same procedures were conducted on poly-
carbonate and chemically-amplified photoresist and yielded opposite polarity of surface
potential, we identified the leaching of negative quencher ions as the reason for the
charge inversion.

The contents of this chapter correspond to the manuscript with title ”Electrical surface charge

patterns induced by droplets sliding over polymer and photoresist surfaces” by B. He, and A.A.

Darhuber, Journal of Micromechanics and Microengineering 29, 105002 (2019).
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5.1 Introduction

The contact of dissimilar materials can induce the transfer or exchange of charge car-
rier species. Macroscopic solid-solid contact is usually accompanied by the breakage
of chemical bonds and related electrification phenomena.[174, 175] Liquid-solid contact
electrification is complicated by the mobility of the charges and corresponding convec-
tion effects. Flow electrification is a topic of considerable practical importance.[176–178]

Langmuir and Yaminsky et al. have studied the appearance of an electrical surface
charge on order of 100µC/m2 when a partially wettable insulator surface was with-
drawn from a bath of water.[179, 180] Levin and Hobbs investigated the charging of
solid surfaces by water droplets that splash on them.[181] Also water droplets that
slide on partially wettable surfaces can induce surface charge.[182–184] The density of
the residual charge is the higher the lower the bulk ion concentration in the water.[183]

Choi et al. demonstrated that upon conventional pipetting, droplets pick up a spon-
taneous electrical charge.[185] At the nanoscale, charging by receding water menisci
has been shown to be the cause of adhesion hysteresis.[186] Recently, several groups
evaluated the potential of droplet surface charging for the purpose of energy harvest-
ing from sliding or deforming rain drops, ocean waves and rotating partially filled
containers.[5, 187–189] Genda et al. studied the contact electrification of hexamethyld-
isilazan (HMDS)-covered silicon dioxide layers using liquid mercury.[190] Due to the
singular behavior of wedge-shaped domains from both a hydrodynamic[191] and elec-
trostatic[192] point of view, many authors have considered the impact of electrokinetic
phenomena on the region of stationary and moving contact lines.[193–207]

In this manuscript we investigate the surface charging of polymer and specifically
photoresist surfaces due to contact with de-ionized water droplets in immersion lithog-
raphy. The droplets normally form during film-pulling (chapter 3), they have large
probability to be moved along the photoresist surface near the edge of the silicon wafer
by the gas-knives (chapter 4) and eventually evaporate. A fraction of these droplets
is believed responsible for the occurrence of watermark defects. This study aims at
evaluating whether charging effect on the photoresist surface could play a role in the
formation of so-called watermark defects in immersion lithography.[24] However, the
precise physico-chemical defect mechanism has not been elucidated yet.

Here we studied the droplet-induced surface charging effect by varying the compo-
sition of the polymer layer, thickness of the substrate and the static dielectric constant
of the droplets. We found that the leaching of the ionic compounds from the polymer
layer into droplet can influence the signal amplitude and the polarity of the surface
potential, the surface charge density is sensitive to the thickness of the substrate and
the value of the static dielectric constant of the droplet. Our work also provides a
method to visualize the trajectory of the droplet on polymer surface.
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5.2 Materials and Experiments

5.2.1 Materials

We used following liquids for the droplet experiments: ultrapure deionized (UDI)
water (Millipore Direct-Q3 R), glycerol (Fluka, product number 49770), ethylene gly-
col (EG, Sigma-Aldrich, product number 324558), di(ethylene glycol) (DEG, Fluka,
product number 32160) and tetra(ethylene glycol) (TEG, SigmaAldrich, product num-
ber 110175). The liquids were used as received. The properties of the liquids are
shown in table 5.1. The substrates used in experiments are polycarbonate slide (PC,
Lexan, thickness dsub = 1 mm, εr = 2.9) and D263 glass slide (Schott, thickness
dsub = 1 mm (unless otherwise stated), εr = 6.7[213]) coated with the JSR photoreist
or its components, which include the resin (base polymer that has a (meth)acrylic
backbone with protective sidegroups.[214–216]), photoacid generator (PAG, TPSNf
(Triphenylsulfonium Nonaflate)), quencher (TPSSAL (Triphenylsulfonium Salicylic
acid)), water shadding agent (WSA, polymer). Their chemical structures are illus-
trated in Figure 5.1. A so-called water shedding agent (WSA) is added to the resist
in order to increase the water contact angle for immersion lithography. It has a
(meth)acrylic backbone and partially fluorinated side chains.[214] The solvent used
is a 30/70 mixture of cyclohexanone (Sigma-Aldrich, product number C102180) and
propyleneglycol-monoethylether-acetate (PGMEA, Sigma-Aldrich, product number
484431). The solution of different combination of photoresit component were used as
coating materials, which are listed in table 5.3.

5.2.2 Droplet deposition and motion

The sample is fixed on an electrically groundedtranslation stage (Newport, model
number UTS100CC), which can translat the substrate at a constant speed Usub rang-
ing from 1 to 40 mm/s. Droplets (volume 5µl, footprint diameter typically a few

Table 5.1: Material propertiesof the liquids used in the experiments at
T = 293 K. From top to bottom are surface tension γ, static advancing
contact angle θPC,a (on PC) and θPR,a (on PR), static receding contact
angles θPC,r (on PC) and θPR,r (on PR), viscosity µ, relative dielectric
constant εr, respectively.

H2O EG DEG TEG Gly.

γ [10−3,N/m][208] 72 48 45 45 64
θPC,a, [deg.] 90±2 68±2 57±1 64±1 78±1
θPC,r, [deg.] 57±2 30±2 22±1 23±1 51±1
θPR,a, [deg.] 91±2 70±1 58±2 61±1 79±1
θPR,r, [deg.] 66±2 35±1 20±2 22±1 61±1
µ [10−3,Pa,s,][158, 208–210] 1 20 33.6 57.4 1400
εr [-][208, 211, 212] 80.1 41.4 31.8 20.4 46.5
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Figure 5.1: Chemical structures of (a) the PAG triphenylsulfonium nonaflate and (b) the
quencher triphenylsulfonium salicylic acid.

mm depending on the contact angle θ of the liquid) were deposited on the substrate
using glass syringes (Hamilton 1700 series) with electrically grounded metal needles.
The deoplets were either directly let evaporate or bulldozed. Fig. 5.2(a) shows a
sketch of the setup for the droplet bulldozing. The air jet comes out from a fixed
gas-knife (width 110µm, length 1 cm, height above substrate approximately 2 mm)
and impinged onto the substrate surface at the normal direction. When the substrate
moved, the droplets were kept stationary (with respect to the laboratory frame of
reference) by means of a gas knife and bulldozed along the substrate surfaceas(with
respect to the substrate frame of reference). Fig. 5.2(b) shows a photograph of the
bulldozing setup.

5.2.3 Surface charge measurement

A setup for the surface charge measurement is illustrated in Fig. 5.3. A motorized x-y
translation stage (Standa, model number 8MTF) is used to scan the sample. The elec-
trically insulating substrate is placed on a grounded metal plate on top of the stage
immediately after the electrostatic charging procedure. A surface potential probe
(Monroe Electronics, model Isoprobe 1017A) is positioned about 1 mm above the
sample, which is read out by an electrostatic voltmeter (Monroe Electronics, model
number 240A). Its output signal is logged by a data acquisition card (National Instru-
ments, model number 6034E) that is controlled by LabView software. The effective
spatial resolution of the probe depends on the probe-surface separation and is on or-
der of 1.5 mm in the scanning direction for a scan speed of 0.7 mm/s. The probe was
calibrated each time before use by an ensemble of three adjacent, flat electrodes (thin
gold layers sputtered on 1 mm thick glass slides of dimensions 2.5 cm×7.5 cm), that
were set to electrical potentials of 0, 200 V and 0, respectively. The surface potential
probe scanned across the 3 electrodes. The offset and gain settings of the electrostatic
voltmeter were adjusted, until the nominal voltage levels were reproduced. The mea-
sured surface potential distributions Φ can be converted into surface charge densities
σ by means of[217]

σ = ε0εsubΦ/dsub , (5.1)

where ε0 is the dielectric permittivity of free space and εsub the relative dielectric
permittivity of the substrate.
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Figure 5.2: (a) Sketch and (b) photograph of the experimental setup for contactless motion
of liquid droplets along polymer surfaces using a gas knife.

Figure 5.3: Setup for surface charge measurement
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5.2.4 Experiment procedure

Firstly the DI-water droplets were deposited on a PC substrate and let evaporate
either directly or after they were bulldozed along the substrate surface for a few cen-
timeters. Afterwards, the area with their footprint or trajectory were scanned by the
surface potential probe to obtain the 2D images of the surface potential distribution.

To study the influence of different parameters on the surface potential induced
by the droplet, we also designed following sets of experiments, whereby the droplets
were not let evaporate but bulldozed out of the sample surface. The probe performed
line scans along the center of the nominal droplet trajectory to obtain Φ|Φ|=max, which
refers to the maximum amplitude of the surface potential. In the following each set of
experiments, only the mentioned parameter was ranging, the rest were kept the same
as shown in table 5.2.

a. Bulldozing speed: The bulldozing speed (the speed of droplets relative to
the substrate) ranged from 1 to 40 mm/s.

b. Dielectric constant: We changed the dielectric constant of the droplet by
using UDI-water, glycerol, EG, DEG, TEG as the liquid of droplets.

c. Droplet dwell time: The dwell time between the deposition of droplets and
bulldozing process was set from 5 to 300 s.

d. Film thickness: The D263 glass substrate was coated with PR or polymer
base, the film thickness ranged from 50 to 200 nm.

e. Substrate thickness: The D263 glass slices were used as substrate and their
thickness ranged form 0.1mm to 3mm.

f. PR components: To compare the leakage for different PR compounds, the
materials shown in table 5.3 were coated on the D263 glass substrate.

Table 5.2: Basic procedures and parameters, unless
otherwise mentioned. The time between bulldozing
procedure and the potential measurement is about
30s

Material/Procedures Recipe/Parameters
Dwell time 10 s

Bulldoze speed 2 mm/s
Droplet volume 5 µl

Droplet material UDI water
Coating material JSR Photoresist

Coating thickness about 100 nm
Substrate thickness about 1 mm thick
Substrate material D263 glass slide
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Table 5.3: Relative material composition of the different samples. The units
are phr (parts per hundred resin), where resin refers to the base polymer
component.

Sample Composition Polymer PAG Quencher WSA
1 Base polymer only 100 - - -
2 Base p. + quencher 100 - 3 -
3 Base p. + PAG 100 7 - -
4 Base p. + WSA 100 - - 1
5 Complete resist 100 7 3 1

5.3 Results and discussion

5.3.1 Modification of experimental parameters

Figure 5.4 shows a typical measurement of a surface potential map for a stationary
water droplet that was deposited and evaporated at room temperature on a stationary
PC substrate, i.e. without any relative motion. The initial droplet footprint diameter
was on order of 3 mm. The region close to the perimeter of the initially deposited
droplet exhibits a negative surface charge density, whereas the center region exhibits
a positive surface charge density.

Figure 5.5(b) shows the surface potential distribution Φ(x, y) after motion of a
water droplet across a PC surface. In the vicinity of the deposition region, the surface
potential is negative and on order of −150 V. The absolute magnitude of the surface
potential decreases along the droplet trajectory. After evaporation of the droplet,
a positive surface potential on order of +400 V is observed around the final droplet
position.

We found that the signal amplitude induced by the droplet tend to diminish in
time. Figure 5.6 shows a comparison of the decay dynamics for PC and PR-coated
D263 glass slides (squares). The data points refer to the surface potential (Φ|Φ|=max)
where the maximum signal amplitude was detected by the probe during each line scan
along the center of the nominal droplet trajectory.

The circles in Figure 5.6(b) denote experiments with bare D263 glass slides, which
did not exhibit a surface charge above the noise level of the instrument. This is most
likely the consequence of a non-zero electrical conductivity of D263 glass.[213, 218] The
solid lines are exponential fits of the form Φ = Φ0 exp(−t/τ) with fit-parameters Φ0

and τ . The fitted decay times τ = 7000 min and 15 min for PC and PR, respectively,
differ vastly despite identical experimental conditions. Possible decay mechanisms
are bulk- or surface conduction[219] as well as neutralization by ions present in the
gas phase.[220, 221] This leads us to the conclusion that the PR exhibits a significantly
higher electrical conductivity than PC, most likely due to the presence of the quencher
and the PAG, which represent ionic species. Therefore, experimental results involv-
ing photoresist layers were not extracted from time-consuming 2D maps as shown in
Figure 5.4, but rather from three line scans along the nominal droplet center trajec-
tory of three separate experiments. The errorbars in Figures 5.7 to 5.11 reflect the
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Figure 5.4: Pseudocolor plot of the surface potential distribution Φ(x, y) after deposition
and evaporation of a stationary droplet on a PC substrate. The relatively high probe scan
speed of 1.5 mm/s caused an apparent elongation of the charge distribution in the scan
direction. The white dashed circle indicates the approximate initial footprint of the droplet
immediately after deposition.

experimental spread of these measurements performed at three different locations.

Figure 5.7 shows the maximum amplitude of the surface potential Φ|Φ|=max as a
function of substrate speed Usub for water droplets on PC or PR base polymer coated
D263 slides. These results refer to the experiment set a. The location of the maximum
amplitude was assumed in the vicinity of the droplet deposition region as shown in
Figure 5.4(b). For both surfaces, Φ|Φ|=max stays approximately constant when the
substrate speed Usub is varied from 1 to 40 mm/s. The solid lines are guides to the
eye. The errorbars reflect the results of 3-4 individual measurements taken at different
locations on the same sample.

Figure 5.8 shows the maximum amplitude of the surface potential Φ|Φ|=max as a
function of substrate speed Usub for water droplets on PR-coated D263 slides. The
surface potential now assumes its maximum in the vicinity of the droplet deposition
region as shown in the inset of Figure 5.8. Again, Φ|Φ|=max stays approximately con-
stant when the substrate speed Usub is varied from 1 to 40 mm/s. The solid line is a
guide to the eye.

We repeated the experiments performed with water droplets with glycerol, EG,
DEG, and TEG droplets (refer to the experiment set b), which were selected due
to their high relative dielectric permittivity εr. Figure 5.9 shows the dependence of
Φ|Φ|=max on εr. There is a clear trend that higher values of εr lead to stronger surface
charging effect.

Figure 5.10 shows the maximum amplitude of the surface potential as a function
of ∆tdwell for water droplets on PR-coated D263 slides and PC substrates (refer to
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Figure 5.5: (a) Sketch of the setup for surface charge measurement. (b) An experimental
result of the surface potential distribution after motion of a water droplet across a PC surface.
The initial droplet location after deposition is indicated by the blue dashed line and the blue
solid arrow. The red solid arrow and the red dashed line indicate the final droplet location
where it evaporated at room temperature.

the experiment set c). There is essentially no dependence of Φ|Φ|=max on ∆tdwell in
the investigated range of 5 ≤ ∆tdwell ≤ 300 s, which indicates that the contact time
does not have any impact on the surface charging. We cannot exclude, however, that
there exists a significant dependence of Φ|Φ|=max on ∆tdwell for much shorter values of
∆tdwell, which are not experimentally accessible.

Figure 5.11 shows Φ|Φ|=max as a function of the film thickness dlayer for PR- and
polymer-base coated D263 slides (refer to the experiment set d). There is essentially
no dependence of Φ|Φ|=max on dlayer in the investigated range of 50 ≤ dlayer ≤ 200 nm,
which indicates that the resist thickness does not have any impact and that the
observed charging is predominantly a surface effect.

Figure 5.12 shows the maximum electrical surface charge density σ as a function
of the dielectric substrate thickness dsub. These results refer to the experiment sets e.
Open symbols correspond to experiments on PR-coated D263 slides. Solid symbols
correspond to measurements on teflon plates.[184] The solid lines are fitted functions
of the form

σ = C0 + C1 exp(C2/dsub) (5.2)

with fit parameters C0, C1 and C2.
Figure 5.9 illustrates a strong correlation between εr and Φ|Φ|=max. We have com-

pared the experimental data with an expression for the dissociation probability of
ionic species in dielectric liquids[222]

max(σ) = σ0 exp

(
− e2

4πε0εrkBTa

)
(5.3)
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Figure 5.6: Electrical surface potential and surface charge density as a function of time
after water droplet motion for (a) PC and (b) PR-coated (squares) and bare (circles) D263
substrates. The red solid lines correspond to fit functions representing an exponential decay.
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Figure 5.7: Maximum amplitude of surface potential Φ|Φ|=max as a function of substrate
speed Usub for water droplets on (a) PC and (b) the PR base polymer coated D263 slides.
The dwell time of the droplets was approximately 10 s. The solid lines are guides to the eye.

Here, kB = 1.38 · 10−23J/K is the Boltzmann constant, T = 295 K the absolute tem-
perature, e = 1.602 · 10−19C the proton charge, max(σ) corresponds to the surface
charge density on the location where |Φ| = max. The parameters σ0 and a quan-
tify the (equivalent) surface density of ionizable species and the mean length of the
undissociated ionic bond, respectively. The solid line in Figure 5.9(a) corresponds to
a fit according to Eq. (5.3) with fitparameters σ0/e = 2.73 · 1014 m−2 and a = 4.65 Å.
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Figure 5.8: Maximum amplitude of surface potential Φ|Φ|=max as a function of substrate
speed Usub for water droplets on PR-coated D263 slides. The dwell time of the droplets was
approximately 10 s. The solid line is a guide to the eye. The inset shows a low-resolution
pseudocolor map analogous to Figure 5.4 with a scan area of 54 × 9 mm and a maximum
amplitude of surface potential Φ|Φ|=max of about 40 V.

The solid line in Figure 5.9(b) corresponds to a fit according to Eq. (5.3) with fitpa-
rameters σ0/e = −4.48 · 1014 m−2 and a = 7.36 Å. The dashed lines represent fitted
curves with the identical values of σ0, but a 10% higher or 10% lower value of a. The
correlation of the experimental data with the fitfunctions is quite high, which is a
strong indication that the observed surface charging is of electrokinetic origin. The
values of a are larger than typical ionic bond lengths of atomic ions, which might be
due to the steric hindrance of the PAG- and quencher macroions.

Figure 5.9 also indicates that there is no significant correlation between the liquid
viscosity and Φ|Φ|=max, as glycerol and the glycols have a much higher value of µ than
water (see Table 5.1). The viscosity could conceivably influence the charging process
in two ways: by slowing down diffusive or sorptive transport processes in the liquid
and solid phases, or by changing the effective shear stress acting at the contact line
of different liquids moving at the same speed.

Marinova et al. studied the electrophoretic mobility of oil droplets dispersed in an
aqueous phase.[223] The authors concluded that the spontaneous charging of the oil-
water interfaces is due to hydroxyl ions, released by the spontaneous dissociation of
water, adsorbing at the oil-water interface. Similarly, Zimmermann et al. concluded
that the preferential adsorption of hydroxyl ions is the origin of charge formation
on Teflon AF surfaces in an aqueous environment.[224] Yatsuzuka et al. and Tandon
et al. reached the same conclusion for other hydrophobic polymers.[184, 225] Besides
hydroxyl ion adsorption, also the dissociation of ionizable groups at the liquid-solid
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Figure 5.9: (a) Maximum amplitude of surface potential Φ|Φ|=max as a function of εr for
PR-coated D263 slides. (b) Φ|Φ|=max as a function of εr for PR base polymer coated D263
slides. The dwell time of the droplets was approximately 10 s. The substrate speed was
kept constant at Usub = 2 mm/s. The solid and dashed lines correspond to fits according to
Eq. (5.3).

interface might contribute to the charge formation on PC or the PR base polymer
layers. However, the above hypothesis explains why most organic polymers acquire a
negative surface charge upon contact with water, consistent with our findings shown
in Figure 5.7.
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Figure 5.10: Electrical surface potential Φ as a function of the water droplet dwell time for
PR-coated D263 slides (squares) and PC substrates (diamonds). The solid lines are guides
to the eye.

In the case of the complete photoresist, one might expect that in addition charged
species may leach from the bulk of the polymer layer. The solvent penetration is
a diffusive process with a typical time scale of 10 s,[226–229] which is matched to the
range of dwell times studied in Figure 5.10. Typical water uptake of photoresist
polymers is between 1 and 10 wt%.[226, 230] The fact that the droplet dwell time does
not impact the charge amplitude indicates that the charging is a surface- rather than a
bulk phenomenon. Moreover, the solvent pentration rate is expected to scale inversely
proportional to the liquid viscosity. Since there is only a factor of 2 difference between
the surface potential amplitudes of water and glycerol, this again indicates that the
charge originates from the interface rather than the bulk.

Assuming an electrical double layer thickness of approximately 100 nm and an
ionic diffusion coefficient of 1 · 10−9 m2/s in water and 1 · 10−12 m2/s in glycerol, the
relevant electrokinetic time constant is of order 10µs for water and 10 ms for glycerol,
which are both much faster than the accessible timescales of the experiments. This
hypothesis of an electrokinetic surface charging mechanism is thus consistent with
the results of Figures 5.8, 5.10 and 5.11, where neither the substrate speed, nor the
droplet dwell time, nor the PR thickness has a detectable impact on σ.

Furthermore, there does not seem to be a dominant triboelectric charging mech-
anism at play that would depend on the magnitude of mechanical stresses. This is
consistent with the findings of Mui et al.,[231] who concluded that the motion of con-
tact lines does not have a significant effect on the charging behavior of oxide-covered
Si wafers.
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Figure 5.11: Electrical surface potential Φ|Φ|=max as a function of layer thickness for PR-
and polymer-base coated D263 slides. The solid lines are guides to the eye. The dwell time
of the water droplets was approximately 8 ± 2 s. The substrate speed was kept constant at
Usub = 2 mm/s.

Several groups measured leaching related time-scales of ionic species of comparable
molecular dimensions typically in the range of a few seconds,[232–235] again consistent
with our finding that dwell times exceeding 5 s have no impact on the observed be-
havior.

Figure 5.12 illustrates a strong correlation between σ and dsub. The fit-functions
represent the experimental data quite well. Their choice is motivated by a modifica-
tion of Eq. (5.3)

max(σ) ∼ exp

(
−wion − wim

kBT

)
(5.4)

that accounts for both the ionization energy of an ion pair

wion =
e2

4πε0εr,H2O a
(5.5)

as well as a modification of the dissociation probability of electrolytic species due
to the proximity of a grounded metal plate at distance dsub due to image charge
effects.[236–239] An approximation of the latter is given by

wim =
e2

8πε0εsub dsub
. (5.6)

Equation (5.6) indicates a sensitive dependence of σ on dsub for ultrathin sub-
strates, which is confirmed qualitatively by the experiments of Mui et al.,[231] who
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Ref. [184]

Our data

Figure 5.12: Maximum electrical surface charge density σ as a function of substrate thick-
ness dsub. Open symbols correspond to PR-coated D263 slides (resist film thickness approxi-
mately 100 nm). Solid symbols are taken from Yatsuzuka et al. [184]. The solid lines are fitted
functions according to Eq. (5.2). The dwell time of the water droplets was approximately
6± 2 s. The substrate speed was kept constant at Usub = 5 mm/s.

measured a surface potential on order of 15 V for a dielectric layer thickness of 100 nm.
According to Eq. (5.1) this corresponds to a surface charge density on order of
5000µC/m2, which is more than 3 orders of magnitude higher than the typical values
in Fig. 5.12.

5.3.2 Modification of Photoresist Composition

In order to identify the photoresist component that causes the change in polarity
of the residual surface charge distribution, we performed the experiment set f by
preparing solutions that consisted of solvent, base polymer and a single additional
component. The total solids content was kept constant at 5%. Table 5.3 lists the
relative composition of the individual solutions.

We performed experiments at a substrate speed Usub = 2 mm/s, a dwell time of
(8±2) s and a delay time (1±0.3) min. The resulting values of the maximum amplitude
of the surface potential, Φ|Φ|=max, in the vicinity of the droplet deposition region are
summarized in Table 5.4. They indicate that the quencher has the strongest impact
on the positive polarity of the surface charge. This is consistent with the negative
quencher ions having the smallest molecular dimensions and thus the highest mobility
of all ionic species and thus the highest mobility.
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Table 5.4: Maximum amplitude of surface potential Φ|Φ|=max measured for water droplets,
Usub = 10 mm/s, a dwell time of (8 ± 2) s, a delay time of (1 ± 0.3) min and different layer
compositions.

Sample Composition Φ|Φ|=max

#1 Base polymer only −52± 16 V
#2 Base polymer + quencher 215± 6 V
#3 Base polymer + PAG 32± 25 V
#4 Base polymer + WSA 7± 2 V
#5 Complete resist 147± 10 V

5.3.3 Relevance to Watermark Defect Formation

The evaporation of a droplet of a volatile solvent such as water increases the overall
charge density in the liquid by many orders of magnitude. This in turn enhances
the electric field strength between the drop and the corresponding induced charges
in an underlying semiconductor wafer. In hydrophilic polymers, electrophoresis is
a well-known transport mechanism for charged molecules employing typical electric
field strengths[240, 241] of 10 − 1000 V/cm. In hydrophobic polymers, so-called water
trees have been studied as the prime degradation mechanism of polymeric insulation
layers at field strengths in the range 1 ·106 to 1 ·108 V/m.[242–245] Wang et al. studied
the morphological instability of polymer layers subject to electric fields on order of 1 ·
107 V/m.[246] Assuming an initial surface charge density of 10µC/m2 and a thousand-
fold increase upon droplet evaporation, the electric field strength across a photoresist
film reaches similar orders of magnitude.

Moreover, Yatsuzuka et al. had varied the total dielectric substrate thickness dsub

during droplet deposition and reported a scaling of the charge density according to σ ∼
d−0.7

sub for water droplets on teflon plates.[184] Our measurements on PR-covered glass
slides in Fig. 5.12 also yield higher charge densities for thinner dielectric substrates.
The results of Mui et al. correspond to a field strength of 1 · 108 V/m,[231] which is
comparable to the electric field range where leakage currents become detectable as
a sign of impending dielectric breakdown.[247] Liu et al. found that contact angle
saturation in electrowetting-on-dielectrics is caused by ions being pulled from the
drop by the high local field strengths in the vicinity of the contact line.[248] In the
case of polymer layers, the molecular permeability is higher compared to materials
such as silicon dioxide, such that these ions may be driven into the bulk of the PR
layer akin to water tree formation.

Future work will show whether an electrohydrodynamic pathway of watermark
defect formation exists and whether the dominant mechanism is enhanced leaching
due to electric-field-driven transport of ionic species, surface deformation or bulk
degradation.
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5.4 Summary

We have studied the generation of surface charge distributions on polymer surfaces
due to the deposition, motion and evaporation of liquid droplets. We showed that
electrical surface potential maps represent a powerful technique for the visualization
of the trajectories of droplets with high dielectric constant moving over hydrophobic
polymer surfaces.

Using liquids with different static dielectric constants, we found that the magni-
tude of the surface charge conforms well to the Boltzmann relation for the dissociation
probability of ions in solution, indicating that the phenomenon is electrokinetic in na-
ture. This is further strengthened by the dependence of the surface charge on the
substrate thickness qualitatively conforming to an expression for image charge ef-
fects. Experiments on polycarbonate and chemically-amplified photoresist yield sur-
face charges of opposite polarity. By varying the photoresist composition, we identified
the leaching of negative quencher ions as the reason for the charge inversion.



6

Evaporation of water droplets
on photoresist surfaces – An
experimental study of contact
line pinning and evaporation
residues

In this chapter we systematically studied the interaction of ultrapure, de-ionized water
droplets with chemically-amplified, deep-ultraviolet photoresist layers during evapora-
tion by means of experiments. The contact lines of the evaporating droplets underwent
a stick-slip process where two pinning events happened. The footprint size of each
pinning were characterized. The Evaporation of the droplet left a residue behind, gen-
erally in the form of an ultrathin layer with a sub-micron thick mound in the center.
We have systematically characterized the residue dimensions as a function of the ini-
tial droplet size, the photoresist composition and process conditions. Post-evaporation
rinsing steps were found to be unable to completely remove a deposit, depending on
how long after droplet evaporation they were performed. Our results indicate that the
occurrence of so-called watermark defects might be related to deliquescence induced by
ionic residues.

The contents of this chapter correspond to the manuscript with title ”Evaporation of water droplets

on photoresist surfaces - an experimental study of contact line pinning and evaporation residues” by

B. He, and A.A. Darhuber, Colloids and Surfaces A: Physicochemical and Engineering Aspects 583,

123912 (2019).
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6.1 Introduction

Droplets of water or aqueous solutions make contact with partially wettable polymer
surfaces in the context of many technological applications, such as coating, printing,
cleaning and surface conditioning processes. The modes of interaction of solvent
droplets with polymer layers have been studied in detail.[249–252] Transport can occur
inside the polymer matrix by diffusion or outside by evaporation, recondensation
or sorption. The polymer material and transport properties typically depend very
sensitively on the local solvent concentration. In contrast, the transport properties of
hydrophobic polymers depend either not at all or only weakly on the water activity.
The water uptake is generally limited to a weight fraction on order of a few percent.[253]

Transport of a non-solvent through a polymer film may occur either through diffusion
or bulk flow, depending on the polymer microstructure and the degree of swelling.[254]

In immersion lithography, water droplets come in contact with photoresists (PRs),
which are hydrophobic, multicomponent, light-sensitive polymer layers.[24, 65, 255, 256]

Some of these droplets evaporate and can induce the formation of so-called watermark
defects,[24, 65] which can compromise the yield of semiconductor device manufacturing.

Vogt et al. measured the water concentration depth profile within immersed pho-
toresist films with neutron reflectometry.[257] For silicon wafers with native oxide layer,
they found a pronounced enhancement of the water concentration in a region within
the first 2-4 nm from the PR-substrate interface reaching a water volume fraction of
more than 30% as compared to a bulk value of 2-3%. This is actually a precursor
to complete delamination,[258] if given enough time. For substrates first treated with
hexamethyldisilazane (HMDS), a water-enriched layer is still present,[257] however,
with a lower maximum interfacial volume fraction around 15%. The water uptake
dynamics and film thickness increase ∆h of PR layers upon water immersion has been
measured using ellipsometry or the quartz crystal microbalance method.[226, 259, 260]

Typical values of ∆h are in the few percent range. Due to its high static dielectric
constant, water readily dissolves polar and dissociating compounds. Photoresist con-
tains typically photoacid generator and quencher species, which are therefore leached
out of PR during prolonged contact with water droplets.[232, 234, 235, 259, 261–264] These
leached species can be redeposited upon droplet evaporation.

In this chapter, we report about systematic experiments elucidating the inter-
action of water droplets with deep-ultraviolet (UV) chemically-amplified photoresist
layers during evaporation. Evaporated droplets leave a residue behind, generally in
the form of an ultrathin layer (order 10 nm) with a (sub)micron thick mound in the
center. The ultrathin residue layer thickness depends strongly on the process condi-
tions and PR composition. For PR base polymer layers, which do not contain any
leachable components such as quencher, photoacid generator (PAG) and watershed-
ding agent (WSA), the ultra thin layer is absent within our detection limit. We have
systematically varied the initial droplet size, the photoresist composition and process
conditions and studied their influence on the residue dimensions. Our experimental
results compare favourably with a recent theoretical model of residue formation.[265]
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6.2 Materials and Experiments

A commercial, chemically-amplified deep-UV photoresist (PR, JSR) dissolved in a
30/70 mixture (by weight) of cyclohexanone (Sigma-Aldrich, product number C102180)
and propyleneglycol-monoethylether-acetate (PGMEA, Sigma-Aldrich, product num-
ber 484431), was spin-coated (Brewer Science, model Cee® 200X) on Si-wafers with
a spin speed between 2000 and 6000 rpm for 200 s, which gives a thickness h on order
of 60 to 100 nm, respectively. Prediluted PR (1 part PR solution diluted further in
2 parts of pure solvent mixture, by volume) coated at 6000 rpm yields a film thick-
ness of about 20 nm. After spincoating, the samples were baked on a hotplate at
a temperature of about 110oC for a duration between 5 − 180 s. All experiments
were performed with unexposed resist. Information about its chemical composition
is provided in chapter 6.

For comparison with the complete PR, we also conducted experiments with a solu-
tion that only contains the polymer base of the resist, but not any other resist compo-
nent such as a quencher [triphenylsulfonium salicylic acid (TPSSA)], photoacid gen-
erator [PAG, triphenylsulfonium nonaflate (TPSN)], or watershedding agent (WSA).
The chemical structures of PAG and quencher are shown in Fig.5.1.

In immersion technology, PR layers are frequently pre-rinsed prior to lithography.
Therefore, we compared samples both with and without pre-rinsing (for either 10 or
120 s using ultrapure deionized (UDI) water) after baking. The pre-rinsed samples
were baked for a second time at a temperature of about 110oC for a duration of
10− 60 s.

UDI water (Millipore Direct-Q3 R, Millipak Express 20 nozzle filter, total organic
carbon ≤ 10 ppb) droplets of varying volume were deposited on the PR layers using an
inkjet dispenser head (Microdrop, model number MD-K-140, droplet ejection speed
about 2 m/s) and left to evaporate in ambient atmosphere with relative humidity
about 40% and temperature of approximately 24oC (see Fig. 6.2). The reservoir con-
tainer of the inkjet dispenser was made of glass, the tubing of polytetrafluorethylene
(PTFE). Each inkjetted droplet has a diameter of about 70µm in air. The deposited
droplet volume can be adjusted by accumulating many inkjetted droplets into a big-
ger droplet with the required volume. The initial footprint diameter of the droplet
right after deposition was measured using side-view observation. We did not observe
any splashing upon droplet impact, which is consistent with the splashing parameter
K ≡ We

√
Re ≈ 20 defined in Eq. (7) of Ref.[266] being far below the critical value of

3000. Here, We and Re are the Weber and Reynolds number of an impacting droplet,
respectively.

We measured the advancing and receding contact angles of water droplets on pre-
rinsed PR and non-pre-rinsed polymer base layers. The results are θr = (63±2)o and
θa = (88 ± 2)o for PR and θr = (63 ± 2)o and θa = (78 ± 2)o for the polymer base,
respectively.

The evaporation of the droplets was monitored using an upright microscope (Olym-
pus, model number BX-51) using Olympus 2.5× and 10× objectives. The camera used
for recording had a frame rate of 15 s−1. The temperature and the ambient humidity
level in the laboratory were 24oC and (40± 10)%, respectively.
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Figure 6.1: Image sequence of a water droplet evaporating on a 20 nm thick PR layer.

After recording of the evaporation process by optical microscopy, several samples
were post-rinsed by holding them under the UDI water jet emanating from the faucet
of the Millipore dispenser. After such a rinse step, the residues remaining on the
samples were characterized by optical microscopy and (after baking for 30 − 60 s at
110oC) by means of an atomic force microscope (AFM, Park Scientific, XE7).

6.3 Results and discussion

Figure 6.2(a) shows a typical image sequence of a droplet evaporating on a 20 nm thick
PR layer. Figure 6.2(b) shows the droplet footprint diameter D(t) as a function of
time for different initial droplet volumes V0 evaporating on PR. Figure 6.2(c) presents
the equivalent data for polymer base layers. Initially, the diameter remains constant
for a short while, until the contact angle θ(t) reaches the receding value. Subsequently,
the droplets shrink smoothly and monotonically without pinning until they reach a
diameter of about 10% of the initial value. Very reproducibly, the droplets then
tend to get pinned once, temporarily, after which they shrink further by a factor of
approximately 2 − 4, before they get pinned again. After the second pinning event,
the remaining droplets primarily become thinner but do not shrink laterally.

A typical late time behavior is shown in Fig. 6.3. The kink at ∆t ≈ 1.5 s indicates
the first pinning event. The images in the inset show a few top-view images of the
evaporating droplet. Note that the grayscale at the droplet perimeter is very dark
in image (1), whereas it becomes much lighter in image (3). This indicates that
the contact angle significantly decreases during the pinning phase, while the droplet
diameter remains unchanged between frames (2) and (3). For late times ∆t > 3 s, the
droplet diameter remains approximately constant (second pinning).

The data for PR look qualitatively identical to those shown in Fig. 6.3. We denote
the droplet diameter at the first pinning event D1, at the second pinning event D2.
Given that about 10 interference fringes are visible in inset (3) of Fig. 6.3 and that
D1 ≈ 60µm, we estimate the value of the contact angle at depinning to be about 9o.

Figure 6.4(a-f) shows microscope images of dried deposits from droplets with dif-
ferent initial sizes D0 evaporated on a PR layer. In Fig. 6.4(i) we present the depen-
dence of the pinning diameters D1 and D2 on the initial droplet diameter D0. The
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Figure 6.2: Droplet footprint diameter D(t) as a function of time for droplets of different
volumes evaporating on a 20 nm thick (a) PR layer and (b) PR polymer base. Droplet
volumes are indicated by the number of inkjet droplets, which varies from 1250 to 10000.
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Figure 6.3: Late-time evolution of the droplet footprint diameter approaching complete
evaporation on a 20 nm thick polymer base layer (non-pre-rinsed). The initial droplet diam-
eter was about 800µm. Inset: droplet images corresponding to the three labeled datapoints.
The white scalebar corresponds to 50µm.

dashed lines are power law relations Di ∼ D
4/3
0 . The data for D1 and D2 differ by

a roughly constant factor of about 4. Fig.6.5(a,b) provide equivalent data obtained
with a different grade of UDI water for comparison.

For small initial droplet sizes D0, the dependence of D1,2 on D0 in Fig. 6.4(i)
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Figure 6.4: (a-f) Microscope images of deposits from droplets with different initial sizes
D0 ≈ 200 (a), 400 (b), 630 (c), 840 (d) 1800 (e) and 3300µm (f) evaporated on a 20 nm thick
PR layer. The fuzzy spots that are visible in (d,e,f) and marked with yellow triangles are
due to contamination on the microscope optics. (g,h) Images of deposits from droplets with
different initial sizes D0 ≈ 1540 (g) and 1930µm (h) evaporated on a 20 nm thick polymer
base layer. (i) Correlation of the pinning diameters D1 (first pinning) and D2 (second
pinning) with initial droplet sizes on PR and polymer base layers. Squares correspond to
data extracted from dried residue images as shown in (a-f). The other symbols represent
data extracted from video recordings of the entire evaporation process.

becomes weaker as indicated by the light red background color. From side-view
observations, we noted a significant difference in the initial contact angle θ0, which
was smaller for smaller droplets (see Fig. 6.6). The values of θ0 span roughly the
range from θr to θa, which is a consequence of the inkjet deposition process. If only
very few inkjet droplets are accumulated, the kinetic energy addition by the last
accumulated droplet causes a significant transient increase of the footprint diameter
and corresponding flattening of the droplet shape. This leads to a subsequent contact
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0 .

line retraction that leaves the contact angle close to its receding value. However,
if a large number of inkjet droplets are accumulated, the addition of a single one
does not cause a noticeable shape change. Rather, the slowly increasing drop volume
causes the contact angle to be close to its advancing value. The transient increase
of the droplet footprint for small volumes implies that the droplet is in contact with
a relatively larger surface area of the underlying layer, from which relatively more
material can be leached. This is the likely reason for the flattening of the dependence
D1,2(D0) for small D0 in Fig. 6.4(i).

The effect of process conditions on the first and second pinning diameters is illus-
trated in Fig. 6.7. Figures 6.7(a-d) and (e-h) compare droplets deposited on rinsed
and non-rinsed 20 nm thick PR layers. Figures 6.7(i-l) were obtained for a thicker
PR layer of h = 100 nm. Figures 6.7(m-p) correspond to a polymer base layer. All
samples were baked for 30 s after spin-coating. Rinsed samples were baked for an ad-
ditional 30 s. Panels (a,b), (e,f), (i,j) and (m,n) approximately correspond to the first
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pinning phase, where a pronounced decrease in contact angle is visible, as indicated
by the change in grayscale inside the droplet, whereas the footprint radius remains
roughly constant.

For droplets evaporating on PR layers, the first pinning leaves a visible trace
in subsequent images. A ‘halo’ with diameter D1 is observed around the residual
droplets of diameter D2 in Fig. 6.7(c,g,k) for PR layers. However, no such halo is
observed for polymer base layers in Fig. 6.7(o). A comparison of Figs. 6.7(c,k) shows
that the PR layer thickness does not affect the magnitude of D1,2 strongly. However,
the perimeter of the halo is more pronounced and easier to see for the thicker layer,
even without contrast enhancement. The baking time does not have a strong effect
on D1,2 as shown in Fig. 6.8. This suggests that the residual solvent level in the PR
layer[267] does not impact the pinning.

To further characterize the interaction between evaporation residues (consisting
of a halo and a center deposit) and PR layers, we conducted post-evaporation rinsing
experiments. During the post-rinsing step, samples were held under the UDI water
jet emanating from the faucet of the Millipore system for 5 s. Figure 6.9 shows droplet
evaporation residues on three samples before and after post-rinsing. All samples were
initially spin-coated with PR layers with a thickness of about 100 nm and baked at
110oC for 30 s. Samples I [Figure 6.9(a-c)] and II [Figure 6.9(d-f)] were pre-rinsed
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(e) (f) (g) (h)

(a) (b) (c) (d)

Figure 6.7: Microscope images for layers of (a-d) 20 nm thick pre-rinsed PR, (e-h) 20 nm
thick non-pre-rinsed PR, (i-l) 100 nm thick pre-rinsed PR and (m-p) 20 nm thick non-pre-
rinsed base polymer. Panels (c,d), (g,h) and (k,l) have been contrast-enhanced. The time
increment of frames (d,h,l) relative to (c,g,k) were 6.8, 7.9 and 5.2 s, respectively, whereas
the time increment from (g) relative to (f) was only 0.8 s. All scale bars correspond to 50µm.
The fuzzy spots that are visible in many images and marked with yellow triangles are due
to contamination on the microscope optics. The initial diameter D0 ranged between about
750 and 1000µm in all cases.

(b) (c)(a)

Figure 6.8: Contrast-enhanced microscope images of the late stage of the evaporation
process on PR (rinsed for 10 s) after the first pinning for different total baking times of (a)
15, (b) 60 and (c) 240 s. The scalebar in (b) corresponds to 25µm and applies to all panels.

with UDI-water for 10 s and baked a second time at 110oC for 30s while sample
III [Figure 6.9(g-i)] was not pre-rinsed and baked only once. Droplets with initial
diameter of about 1000µm were deposited on the samples.

Figures 6.9(a,b) show the residue on sample I before and 5 minutes after post-
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 6.9: Contrast-enhanced microscope images of the evaporation residues on PR layers
before (a,d,e,g) and after (b,c,f,h,i) a post-rinsing step. The black scale bars in (a) represent
100µm and it applies for (a,b), all other white scale bars present 25µm and apply for their
own (row).

rinsing, respectively. Figure 6.9(c) is a zoom of Fig. 6.9(b). Figures 6.9(d,e) show the
residue on sample II 5 minutes and 24 hours after droplet evaporation, respectively.
Figure 6.9(f) shows sample II 24 hours after post-rinsing. Figures 6.9(g-i) show a
residue on sample III before, 5 minutes after and 24 hours after post-rinsing, respec-
tively. Figure 6.11 shows a 3D morphology of the AFM area scan and a cross-section
through the center of the deposit before and after an additional post-rinsing of 120 s,
which correspond to Fig. 6.10(a) and (b), respectively.

To study the halo structure around the residue, we performed an AFM area scan
of the residue without post-rinsing on the PR layer. Figure 6.12(a,b) shows contrast-
enhanced microscope images of a post-evaporation residue before and after baking for
60 s at 110oC. The sample consists of a 100 nm thick PR layer that was pre-rinsed for
10 s. The optical contrast of the halo becomes weaker after baking, which points at a
thickness reduction due to water loss. Also the diameter of the center mound becomes
visibly smaller. Figure 6.12(c) shows an AFM area scan of a post-evaporation residue
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(a) (b)

Figure 6.10: (a) Magnification of the image shown in Fig.6.9(f) and (b) the same residue
after an additional post-rinsing time of 120 s. The dashed lines in (a,b) indicate the AFM
scanning path, the corresponding cross sections are shown in Fig. 6.11(b).

after baking. The halo diameter is about 50µm, the center mound is about 9µm
in diameter and 600 nm high. In Fig. 6.12(d) we present an AFM line scan along
the dashed line in Fig. 6.12(c), which shows that the average thickness of the halo is
about 2 nm. If D1 is estimated as 7% of D0, then the material contained in the halo
and the center mound would translate into a thickness reduction on order of 0.1 nm
averaged over the entire original droplet footprint area.

The most striking experimental finding is the observation of the halos on PR
layers, which are absent on the polymer base layers. Nakagawa et al. have observed
a similar phenomenon.[81] Interestingly, the halos of both the non-pre-rinsed layer
in Fig. 6.7(g,h) and the 100 nm thick layer in Fig. 6.7(k,l) exhibit a marked change
in appearance in the course of several seconds. This could be due to water that
has diffused into the polymer bulk[64, 268] and slowly evaporates again or due to the
presence of an ultrathin layer of low volatility on top of the photoresist. Park et al.
studied the evaporation of UDI water droplets on Teflon AF layers spin-coated onto
glass substrates.[269] Using scanning electron microscopy (SEM) instead of optical
interferometry they observed a halo, which coincided with the entire initial droplet
footprint and which may thus be a precursor to delamination.[258] In our case, however,
since the contact time with the water droplet of a point beyond D1 just outside the
halo and a point within D1 just inside the halo are similar, it is unlikely that water
diffusion into the polymer is the origin of the effect.

The terminal phase of the evaporation process after the first pinning is likely dom-
inated by the increasing concentrations of leached compounds such as the quencher,
PAG, WSA, polymer fragments and residual solvents. These might lead to a gradual
but substantial and spatially inhomogeneous surface tension reduction as well as a
viscosity increase. The regular spoke-like structure of the halo in Fig. 6.7(g,h) is in-
deed reminiscent of patterns observed for evaporation-related Marangoni instabilities
(see Fig. 3 in Ref.[270] or Figs. 3 and 5 in Ref.[271]) and/or in drying suspensions (see
e.g. Fig. 5 in Ref.[272] or Fig. 2(a) in Ref.[273]).

However, the stage prior to the first pinning is characterized by perfectly smooth,
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Figure 6.11: 3D morphology of AFM area scans and their corresponding 1D cross-section
through the center of the residue. The AFM image in (a) refers to the residue in Fig. 6.10(a),
which was applied with a post-rinsing of 5 s, (b) shows the same residue but with an extra
post-rinsing of 120 s, see Fig.6.10(b). (c) The 1D cross section of the for (a) (blue solid line)
and (b) (red dashed line). The scanning paths of the AFM tip are indicated in Fig.6.10.
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circular drop shapes and rapid evaporation rates, such that the enrichment of leached
material likely does not yet affect the average viscosity significantly. For the same rea-
son, a pinning mechanism based on suspended particles[59] seems unlikely. However,
the evaporation rate of a droplet is spatially highly non-uniform and exhibits a sharp
peak at the contact-line[58] for contact angles below 90o. It is thus conceivable that
within a submicron distance from the contact line the concentration of e.g. the leached
quencher or PAG ions either exceed their solubility limit[265] or induce a significant
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Figure 6.12: (a,b) Contrast-enhanced microscope images of a post-evaporation residue
before (a) and after (b) baking for 60 s at 110oC. (c) AFM area scan of the residue after
baking. (d) AFM line scan along the dashed line in (a).
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localized viscosity increase. Both alternatives could induce a temporary pinning of
the contact line, until the contact angle has dropped sufficiently, such that depinning
occurs.[274]

A detailed model for such a precipitation mechanism underlying the first pinning
event is presented in Ref.[265]. The prediction for the case of slow leaching of material
out of the PR layer compared to the evaporation timescale is that D1 should scale

as D
4/3
0 . In case the UDI water is not entirely clean, the exponent is expected to

lie between 4/3 and 1. The experimental data in Fig. 6.4 agree very well with a
powerlaw relation D1 ∼ Dα

0 with exponent α close to 4/3. What this model cannot
fully explain, however, is why the D1 data for both PR and polymer base are rather
similar and why the pre-rinsing does not seem to make a large difference, although
these conditions clearly affect the quantity of leached material.

We believe that the halo formation after the first pinning is akin to a coating pro-
cess,[275, 276] where a thin deposit film is left behind by a receding solution meniscus.
According to Fig. 6.3, a typical speed of recession is 25µm/s. The major part of the
leached material ends up in the central residual spot. We have measured the thickness
of the halo layer and the center mound for a pre-rinsed, 100 nm thick PR sample after
baking at 110oC for 60 s using AFM (see Fig. 5 in the Supporting Information) to
be about 2 and 600 nm, respectively, for D0 ≈ (900± 100)µm. If D1 is estimated as
7% of D0, then this accumulated material would imply a resist thickness reduction
of order 0.1 nm upon contact with water, averaged over the initial contact area with
diameter D0. For comparison, Conley et al. measured a thickness loss of approxi-
mately 0.3 − 0.5 nm due to PAG leaching.[233] Moreover, He and Darhuber detected
a significant amount of quencher leaching for the resist used in this study.[86]

Figures 6.9(b,f) indicate that the halo is removed by post-rinsing, but the center of
the deposit is largely retained. The AFM scans shown in Fig. 6.11 indicate that these
features are most likely incompletely removed deposit. Also longer post-rinsing times
(2-3 min) did not lead to complete removal of the remaining deposits, see Fig. 6.11(b).
The residue on sample II was left for 24 hours before post-rinsing. The presence
of interference fringes in Figs. 6.9(d,e) indicates that the residue is still liquid-like.
Figure 6.9(d) exhibits more fringes than (e), which indicates continued evaporation,
however, at a very slow rate. The residue on sample III (without pre-rinse) is thicker
compared to samples I and II, which means more materials from the PR-layer was
collected by the droplet during its evaporation and deposited inhomogeneously after
the first pinning of the contact line. Similar to Fig. 6.9(f), the halo was removed after
post-rinsing and structures appeared within the central liquid-like deposit that was
visible before post-rinsing.

Relevance to technological applications

Contact between PR and water in general does not cause watermark defects, as it is
common to pre-rinse or post-rinse wafers before or after certain process steps.[77, 277, 278]

Kawamura et al. showed that no watermark defects occur, if droplets are removed by
air-jet blowing before complete evaporation, which indicates that the terminal phase
of the evaporation process is the detrimental one.[279] Near complete evaporation, any
dissolved components that have been leached from the photoresist[232, 234, 235, 260, 280, 281]
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during the lifetime of the droplet are strongly enriched in concentration. Ishibashi
et al. performed a TOF-SIMS analysis of the drying residues of water droplets on
immersion resists and found a significant enhancement of the PAG concentration.[282]

Farys et al. showed that the PAG anion leaching decreases by a factor 2 for an in-
crease of the soft-baking temperature from 90oC to 130oC, whereas the defect density
remained constant.[283]

Kanna et al. performed quartz crystal microbalance measurements of the water
uptake by photoresist at different temperatures and found that higher temperatures
drastically enhance water uptake.[259] They concluded that droplets that are suffi-
ciently large such that they do not fully evaporate before the wafer undergoes the
post-exposure bake (PEB) are highly likely to induce watermark defects. Streefkerk
et al. presented a linear correlation between watermark defect size and initial droplet
size and found that there is a critical droplet size, below which no watermark de-
fects are formed.[77] Wallraff observed residue sizes close to 5-10% of the initial drop
size.[284] We observed that the overall evaporation rate drastically decreases in the
last phase of the lifetime of a droplet, see e.g. Fig. 6.7. We attribute this effect to
the continued enrichment of non-volatile ionic compounds in the remaining droplet
due to loss of water. Consequently, according to Raoult’s law,[285] the vapor pres-
sure and thus the evaporation rate ṁ significantly decreases.[238, 286–289] The vapor
pressure may even approach the ambient humidity level, at which point evaporation
stops. Conversely, under such circumstances ambient humidity may condense onto
dry deposits,[290] which is known as deliquescence.[291–293] Mixtures of solutes further
lower the critical humidity levels, at which water uptake occurs.[292, 294]

This is especially relevant to the environment inside immersion lithography ma-
chines, where the local humidity levels might be higher compared to typical produc-
tion facility levels.[295] The lowering of both the vapor pressure and the deliquescence
threshold enhances the probability of wet residue to enter the PEB process, where the
increased temperatures enhance the water penetration in the underlying resist.[259]

The presence of water may in turn enhance the diffusion of e.g. the quencher or the
photoacid. It may cause increased leaching or, conversely, mass transfer from the wet
residue into the top of the resist.[265] The smoothness of the thin film interference
fringe pattern in Fig. 6.4(h), which has been recorded approximately 30-60 minutes
after the evaporation process was apparently complete, indicates that a significant
fraction of water might still be present in the deposit. The same conclusion was
drawn from Figs. 6.9(d,e).

Frequently, post-rinsing steps are performed in order to reduce the watermark
defect density.[77, 296, 297] Our results in Fig. 6.9 show that the evaporation residues
may not be completely removed by a short post-rinse step. This is consistent with
the results mentioned in the Ref [[24]], which shows that a post-rinse step must be
performed sooner rather than later for it to be effective in reducing watermark defects.
In this fashion part of the original residues might still enter the elevated temperatures
during the PEB process.



98 6. EVAPORATION OF WATER DROPLETS ON PR SURFACES

6.4 Summary

We have systematically studied the interaction of ultrapure, de-ionized water droplets
with deep-ultraviolet photoresist layers during evaporation by means of experiments.
For approximately 90% of the drying time, the droplet contact line maintains a circular
shape and smoothly recedes without stick-slip behavior. At a diameter D1 on order
of 5-10% of the initial drop diameter, a first transient pinning event is observed, after
which the contact line continues to recede. A comparison of the dependence D1(D0)
with a theoretical model based on precipitation-induced pinning is very favorable.

Depending on the PR composition, an ultrathin residual layer with a thickness
on order of 1− 10 nm is observed within the droplet footprint of the first pinning for
pre-rinsed layers. This residue tends to be thicker for non-pre-rinsed layers and absent
for layers that only contain the photoresist base polymer, but not any leachable com-
ponents such as quencher, photoacid generator and watershedding agent. Therefore,
the residue likely consists of leached, ionic and non-ionic photoresist components. We
have systematically characterized the residue dimensions D1 as a function of the ini-
tial droplet size D0, the photoresist composition and process conditions. We found

that to good approximation the scaling D1 ∼ D4/3
0 holds, in excellent agreement with

a recent theoretical model for the evaporation of droplets that interact with their sub-
layer. Post-evaporation rinsing steps were found to be unable to completely remove
a deposit, depending on how long after droplet evaporation they were performed.

Ionic compounds such as the quencher and photoacid(generator) are known to
induce deliquescence in sufficiently humid environments. Therefore, we suspect that
the root cause of watermark defects might be a sufficient quantity of water remaining
on a wafer sufficiently long for it to enter the post-exposure bake process. There the
combination of increased temperatures and the presence of liquid-phase water vastly
enhance diffusive transport inside as well as in and out of an exposed photoresist
layer.
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Conclusions

In this thesis, the mechanism of droplet formation and the interaction between droplet
and chemically amplified photoresist during the formation, motion and evaporation
of the droplet was investigated. The knowledge obtained from this work provides the
possibility for the optimization of the defect control and reducing the number of wa-
termark defects in immersion lithography. This chapter present the main conclusions
of this work.

In chapter 3, a systematically study was conducted experimentally and numeri-
cally for the formation of satellite droplets induced by the surface heterogeneities on a
partially-wettable photoresist surface by dip-coating. We characterized the size of the
largest residual droplet as a function of pattern dimension, shape, meniscus speed,
and substrate contact angle. A strong dependence of droplet size on the withdrawal
speed was observed, especially for values close to the critical speed, while there is ap-
proximately a linear dependence of satellite droplet size dmax on pattern dimensions
w (dmax ∼ wα, where α ∼ 0.9 for the square pattern), which conforms well with the
simulation from 2D numerical simulations. Besides, the simulation results indicate
a stronger dependence of satellite droplet size on pattern dimensions for chemical
defects. By varying the slope and the width of the topographical pattern in 1D simu-
lation, we found that the criterion for the defect strength is determined by whether the
maximum slope angle and the contact angle of the liquid on the substrate. However,
the formation of satellite droplets didn’t occur in the 1D simulation, which implies
the necessity of the 2D numerical model.

In chapter 4 the displacement of the droplets on partially wettable surfaces in-
dueced by impinging a single axisymmetric gas jets was demonstrated experimentally.
Systematic experiments of bulldozing droplets with gas jets were conducted by vary-
ing the substrate speed, the jet flow rate, and the initial droplet position. The driving
force from the air flow on the droplet was expressed by Fjet ∼ C1R

α
jet/r, where α and

C1 were determined by curve fitting using the measured droplet trajectories. A 3D
numerical model was also developed for the force induced by a gas jet on a hemi-
spherical droplet. The exponent (α ∼ 2.2) determined from trajectory compares well
with the result of 3D numerical simulations (α ∼ 2.1). By applying the fitting param-
eters, a numerical model based on Stokes flow was developed and can quantitatively

99



100 7. CONCLUSIONS

reproduce the measured droplet trajectories. A double jet was also applied to stop-
ping the droplets at a stationary position with respect to the jets. The mobilization
threshold for the droplets depends on the droplet size, the jet flowrate and the contact
angle hysteresis and is governed by a critical value of a modified Weber number.

In chapter 5, the study of droplet motion-induced surface charge distributions
was conducted by depositing, bulldozing and evaporating droplets on polymer sur-
faces. Due to the high dielectric constant of the liquid and the hydrophobility of
polymer surfaces, measuring surface potential maps represent powerful technique for
the visualization of the trajectories of droplets. Further more, the dependence of the
surface charge on the substrate thickness was observed during experiment, which can
be qualitatively explained as an image charge effects. The dependence of the surface
charge magnitude on the liquid dielectric constant conforms well to the hypothesis
of the dissociation probability of PR ionic compounds in dielectric liquids expressed
by Boltzmann relation, which helps to fit the density of ionizable species σ0/e and
the mean length of the undissociated ionic bond a by sing the experimental data.
During the contact between the droplet and the PR film, the leaching of the nega-
tive ionic components from PR film into the water occurs, which was demonstrated
experimentally by varying the photoresist composition, which manifested itself in a
surface charge inversion.

In chapter 6, the interaction of ultrapure, de-ionized water droplets with deep-
ultraviolet photoresist layers during evaporation was systematically studied by means
of experiments. The contact line of the droplet meniscus receded firstly smoothly
without stick-slip behavior during the evaporation of the droplets. The contact line
was first pinned when the droplet diameter reduced to D1, which is 5 to 10 % of
its initial diameter D0. After the first pinning event, the contact line continued to
recede until the droplet got dry, forming a residue with a stochastic diameter of
D2 within the footprint of the first pinning. Interestingly, the evaporation of the
droplet left an ultrathin residual layer with a thickness on order of 1∼10 nm, forming
a halo with a diameter of D1, which was observed even for pre-rinsed PR layers under
optical microscope. For the photoresist surface without pre-rinse applied, the residual
layer is thicker. However, no halo was observed for the droplets evaporated on the
polymer base, which implies that the residues are most likely from the photoresist
ionic and non-ionic compounds, such as the photoacid generator, the quecher, the
watershedding agent.

By varing the photoresist components and process conditions, we systematically
characterized the residue dimensions D1 as a function of the initial droplet size D0.

We found the results approximately hold for the scaling D1 ∼ D
4/3
0 , which is in

excellent agreement with the theoretical model for a droplet interacting with the
diffusing compounds of the substrate layer during evaporation.

The application of post-evaporation rinsing steps were found to be unable to com-
pletely remove the dry residues if they stayed on the photoresit surface for hours. How-
ever, the main compounds of the residues such as the quencher and photoacid(generator)
are known to be able to induce deliquescence in sufficiently humid environments. The
wet residues could increase the quantity of water remaining on the exposed photore-
sist layer when it enters the post-exposure baking step and potentially contribute to
the watermark defect formation.



8

An inspiration for future work

8.1 Inhibited deprotection due to the presence of
water

So far the experiment of water droplet evaporation was only performed on the sur-
face of unexposed photoresist. However, the watermark defect issue occurs only after
the exposure step. Particularly, during the post-exposure baking (PEB) step, the
increased temperature of the photoresist (PR) layer and the presence of liquid-phase
water could vastly enhance the diffusive transport of the ionic compounds such as
photoacid and quencher, which can further leach into the water droplet. The su-
pression of the leaching of photoresist components can reduce the watermark defects
number, which has been experimentally demonstrated.[81, 82] One of the reason for
the formation of watermark defects is belived to be the low degree of local depro-
tection.[67] Therefore, the influence of the enhanced diffusive transport of the ionic
compounds during PEB step on the deprotection could be a topic for further study
of watermark defect formation.

A proof of concept was demonstrated by experiments of the water droplet evapo-
rated on a exposed PR layer during PEB step. An ultra-pure DI-water droplet with
an initial diameter of about 800µm was deposited onto the surface of the PR layer.
The droplet was either let to evaporate completely before the PEB step was applied,
or let evaporate during the PEB step with/without a bulldozing step, which is illus-
trated in Fig. 8.1. The details of the experimental steps and materials are described
in Appendix A.

An interesting result for the experiment illustrated in Fig. 8.1 is shown in Fig. 8.2.
The microscope images were taken after the PEB step. Fig. 8.2(a), (b) and (c) cor-
respond to the exposed area on the PR layer. In Fig. 8.2(a) the deposited droplet
was bulldozed and evaporated at 23o C before the sample was sent to PEB process.
In Fig. 8.2(b) the droplet was firstly bulldozed and then evaporated during the PEB
process while in Fig. 8.2(c) the sample was directly sent to PEB before the droplet was
deposited on the hot sample. The red dash circle indicates the approximate initial
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Figure 8.1: A sketch to describe the experiments designed for droplet evaporation on a
exposed PR layer. (a) The droplet was bulldozed and then left to evaporate at 110o C during
the PEB step or left to evaporate at 23o C prior to the PEB step. (b) The deposited droplet
was directly let evaporate at 110o C during PEB step or evaporate at 23o C.

(a)

(b)

(c)

Figure 8.2: Experimental results for the processes described in Fig.8.1. The microscope
images were taken after PEB. The droplet was bulldozed at room temperature and then left
to evaporate at either (a) 23oC or (b) 110oC during PEB. The red dash circle indicates the
approximate initial footprint of the droplets, while the red dash arrows refer to the bulldozing
trajectory. (c) The droplet was deposited and left to evaporate during PEB. The scale bar
in (c) corresponds to 500µm and applies to all images. The scratches have been introduced
on purpose to facilitate the initial and final positioning of droplets.

footprint of the droplets, the red dash arrows in Fig. 8.2(a-b) refer to the bulldozing
trajectory. Strikingly, at the final position of the droplet (indicated by white solid
arrows), there is only a drying stain left in Fig. 8.2(a) while there is an obvious dark
area in both Fig. 8.2(b) and (c). The dark area has a comparable size with the foot-
print of the droplet at its final position. The experimental results in Fig. 8.2 imply
that only the water droplet present during PEB can induce dark area.
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Figure 8.3: (a) Footprint (indicated by a red dashed circle) of deposited droplet after
PEB. (b) Zoom-in of the drying stain in (a). (c) The same sample region as in (a) after
development, the bright area indicated by white arrow in the footprint area refers to the
drying stain left by the deposited droplet. (d) Zoom-in of the border in (c), the area with
darker color corresponds to the footprint area. The scale bar in (a) corresponds to 100µm
and applies also to (c), while in (b) and (d) to 25µm.

Fig. 8.3(a) presents a typical dark area induced by a bulldozed droplet, which
evaporated during PEB step. The red dash circle indicates the approximate initial
footprint of the droplet when it entered the PEB process. A zoom-in of the dashed
rectangle in Fig. 8.3(a) is shown in Fig. 8.3(b), which depicts the drying stain left
by the droplet. The same sample region in (a) after development is presented in
Fig. 8.3(c), where the bright area corresponds to the region covered by the drying
residue after development. The image in Fig. 8.3(d) is a zoom-in at the perimeter of
the dark area as indicated by the red dash rectangle in Fig. 8.3(c).

Fig. 8.4 refers to the results obtained with a film of polymer base with PAG after
the development process. Fig. 8.4(a) shows the dark area (indicated by a red dashed
circle) induced by a water droplet evaporated during PEB. A bright spot indicated by
the red dashed retangle refers to the position of the water residue, which was removed
by the development step. A zoom-in of the bright spot is presented in (b).

Fig. 8.5(a) shows an AFM 1D scan applied at the location marked by a red solid
line in Fig. 8.3(d) and corresponds to the thickness profile after development. The
exposed regions in the right part of the area have a morphology contrast of about
80 nm, while in the left part only about 20 nm. Fig. 8.5(b) corresponds to the AFM
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(a) (b)

Figure 8.4: (a) Post-development image of the dark area (indicated by a red dash circle),
which was induced by water droplet on a layer of polymer base with PAG during PEB. (b)
A zoom-in of the bright spot indicated by the red dashed rectangle in (a). The scale bar in
(a) and (b) correspond to 500µm and 25µm, respectively.

1D scan direction indicated by a red solid line in Fig. 8.4(b). Fig. 8.5(c) presents the
AFM 2D scan of the area indicated by the red dashed rectangle in Fig. 8.4(b).

8.2 The quantity of leached material

Fig. 8.6 shows a comparison of the quantity of material leached by droplets processed
differently. The residues in Fig. 8.6(a) and (c) were left by the evaporated droplets
with and without bulldozing process, respectively. The red dashed circle with diam-
eter D1 indicates approximately the footprint of the droplet when the first pinning
of its contact line happened. From Fig. 8.6(a) and (c) one can see that the bulldozed
droplet left a darker halo, while the non-bulldozed droplet didn’t. Besides, most of
the residue in Fig. 8.6(a) and (c) distributed near the rim of the footprint where the
first pinning happened, while very little residue was observed in the center of the
deposit.

Interestingly, even before the PEB step, one can see stripes within the halo in
Fig. 8.6(a) but not in (c). Although the values of D1 for both droplet are similar,
there are more drying stains covering the stripes in Fig. 8.6(d) than in (b), which
indicates that the leaching amount induced by a bulldozed droplet is more than the
one without bulldozing procedure.

If a droplet evaporates at different temperature, it can also induce different leach-
ing amount of PR compounds. Fig. 8.7(a) and (b) show the drying stains left by the
droplets entering PEB after and before it completely evaporated, respectively. The
drying stain from Fig. 8.7(b) is thicker and has a larger D1 than that in Fig. 8.7(a).
The white arrows indicate a larger amount of leached PR compounds.
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Figure 8.5: (a) An AFM line scan direction indicated by the red solid line in Fig. 8.3(d).
The left part of the AFM scan refers to the defect part, which has a lower contrast of the
morphology compared with the right part of the AFM scan. The contrast in the left part
(about 20 nm) is indicated by the red double arrow. (b) AFM line scan indicated by the
red solid line in Fig. 8.4(b). The red double arrows indicate the contrast. (c) AFM 2D scan
indicated by the red dashed rectangle in Fig. 8.4(b).

8.3 Hypotheses and future work

Normally, one would expect to observe the mask pattern on the film only after PEB,
where the deportection process happens and changes the refractive index of the ex-
posed area. However, in Fig. 8.6(c) the mask pattern appeared inside the halo area
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D1

(a) (b)

(d)(c)

Figure 8.6: (a, c) The residue of droplets evaporated on their deposit position and (b, d)
their corresponding drying stains after PEB. The residues in (a) and (b) corresponds to the
droplet with and without bulldozing, respectively. Both droplets had an initial diameter of
about 800µm and entered PEB after they completely evaporated. The red dashed circle
approximately describes the footprint of the evaporating droplet when the first pinning of
its contact line happened. The scale bar is 25µm. All images are contrast-enhanced.

even before PEB while no stripes can be observed in In Fig. 8.6(a). A hypothesis is
that, the bulldozed droplet might collect more leached compounds resulting therefore
in a high concentration of photoacid, which leads to the occurence of deprotection at
room temperature.

By comparing the AFM morphologies with their corresponding microscope images
of the developed structures, i.e. Fig. 8.3(d) with Fig. 8.5(a), and Fig. 8.4(b) with
Fig. 8.5(b), we identify that a darker area correspond to a larger thickness of the
struture. This means the color can reflect the status of deprotection, indicating that
when water droplets entered the PEB process, the deprotection was restricted within
the area of the droplet footprint, therefore there is a dark area left behind after the
droplet evaporated.

A hypothesis is that, the water with a higher temperature can increase the evap-
oration rate of the droplet and the diffusion of the photoacid (PA) in the PR layer. a
larger amount of PA is transported to the PR surface and is removed during the devel-
opment step. A low concentration of PA in the PR layer leads to a low deprotection
concentration and eventually the formation of a defect.

The AFM scans in Fig. 8.5(a) and Fig. 8.5(b) imply that on the defect area there
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D1

(a) (b)

D1

Figure 8.7: Drying stains left by a droplet entering the PEB process (a) after and (b)
before it completely evaporated on a film of PR. D1 in (a) and (b) denote the diameter of
the droplet footprint when the first pinning of their contact line occurred. The white arrows
point out the accumulated leached compounds. The drying stain in (b) contains a larger
amount of leaching compounds than in (a). The scale bar refers to 100µm.

is still a low contrast of the morphologies (15∼20 nm), which means the deprotection
was not inhibited at the region near the PR surface. However, the reason why there is
no strong diffusion of the PA back into the PR layer, still remains as an open question.

To understand the transport of the PR compounds in and out of the PR layer, it is
necessary to develop a complete model, which includes the diffusion and evaporation
at high temperature, the temperature gradient in the PR layer, and the swelling of
PR layer. Besides, due to the crucial role of the photoacid (PA) in the deprotection
of the photoresist (PR), a characterization of the PA concentration in the PR layer
is favorable. Fig. 5.1(a) illustrates the chemical structure of the PA, which has a
unique carbon-fluorine (C-F) bonding than other PR compounds. Therefore, the
experiemental characterization for the concentration of the C-F bonding as well as
fluorine should be part of the future work.

A preliminary characterization of C-F bonding for the sample in Fig. 8.4(a) was
conducted by the Raman spectroscopy. The details of the experiment and the results
are described in Appendix B. Normally, the C-F bonding has a signal peak at about
770 cm−1 in the Raman shift[298], one would expect that the peak for the normal
exposed or unexposed area is stronger than the peak for the defect area. However,
from the result in Fig. 8.9, where the concentration of C-F bonding on pure Si-wafer
and in unexposed PR layer are compared, there is even no peak at the region around
770 cm−1, which means the signal from the C-F bonding is too weak. The one of
the reasons for the weak signal of C-F bonding is that, the PR film is only 100 nm
thick, while the orignal concentration of the photoacid in the PR layer is very low
compared to other PR compounds (see table 5.3). Therefore, the imrpovement of the
signal by using thicker PR film, a larger exposure dose, and longer integration time
for the Raman spectroscopy is essential.





Appendix

A: Water droplet evaporated during PEB step

The chemically-amplified deep-UV photoresist (PR, JSR), which includes the base
polymer, photoacid generator (PAG, triphenylsulfonium nonaflate (TPSN)), quencher
(triphenylsulfonium salicylic acid (TPSSA)) and water- shedding agent (WSA), was
used as coating material for the experiments. The solution of base polymer with PAG
was used as control experiment. The composition of both coating material is shown
in table 8.1.

The complete PR or the base polymer with PAG were spin-coated (2000 rpm)
on Si-wafers and baked at 110o C for 60 s. In this case the coated layer will have a
thickness of about 80nm. Afterwards the surface of the layer was rinsed by UDI-water
for 10s and baked at 110oC for another 30s. Subsequently, the layer was dry-exposed
(@230 nm, InnoLas SpitLight Compact 200-10) with a photomask consisting of stripes
pattern, which will create an area of exposed stripes on the layer. A UDI-water droplet
with an initial diameter of about 800µm was deposited onto the surface of the layer
by an inkjet dispenser head (Microdrop, MD-K-140, droplet ejection speed about
2 m/s). The post-exposure bake (PEB) was applied on a heating plate (110o C) for
60 s afterwards. There are two different processed before the PEB step (see Fig. 8.1):
1) the droplet (with or without bulldozing) was either left to evaporate completely
at room temperature (23o C) before the sample was transferred to PEB process; or
2) it was left to evaporate during the PEB process (with or without bulldozing). We
define two parameters: Di and DPEB , which correspond to the diameter of the initial
footprint of the droplet right after deposition and the footprint at the moment when
the droplet enters the PEB process, respectively. For comparison, droplets were also
deposited on the sample area without exposure.

Table 8.1: Relative material composition of the different samples. The units
are phr (parts per hundred resin), where resin refers to the base polymer
component.

Sample Composition Polymer PAG Quencher WSA
1 Base p. + PAG 100 7 - -
2 Complete JSR PR 100 7 3 1
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When the droplets evaporated at room temperature, their evaporation process
and corresponding residual drying stains were observed directly by using an upright
microscope (Olympus, model number BX-51). Moreover, the samples were observed
under the microscope after PEB as well as after development, respectively. The
final developed structures on the exposed area were characterized by atomic force
microscopy (AFM, Park System, XE7). The scanning direction of the AFM is always
perpendicular to the stripes on the samples.

B: Raman spectroscopy

A description of the sample is sketched in Fig.8.8(a) The white circular area corre-
sponds to the location exposed by UV light (@230 nm). The grey circular area inside
refers to the defect induced by the water droplet evaporated during the PEB step.
Due to the low concentration of deprotection on the defect area, the concentration of
the carbon-fluorine (C-F) bonding is expected to be lower than its original concentra-
tion in PR layer, while in the white area and the unexposed area (grey area) outside
the white circle the concentration of C-F bonding is normal.

Fig. 8.8(b) shows the sample for the characterization by Raman microscope and
refers to the sample from Fig. 8.4(a) The letter A, B, and C in Fig. 8.8(b) indicate the
location where the characterization was conducted. The sample was characterized
by the WITec Confocal Raman microscope with the exitation laser of 532 nm. The
integration time is 200 s. As reference, the characterization was also performed on a
pure Si-wafer surface.

Because different surface will give different reflection intensity, which will eventu-
ally change the intensity of the Raman spectrum, the raw data from the unexposed
and exposed PR layer was callibrated according to the signal intensity for the pure
Si-wafer, so that the results can be qualitatively compared with each other.

A result comparing the concentration of C-F bonding on pure Si-wafer and in
unexposed PR layer is shown in Fig. 8.9. One would expect that for the unexposed
PR layer there will be a signal peak of C-F bonding. However, in Fig. 8.9 there is no
any strong signal related to the C-F bonding around 770 cm−1. The spetrum from
the exposed PR layer also gives the same result as in Fig. 8.9.

The experiment of the Raman spetroscopy was conducted with the help of G.M.J. Segers-Nolten

at the MESA+ Institute at the University of Twente.
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Figure 8.8: (a) The sketch illustrates the sample prepared for the Raman spectroscopy.
The white circular area and the grey area outside refer to the exposed and unexposed area
on the PR, respectively. The unexposed area has a high concentration of carbon-fluorine(C-
F) bonding from the photoacid generator. The grey circular area low concentration of C-F
bonding inside the while area corresponds to the defect induced by the presence of the water
droplet during PEB step. (b) The characterized sample is from Fig. 8.4(a). The letter A, B
and C in (a) and (b) indicate the location where the characterization was performed.

Figure 8.9: The Raman spectrum for the sample from Fig. 8.4(a) and pure Si-wafer sub-
strate.
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[200] A. Dörr and S. Hardt. “Electric double layer structure close to the three-
phase contact line in an electrolyte wetting a solid substrate” (2012). arXiv:
1206.6261.

[201] P. K. Mondal, U. Ghosh, A. Bandopadhyay, D. DasGupta, and S. Chakraborty.
“Electric-field-driven contact-line dynamics of two immiscible fluids over chem-
ically patterned surfaces in narrow confinements”. Phys. Rev. E 88 (2013),
p. 023022.

https://arxiv.org/abs/1206.6261


126 BIBLIOGRAPHY

[202] S. Das and S. K. Mitra. “Electric double-layer interactions in a wedge geome-
try: Change in contact angle for drops and bubbles”. Phys. Rev. E 88 (2013),
p. 033021.
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Summary

Formation of Watermark Defects During Immersion Lithography

Defectivity is one of the important issues in the manufacturing process based on
immersion lithography in semiconductor industry. In immersion lithography, a thin
water film is applied between the objective lens and the wafer surface to increase the
numerical aperture, which will reduce the achievable feature size of the microstruc-
tures. However, the thin water film can give rise to the formation of residual droplets,
which can potentially induce the formation of so-called watermark defects. Under-
standing the droplet formation and the defect formation mechanism is crucial for the
quality control and yield during integrated circuit manufacture.

We first studied the formation of the satellite droplets induced by surface hetero-
geneities on a partially-wettable surface by dip-coating experiments and numerical
simulation. We observed a strong dependence of droplet size on the withdrawal speed
for both topographical and chemical patterns, especially for values close to the critical
speed of film-pulling. The approximately linear dependence of the droplet size on the
pattern dimension from experimental results conforms well with the numerical simu-
lations. The pinning of the contact line can be promoted by a high defect strength,
where the maximum slope of the defect is larger than the contact angle of the liquid.

We further demonstrated experimentally the displacement of satellite droplets on
the partially-wettable surfaces by bulldozing droplets with a single axisymmetric gas
jet. By fitting the droplet trajectory from experiments, we obtained a powerlaw
dependence of the driving force from the airflow on a hemispherical droplet, which
compares well with the powerlaw relation from 3D numerical simulation results. A
numerical model based on the Stokes flow was developed to quantitatively reproduce
the measured droplet trajectories.

The contact of the water droplet with the surface of a photoresist thin film can in-
duce residual surface charge distributions and result in the leaching of the photoresist
compounds into the water. A study of motion-induced surface charge distribution was
firstly conducted. For the ionic compounds, the dissociation probability in dielectric
liquids can be expressed by a Boltzmann relation, which conforms well with the depen-
dence of the surface charge density on the liquid dielectric constant observed during
experiments. The surface charge polarity can be strongly affected by the polarity of
the leaching ionic photoresist compounds. Besides, measuring the surface potential
map provides a powerful technique for the visualization of the droplet trajectory.
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The interaction between water and a photoresist layer also takes place during the
evaporation of the droplet. For the evaporation of a de-ionized water droplet on a
deep-ultraviolet photoresist thin film, the contact line of the droplet meniscus firstly
smoothly receded, afterwards, a stick-slip behavior occurred, which left an ultrathin
residual layer (halo) and a residual central mound. If the residual mound remained
on the photoresist for hours, it cannot be completely removed by post-evaporation
rinsing steps, which was found in the experiment. The powerlaw relation obtained
from experiments for the halo diameter and the initial droplet diameter is in excellent
agreement with the theoretical model for a droplet interacting with the diffusing
compounds of the substrate layer during evaporation.

The work in this thesis investigates the formation and the bulldozing of droplets
on a partially-wettable substrate and explores the interaction of the photoresist thin
film with the droplet during its motion and evaporation. This work can be extended
in the future by e.g. developing a diffusion model for the photoresist compounds in
the photoresist bulk at different temperatures, and exploring experimental methods to
characterize the photoacid concentration within the photoresist layer, to understand
the inhibition of the deprotection process due to the presence of the water.
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