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This work demonstrates implementation of the main effects of viscoelastic thermal polymer reflow

in an efficient energy and mobility based simulation. The concept is based on a finite-element,

soap-film method using the free software SURFACE EVOLVER. Properties of a homogeneous 3D vol-

ume are thereby represented by a corresponding 2D surface. The simulation only requires the con-

tact angle between polymer and substrate for infinite long reflow times, obtained from fingerprint

experiments, and a mobility value as input. The mobility value is a measure for the polymer-chain

mobility and is directly linked to the polymer viscosity. This concept allows for an accurate and

fast treatment of the thermomechanically complex polymer behavior close to the glass transition.

The simulation time scale is linearly related to the experimental time scale allowing for

accelerated-time simulations. Simulation and experiment showed a very good agreement. As a gen-

eralized concept, the approach presented here can be used for fast and full 3D shape computation

during any complex, energy driven geometry optimization process like polymer reflow, viscoelastic

wetting or dewetting and droplet coagulation. This simulation may facilitate a faster uptake of gray-

scale reflow technologies for industrial processes. Supplementary material supports a quick grasp

of the simulation approach.VC 2014 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4896480]

I. INTRODUCTION

Three-dimensional manufacturing is crucial for future

devices in a broad size range for the fields of fluidics and

photonics. Polymer materials are promising for these areas

of application due to a broad spectrum of available polymers

and emerging patterning technologies1,2 as well as the poten-

tial for efficient tuning of material properties.3,4 Reflowing

lithographically prepatterned, binary polymer structures is

an established method for microlens fabrication.5,6

Grayscale electron beam lithography (GEBL) has demon-

strated its potential for multitier polymer structures down to

the 10 nm regime.7 GEBL was also used as a direct writing

lithography method for the fabrication of curved surfaces.8

A combined GEBL and thermal reflow approach recently

brought enhanced structural variety9 to the lithography port-

folio for optics and fluidics devices. This combined method

is based on selective reflow of the GEBL exposed structures

to give ultrasmooth surfaces. The process is referred to as

temperature activated selective topography equilibration

(TASTE).10 During the TASTE reflow, the evolution of the

geometry over time is governed by locally varied polymer-

chain mobility and is driven by energetic imbalances toward

an energy optimal shape.11

The ability to simulate and forecast energy-optimizing

behavior of polymers is essential for quick realization of

new design ideas and products using processes like TASTE.

SURFACE EVOLVER (SE) soap-film modeling was introduced

for 3D polymer shape prediction, and the transition of rec-

tangular polymer patterns into ridges with a rounded shape

was analyzed.11 This can be applied to lens fabrication start-

ing from a resist pattern with a single, homogeneous viscos-

ity. The existing method is now extended to structures where

a range of viscosities are present. To simulate such inhomo-

geneous structures, a new simulation principle using differ-

ent mobility values within a finite element (FE) mesh is

introduced. To demonstrate the new principle, exemplary

double-step structures, i.e., asymmetric structures consisting

of two different viscosities, were used. By showing the abil-

ity to simulate and forecast the full 3D thermal reflow behav-

ior of such basic geometries, the way is paved to extent

existing energy and mobility based soapfilm modeling to-

ward grayscale lithography and the prediction of much more

complex geometries. The structures that can now be simu-

lated contain, for example, multiple sections of different vis-

cosities resulting in a different reflow behavior. This will

enable a quick turnaround for design and testing of structures

within a vast range of applications.

II. EXPERIMENT

A. Dose modulated EBL

Dose modulated electron beam grayscale lithography is

used to write double-step patterns into poly(methyl methac-

rylate) (PMMA) [Fig. 1(a)]. The resist was mr-I PMMA120k

(micro resist technology GmbH). The double-steps were

realized by applying a three-dose-grayscale lithography. One

dose is the dose-to-clear Dc. It was applied to obtain free-

standing polymer lines. The remaining doses define the

height of the two individual steps within these lines. An

unexposed section (D0¼ 0) was used to give the original

resist height and an exposed section (Dc>Dx>D0) gave a

reduced height. Due to the locally varied electron beam dose
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(100 kV, EBPG 5000 Plus, VISTEC), the PMMA molecular

weight10,12 and consequently the development rate in 4-

methylpentan-2-one (methyl isobutyl ketone) varied across

the pattern. As a result, different step heights were obtained

after development [Fig. 1(b)]. Additionally, the differing

molecular weight directly influences the glass transition tem-

perature Tg and the reflow behavior.10 Thus, the resulting

double-step shape was defined by Dx determining the etch

rate, the glass transition temperature, and consequently the

reflow behavior. Within a step, these properties are assumed

to be homogeneous. About 100 lm, long lines with cross

sections as depicted in Fig. 2 were realized as initial struc-

tures and were subsequently reflowed [Fig. 1(c)]. Similar to

previous work,11 cross sections of the reflowed structure

(Fig. 3) were obtained, after manual, crystal oriented cleav-

ing of the respective structures on the silicon substrates, by a

scanning electron microscope (SEM).

B. Reflow

Thermoplastic reflow can be understood as a viscoelastic

creep process under a continuous force. The force originates

from the differences in surface tension and the surface free

energy of a thermoplastic resist and the substrate it is placed

on, respectively (Fig. 4).11 The difference in Tg leads to a

different reflow behavior of the stepped structures11 under

the same continuous force. The lower the molecular weight,

the faster the reflow proceeds to the final optimal shape due

to the lower viscosity, which is equal to a higher polymer

chain mobility.

The double-step geometry (cf. Fig. 2) was forced by the

electron grayscale patterning and wet development. It is en-

ergetically not very favorable. It comprises sharp corners

and an angle between resist and substrate of about 90�. If the

polymer chains are given energy to move, this geometry will

undergo reflow to obtain an energetically more favorable

shape (cf. Fig. 3). This means a geometry with more

rounded, and thus less high frequency structural contribu-

tions, and a geometry with a smaller apparent contact angle

a. This angle depends on the molecular weight and the

reflow time. The molecular weight dependent, asymptotic,

apparent contact angle obtained for very long reflow times11

was used as approximation for the contact angle that would

be found for an infinite reflow time, which is required in the

simulation model.

III. SOAPFILM MODELING

An energy based approach was applied to model the reflow

behavior using the free software SE.11,13 SE is based on a FE

simulation core. A 3D geometry is implemented as collection

of 2D FE surfaces representing only the geometry’s “outer

FIG. 1. (Color online) Process scheme used to obtain reflowed double-step structures by (a) electron beam grayscale exposure, (b) solvent based development,

and (c) global reflow on a hotplate.

FIG. 2. (Color online) SEM cross section of a PMMA double-step structure

on a silicon substrate after grayscale electron beam writing and wet develop-

ment [Mw (Ref. 10) and Tg (Ref. 10)].

FIG. 3. (Color online) Exemplary SEM cross sections of PMMA double-step

structures on a silicon substrate, reflowed at 120 �C for (a) 60min and for (b)

480min. Only the dotted contour is required for further experimental analysis

(e.g., cf. Fig. 8) and comparison with the simulation (e.g., cf. Fig. 13).
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shell.” This is termed soapfilm modeling and means the struc-

ture interior does not contain finite elements (Fig. 5). During

simulation, the volume is kept constant. For such a simulation,

the structural properties of the simulated 3D entity must be

represented by properties of the 2D surfaces. In this work, tri-

angulated 2D surfaces were used. One single finite surface

element (triangle) is termed a facet in SE and is defined by

three nodes, termed vertices in SE, of the FE mesh. The verti-

ces are connected by oriented edges (Fig. 6). SE allows a

huge spectrum of possible energies to be assigned like gravita-

tional energy, surface energy, and further different implemen-

tations of mean and Gaussian curvature.14 In this work, only

surface energy was required. Each facet is assigned a certain

surface energy. In case of the solid polymer surface, it is the

surface tension of the polymer at the respective reflow tem-

perature. For the experimentally applied PMMA, a fixed value

of 33.5mN/m (Ref. 15) was used for both the 110 and 120 �C

reflow. The double-step structure is simulated as being a line

of infinite length. Practically, this is implemented by periodic

boundary conditions (mirror planes) at the limiting ends of a

5lm long simulated region. Therefore, the contact angle with

these mirror planes was fixed to 90� to represent a periodic

boundary condition. The contact angle to the substrate was

implemented via the interface energy between polymer and

substrate.11 This contact angle was obtained from long-term

reflow experiments and defines the minimal energy state SE

tries to converge to.

In the SE simulation, the total energy of the system Etot is

the surface energy of the free polymer surface Ep minus the

energy stored in the interfaces between polymer and substrate

Eps and in the mirror planes Em [Eq. (1)]. The physical interpre-

tation is that the geometry reduces the total system energy by

decreasing the free polymer area and increasing the interface

areas. This is physically consistent with real wetting behavior

Etot ¼ Ep � ðEps þ EmÞ: (1)

The respective energies Ex are calculated as sum over the

energies Ex,i of all n individual facets i within the three dif-

ferent regions: free polymer surface (x¼ p), polymer–sub-

strate interface (x¼ ps), and mirror planes (x¼m) [Eq. (2)].

The individual facet energies Ex,i are calculated from the sur-

face tension or interface energy c of a facet i and the area of

this single facet [Eq. (3)]. This is why the contact angle must

be implemented via a surface or interface energy

Ex ¼
X

½Ex;i�
n
0 j with ðx ¼ p; ps;mÞ; (2)

Ex;i ¼
ci
2
je0 � e1 j: (3)

The force on each vertex is calculated from the gradient of

the energy field determined above and the position of the

vertex within that energy field.14 SE was operated in the

area normalization mode to approximate a vertex motion by

mean curvature, i.e., a surface tension flow. In this mode, the

velocity of a vertex is indirectly proportional to the area of

the facets surrounding this vertex. As each facet i has three

vertices associated with it, the relative area contribution to

the force of one vertex is 1/3 the area of the surrounding fac-

ets A. The vertex force �F gives the velocity �� of movement

of this vertex in the area normalization mode as

�� ¼
3

A
�F � m: (4)

The important point is SE allows for the definition of a local

mobility value m for each vertex. The inverse of this simula-

tion parameter is a resistance to motion and enables imple-

mentation of differences in viscosity, which is also a measure

for the resistance to motion. SE uses a so-called global scale

factor s with which the velocity �� is multiplied to give the

vector �d of movement [Eq. (5)]. The scale factor is in this

case a physical representation of time. The continuous sum of

FIG. 5. (Color online) Cross section of the triangulated FE model of the

double-step in Fig. 2 showing the FE surface (zoom in) and the specialty of

a soapfilm model (structure interior not meshed).

FIG. 6. (Color online) Schematic, triangular FE facet i used for surface

meshing consisting of vertices v and oriented edges �e.

FIG. 4. (Color online) Schematic cross section and energetic situation of a

double-step thermoplastic resist structure after wet development and before

undergoing thermal reflow. The zoomed-in section shows the angle a as a

results of the lithography process. During reflow this angle becomes an (appa-

rent) contact angle defined by the respective surface and interface energies c.
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the scale factor used in each iteration is the total time of the

simulated process. SE was operated in a way that allows the

SE kernel to optimize the scale factor itself for a fast and

smooth convergence toward the final, energy optimal shape

�d ¼ �� � s: (5)

Basically, SE tries to minimize the total energy by moving

the vertices with an optimized �d and by following the total

system energy gradient. In contrast to the simulation approach

published before,11 only the contact angle for infinite reflow

time was used instead of implementing a relationship for the

contact angle over time. The final contact angle of the

exposed step was set to 55� and 25� for the reflow at 110 and

120 �C, respectively. The corresponding contact angles for the

unexposed step were 80� (110 �C) and 55� (120 �C).

IV. RESULTS AND DISCUSSION

A. Experimental reflow observations

It was clearly visible that the exposed step, in general,

reflowed faster than the unexposed step. Figure 7 depicts

the time sequence of a reflow at 110 �C for 20–480min.

The reflow temperature was below the Tg of the unexposed

step (120 �C), while it was above the Tg of the exposed step

(96 �C) (cf. Fig. 2).10 As discussed elsewhere,11 the round-

ing of the free polymer corners [Fig. 7(1)] proceeds faster

compared to the wetting of the polymer-substrate contact

line [Fig. 7(2a)]. Together with the fact that the chain mo-

bility within the unexposed step is quite low, this leads to

material being pushed upwards [Fig. 7(2b)] during the

reflow to accommodate the corner rounding while keeping

the volume constant. Wetting and upwards push proceeded

with approximately the same speed. This can be explained

by the fact that the mobility of the exposed step, where the

majority of those effects take place, is homogeneously dis-

tributed. The corner rounding of the unexposed step is

much smaller due to the much higher viscosity and thus the

slower movement.

Figure 8 depicts the same time sequence for the reflow at

120 �C. In comparison to Fig. 7, it can be seen that the differ-

ence in viscosity between the unexposed and the exposed

step is smaller for the 120 �C (cf. Fig. 8) than for the 110 �C

reflow (cf. Fig. 7). This is demonstrated by the more similar

slopes of the unexposed and the exposed step for the higher

temperature. Within the same time steps, the footing of the

exposed step moves much further for the higher reflow tem-

perature (improved wetting). This is due to the lower viscos-

ity of the exposed material at the higher temperature.

Furthermore, the apparent polymer–substrate contact angle

for the 480min reflow was smaller for the higher tempera-

ture. This is in good agreement with earlier observations.11

B. Energy and mobility based simulation

See the supplementary material for the simulation script

and a real-time video showing the course of the 3D reflow at

120 �C. Such a simulation required about 3 MB total data

memory and took less then 2min on a 64 bit Intel i5 1.8GHz

dual-core equipped notebook with 8 MB RAM. The supple-

mentary material contains the geometry file defining the ge-

ometry parameters, the simulation file containing the

initialization and parametrization of the simulation space as

well as a video16 showing a real-time 3D simulation of the

reflow at 120 �C (cf. Fig. 13).

FIG. 7. (Color online) (a) Experimental contours of scanning electron microscopy cross sections of a double-step structure (cf. Fig. 3 for principle) after reflow

at 110 �C for different durations of time and (b) additional zoomed in sections showing details of the (1) corner rounding (inwards pull) as well as the simulta-

neous (2a) wetting and (2b) upwards push of the polymer.

FIG. 8. (Color online) Experimental contours of scanning electron micros-

copy cross sections of a double-step structure after reflow at 120 �C for dif-

ferent durations of time (cf. Fig. 2).
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1. Effect of the virtual mobility value

A principle proof for the physical correctness of the simu-

lation, using different mobilities m for the unexposed (m1)

and the exposed step (m2), is depicted in Fig. 9. The mobility

ratio m2/m1 was increased from 1 up to 40. The higher the

relative mobility of the exposed step was set, the faster it

moved. Additionally, higher mobilities led also to more pro-

nounced corner rounding in the same time. Due to this faster

reflow, the step structure was transformed more into a wedge

like structure for the higher value of m2. This behavior

agrees well with the experimental observations (cf. Sec. IV

A), indicating that the simulation is physically correct. The

low m2/m1-ratio resembles more the reflow at 110 �C, or for

a short time, while the large m2/m1-ratio represents more the

120 �C, or long time reflow. This suggests the applicability

of a time-temperature superposition. However, as shown in

Ref. 11, different reflow temperatures have different contact

angles for infinite reflow times. The superposition is only

useable for low molecular weight compounds with a compa-

rable contact angle. For large difference in the contact angle,

as for the reflow at 110 �C compared to 120 �C, this superpo-

sition is not applicable. Simulations showed a much better

agreement with the experiment when the correct contact

angle after infinite reflow time at a certain reflow tempera-

ture was used instead of using the smallest observed contact

angle only (data not presented).

As the mobility of the unexposed step remains constant,

the distance its footing moves as well as the shape of the

unexposed step also is identical for the same simulation

time. However, a slight reduction in height of the unexposed

step can be observed in the simulation for very high m2-val-

ues. This is a physically realistic behavior. Due to a material

pull by the right hand, reflowing part, a material displace-

ment to the right is the consequence.

2. Simulation based mobility extraction

The mobility ratio was empirically optimized to obtain the

best data fit between the experimental and simulated cross

sections. Therefore, first the longest reflow time was used.

Once a good fit was obtained for the longest reflow time, the

other simulation results were obtained by correlating the

accumulated scale factors for each iteration step, representing

the simulation time (total time), with the real experimental

time. Thus, the total time for the shape profile best fitting to

the 480min reflow was multiplied by 0.5 to get the profile for

240min. This was repeated until an optimal agreement was

found for all reflow times. It is important to note that this lin-

ear relationship between the real reflow time and the simula-

tion time was always applied. The simulated shape evolution

for the optimal m2/m1-ratio of a two-step structure at 110 �C

is depicted in Fig. 10 and for a 120 �C reflow in Fig. 11. Very

similar to Fig. 7, a fast corner rounding with a relative slow

wetting can be observed in the simulation at 110 �C. Unlike

the experiment, no movement of the unexposed material

upwards is observed in the simulation. As in Fig. 8, a faster

reflow is observed for the higher reflow temperature Fig. 11.

3. Comparison of reflow experiment and simulation

The detailed comparison for each time step is summarized

in Fig. 12 (110 �C) and Fig. 13 (120 �C). First of all, there was

a very good qualitative agreement between the simulation and

the experiment for all steps in the time-sequence and for both

temperatures. Second, there was also a quantitatively high

agreement between simulation and experiment. The empiri-

cally optimized m2/m1-ratio was 50 and 5 for the 110 �C and

120 �C reflow, respectively. This is consistent with experi-

mental observations: for the higher reflow temperature, the

difference in viscosity is lower. The comparison of simulation

and experiment for an additional geometry, having a smaller

exposed step, showed the same good agreement (Fig. 14).

This demonstrates the broad applicability of the presented

approach. The optimal data fitting was obtained for a slightly

reduced m2/m1-ratio of 2. Thus, the mobility of the exposed

step is also influenced by the unexposed step.

A difference between experiment and simulation can be

found especially for the lefthand wall and corner of the unex-

posed step as well as in the transition region between the

two steps. Considering the forward scattering of the electron

FIG. 9. (Color online) Reflow simulation of a double-step at the same point

of time with different mobility values and the same contact angle for infinite

reflow time.

FIG. 10. (Color online) Reflow simulation of a double-step at 110 �C using a

contact angle of 55� (exposed step) and a m2/m1-ratio of 50.

FIG. 11. (Color online) Reflow simulation of a double-step at 120 �C using a

contact angle of 25� (exposed step) and a m2/m1-ratio of 5.
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FIG. 12. (Color online) Comparison of simulated profiles and experimental SEM cross section contours for reflow at 110 �C and reflow times from (a) 20min

up to (f) 480min. The data were obtained for m2/m1¼ 50.

FIG. 13. (Color online) Comparison of simulated profiles and experimental SEM cross section contours for reflow at 120 �C and reflow times from (a) 20min

up to (f) 480min. The data were obtained for m2/m1¼ 5.
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beam and the fact that an abrupt transition of the molecular

weight, and thus the Tg, at the structure edge as well as in the

transition region between the steps is not possible, it

becomes clear that both sections need a special treatment.

This is a true volume behavior and can only be partly consid-

ered in the soapfilm model. For the transition region between

the two steps, an average mobility was assumed. However, a

reduced mobility at the structures lateral periphery, due to

the dose-to-clear, was not implemented.

The good agreement with the experiment first of all shows

that the implemented model successfully follows the real

behavior of the reflow even though only the contact angle

for infinite reflow time and a mobility value was imple-

mented. Easily interpreted, SE follows iteratively the same

principle as the reflow: surface free energy differences create

a force which drives the geometry toward minimal energy

shapes. The speed of this movement depends mainly on the

molecular mobility, i.e., the viscosity. The surface, both in

the experiment and in the simulation, moves step-by-step to-

ward the energy optimal shape. Second, this agreement

shows that the simulation time is linearly related to the real

experimental time scale. All intermediate simulation shapes

represent real solutions for a well-defined reflow time. This

allows for accelerated-time simulations.

V. CONCLUSIONS

The SURFACE EVOLVER is an efficient tool to simulate and

forecast the viscoelastic thermal reflow behavior of complex

geometries in full 3D. The energy based soapfilm modeling

of thermal reflow achieves a very high agreement with ex-

perimental results. The parametrization of the simulation is

done only by two values which are the contact angle for infi-

nite reflow time and a mobility ratio. These major parame-

ters were identified as being sufficient to accurately describe

the reflow behavior. Based on the few input parameters, the

agreement with the experiment in a thermomechanically

very complex region like the glass transition region is extra-

ordinary. Together with the fast computation of the soapfilm

model, this approach is very interesting for industrial uptake

of reflow modeling. Future work will focus on the relation-

ship between the real polymer viscosities, the electron beam

doses, and the mobility values.
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