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Abstract
Lightweight nano-network structures in polymers have been fabricated and

investigated for their mechanical properties. Fabrication techniques via holographic
interference lithography and phase mask lithography were implemented for periodic and
quasiperiodic bicontinuous polymer-air structures on the submicrometer length scale. For
3D quasiperiodically nanostructured materials, quasicrystalline phase mask lithography
utilizing 2D quasiperiodic phase mask was successfully employed. 2D hexagonal arrays
of air cylinders in SU8 polymer films and 3D four-beam connected (3- R3m ) and
octagonal quasicrystalline SU8 films were fabricated and analyzed in this thesis.

For investigating the mechanical properties of various nano-network structures,
three different methods of mechanical characterization were applied. Atomic force
microscopy with its nanometer scale resolution was adopted to conduct force
measurements to probe local elastic properties of the sample. Templated by the light
intensity distribution from three-beam interference, the spatial distribution of elastic
modulus was observed in the pattern of 2D hexagonal air-cylinder and a uniform SU8
polymer film by AFM nanoindentation. A second method for mechanical characterization,
the microtensile tester enabled us to evaluate a symmetry effect on the elastic and plastic
properties of the polymer fibers and thin films. Large plastic deformation of 200nm-
diameter struts comprising the 3D periodic and quasiperiodic microframes of the normal
brittle bulk polymer was discovered and is an example of length-scale dependent
mechanical behavior. Crack propagation and energy absorption were guided along the
symmetry directions in the periodic structures. However, there was found no preferred
direction of crack propagation in quasicrystalline nanostructures due to the absence of
translational symmetry. The third method, Brillouin light scattering (BLS) allowed
estimation of the phonon properties in the structured films and the associated mechanical
properties. The BLS measurements also confirmed the isotropy of modulus with the
symmetry of the structures.

The length scale dependence, the effect of structural symmetry and the processing
dependence of the mechanical behavior of the various nanostructures in SU8 polymer
films were observed. The hundred-nanometer length scale of 3D nanostructures induces
plastic deformation of struts under an applied force, which makes the film tougher and
energy absorbing. The symmetry of the structured films determines the preferred



direction of crack propagation and following fracture behavior. Octagonal-patterned
(8mm) quasicrystalline films via quasicrystalline phase mask lithography (QCPML)
exhibit higher specific toughness and fracture strength with the unit mass than uniform
solid films.

Thesis supervisor: Edwin L. Thomas
Title: Department Head of Materials Science and Engineering and Morris Cohen
Professor of Materials Science and Engineering
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List of Figures

Figure 1-1. (a) Creating optimized models of truss structures. Truss structures are

composed of straight struts forming a set of triangular units for various load-

bearing applications. (b) An SEM micrograph of the exoskeletons of a sea urchin

(e.g. cidaris cidaris) exhibiting 6 strut-connectivity at a node point.

Figure 2-1. (a) A mechanism in 2D: in compression, the struts rotate (if the joints are not

frozen) or bend (if they are frozen); (b) A structure in 2D: in compression the

struts are either in tensile load or compressive load

Figure 2-2. Three-dimensional cells that satisfy the Maxwell's criterion for stretch-

dominated structures: tetrahedron (left) and octahedron (right).

Figure 2-3. Structure of octet-truss lattice material with M > 0 (left). Photograph of the

octet-truss lattice material made from a casting aluminum alloy: five tetrahedral

core layers separated by triangulated layers. Triangulated layers and tetrahedral

cores were injection-molded in polystyrene and then the octet-truss structure

was constructed by adhering triangulated layers with alternating layers of

tetrahedral core. This polystyrene lattice was used as a template to produce the

cast aluminum alloy lattice in a "lost-wax" investment casting process. (Right).

Figure 2-4. (a) Plot of relative modulus against relative density for cellular structure

with different topologies on logarithmic scales. The bending dominated behavior

has a slope of 2 and the stretch-dominated a slope of 1. (b) Plot of relative initial

collapse strength against relative density for cellular structure with different

topologies on logarithmic scales. The bending dominated behavior has a slope of

1.5 and the stretch-dominated a slope of 1. The orange line in (a) shows that at a

relative density of 10 %, the E of the stretch-dominated structure is 10 times



larger than the E of the bending-dominated. The orange line in (b) shows that

at a relative density of 10 %, the & of the stretch-dominated is more than 5

times larger than the a of the bending-dominated.

Figure 2-5. (a) Schematic compressive stress-strain curve showing important parameters

for a bending-dominated structure.' (b) Schematic compressive stress-strain

curve of a stretch-dominated structure, showing important parameters',

assuming the relative density of both structures is 0.3.

Figure 2-6. The frame of the automobile: the parts (red and yellow) for maintaining and

protecting inner space are designed to be stiff and hard, and the other parts (grey,

the crumple zones) for absorbing the impact energy are designed to be heavily

deformed in appropriate ways.

Figure 2-7. (a) Experimental set-up for 3D P structure showing optical components and

schematic beam paths for interference lithography. (b) Beam set-up for 3D

structure showing beam paths passing through optical components and sample

stage.

Figure 2-8. Molecular structures of (a) Photosensitizer (rubrene), active for incident

wavelengths of 300nm-550nm and amplifying activated photons, (b) Photoacid

generator (OPPI), generating acids and catalytically deprotecting epoxy groups

on the photoresist in the light exposed regions and (c) Photoresist, SU8

prepolymer, the main platform for structures.

Figure 2-9. The procedure of IL: (a) Thin film cast by spin-coating (blue: glass substrate,

orange: SU8 monomer layer, yellow: SU8 thin buffer layer) (b) Maskless

exposure using multiple interfering beams: here shows four-beam interference

with green laser beams. (black arrows: polarization) (c) Post-exposure baking to



promote cationic polymerization of crosslinked network, (d) Developing and

drying (supercritical CO 2 drying in some cases). After the procedure, hardbaking

is done for certain investigations.

Figure 2-10. A few SU8 microstructures fabricated via IL. (a) The three-term level set

diamond-like structure, 3- R3m made by the exposure of the four beam

interference pattern in SU8. View: off the threefold axis. Refraction of the

incident beams is compensated for by using the index-matched prism

configuration shown in the inset; (b) The same 3-R3m structure from plan

view (see details in chapter 4); (c) P structure from the view of [111] axis and

(d) 2D periodic biomimetic microlens arrays with hexagonal air cylinders.

Figure 2-11. (a) Lloyd's mirror interference lithography setup and (b) Controlling the

period of the recorded fringes by rotating the sample holder with regard to the

incoming beam direction. (c) Fabrication process for 2D QC PDMS phase

masks. PR = photoresist, BARL = bottom antireflection layer. These setup and

experiments were done in Nano Structure Laboratory of professor H.I. Smith in

the Department of Electrical Engineering and Computer Science, MIT.

Figure 2-12. Schematic illustration of procedures for using a conformable and

elastomeric phase mask to produce 3D quasicrystalline nanostructures: 2D

octagonal QC phase mask and cross-section of 3D QC nanostructures.

Figure 2-13. Schematic force-distance curve in the approaching-retracting mode with

the cantilever shapes: (a) Approach, (b) Jump into contact with jump-in point

(A), (c) Load with deflection, (d) Unload and (e) Jump-off contact with pull-off

point (B).



Figure 2-14. The tip-surface interaction with a sphere approximation of the tip end: P =

load, R = the radius of curvature, r = the contact radius and h = the penetration

depth.

Figure 2-15. (a) Schematic of the geometry of the indenting tip and the sample surface

showing the relative dimension difference (size adapted from conditions in

chapter 3) which is valid for Hertzian approximation. The width and height of

SU8 region are 900nm and 400nm, respectively. (b) Blow-up image of the tip

showing the dimensions of radius of curvature and the indenting depth.

Figure 2-16. A representative experimental load (P)-displacement (h) curve showing

stiffness (S) from the slope of the unloading curve at the maximum load.

Figure 2-17. A sample mounting (fiber in this case) for uniaxial microtensile testing: the

fiber sample is glued on the cardboard which has a rectangular cutout. After

gripping both ends, the sides of the cardboard are cut for a tensile measurement

of the fiber.

Figure 2-18. A representative stress-strain curve from micro-tensile testing. Important

parameters are described in the curve.

Figure 2-19. A stress-strain curve from the uniaxial tensile testing of polypropylene (PP)

fiber, which has a 100 pm diameter and 3 cm gauge length. It exhibits a 1.4 GPa

elastic modulus and 330 % strain at fracture with yielding and work hardening.

This agrees well with the data in the manual for calibration.

Figure 2-20. Schematic of BLS apparatus. Courtesy of Taras Gorishnyy (MIT).

Figure 2-21. Symmetric scattering geometry in transmission BLS experiments. The

angle between the incident light and the normal to the sample plane is equal to

the angle between the scattered light and the normal to sample plane. In this



geometry the phonon wave vector does not depend on the refractive index of the

sample.

Figure 3-1. Stress-strain curves for SU8 film at different stages of processing. The free

standing samples peeled off from the substrate were tested under a tensile force.

Without the post-exposure bake, SU8 glassy monomer film exhibits a fairly

large strain at fracture (-30%). With post-exposure bake and hardbake, the film

becomes stiffer and more brittle.

Figure 3-2. . 2D light intensity distribution for three-beam interference used for the

fabrication of the patterned specimen along with primary lattice vectors for

corresponding 2D lattice; N stands for the regions of nodes having highest-

intensity and B stands for the regions of beams having slightly lower intensity

than nodes (see Figure 3-5).

Figure 3-3. AFM data for uncured SU8 film: (a) AFM topography image with 0.3 nm

RMS roughness. A white spot in the lower left is a dirt particle. (b) The surface

distribution of the elastic modulus from 16x16 force measurements (3x3 /~ 2).

(c) The histogram of the elastic modulus distribution.

Figure 3-4. AFM data for cured SU8 film: (a) AFM topography image with 0.9nm RMS

roughness. (b) The surface distribution of the elastic modulus from 16x16 force

measurements (2x2 Ium 2). (c) The histogram of the elastic modulus distribution.

Figure 3-5. (a) 2D light intensity distribution for three-beam IL used for the fabrication

of the patterned specimen along with (inset) primary lattice vectors for

corresponding 2D lattice; B and N stand for regions of beams and nodes of

lattice. (b) Scanning electron microscopy (SEM) image shows long-range

ordered 2D hexagonal lattice; (c) One-dimensional light intensity distribution



along the [11] direction (y axis in arbitrary values, DC offset is removed by

amine). The intensity of each beam is assumed as 1 (= Io/3 (1.9 J/cm 2)) in the

graphs. (d) One-dimensional light intensity distribution along the [10] direction.

Figure 3-6. (a) 3D surface topography of the specimen with the hexagonal pattern (4x4

itm2, the tapping mode) and (b) 3D topography of the surface areas mapped with

32x32 force spectroscopy (2.5x2.5 pm2); each pixel in the force scan represents

one force measurement. The frequency of each measurement was 1 Hz.

Figure 3-7. (a) 32x32 high-resolution AFM topography during force micromapping of

the 2x2 Pm 2 surface area. (b) Combined surface histograms collected for

selected surface areas (500x500 nm2) for nodes (black boxes) and beams (grey

boxes).

Figure 3-8. The linear relationship before obtaining a certain light energy and the

plateau after saturation of crosslinking between elastic modulus and exposure

dose obtained by AFM force measurement. Error bars represent less than 20%

standard deviation.

Figure 3-9. SEM micrograph of a stretched and twisted polymer (the first layer is on top

of the undeformed underlying layer) with a 2D hexagonal air-cylinder pattern,

demonstrating regions with large plastic behavior. Comparing locations (a) and

(b), we estimate a local strain up to 230 % in largely deformed locations as

described in the table.

Figure 4-1. Microframe polymer structures fabricated by 3D interference lithography.

(a) Theoretical 2D light intensity distributions at various heights within the unit

cell (the middle image is binarized to correspond to the final developed

structure). The triangles are for locating the same region in each image (b) View



normal to the (0001) plane of the microframe structure. The colors correspond to

struts at c/3, 2c/3and c. (c) Views normal to the (1 12 0) and (1 010) planes of

the microframe structure. (d) Perspective view of the structure with the basic

four-functional element as the inset. The sub cell dimensions are - 1400 nm x

1000 nm x 870 nm. The three thinner struts have a diameter about 200 nm and

length of 640 nm and the thicker vertical post has a diameter of 500 nm and

length of 1100 nm. (e) SEM image of the 3D-microframe fabricated in SU8. The

insets show magnified views of the top (lower right) and cross sectional (upper

right) surfaces corresponding to the schematic views in b and c.

Figure 4-2. SEM images of fracture within the polymer microframe. (a) Region where

cracks are guided by planes of easy fracture. (b) View showing a region with

intersecting { 1 1 2 0} facets with an apex angle of 60 degrees. (c) Region

where surface-initiated cracks penetrate towards the substrate.

Figure 4-3. SEM images of the microframe structure showing plastic deformation. (a)

Area with a microframe bridge extending from one side of a crack to the other.

The inset shows extensive shear, bending and microplastic deformation of the

structure near the left terminus of the bridge. (b) Evidence of tensile deformation

and fracture of transverse struts with up to several hundred % strain (e.g. circled

strut) in the vicinity of a crack. The local strain can be estimated based on the

departure of the strut and node pattern from the initial undeformed unit cell

structure (right side of image). (c) Portion of film that was compressed, showing

the collapsed microframe region at left. (d) (left) Cross section of a region of the

film where the structure has been plastically deformed. (right) Fibrils formed



due to peeling of microframe from substrate. (e) Schematic depicting how long

fibrils form via stretch-alignment of vertical and transverse struts.

Figure 4-4. (a) A Representative Volume Element (in the center box) of the 3D

microframe for applying 2D micromechanical model with periodic boundary

conditions under multiaxial loading. (b) The predicted deformation under a

tension along the thick post direction (0O). (c) The predicted deformation under a

tension along the perpendicular to the thick post (900). (d) The predicted

deformation under a compression explains the observed SEM micrograph with

the many deformed RVEs. (e) Applying shear to the RVE represents the

deformation of elongated fibrils. Arrows in each figure show the loading

direction. Modeling conducted by Dr. Lifeng Wang in professor Mary C. Boyce

in mechanical engineering at MIT.

Figure 4-5. SEM micrographs of multiaxial loading on the 3D periodic microframe;

most of predicted deformations from 2D micromechanical modeling were

observed in a single SEM image. (a) In this SEM image SU8 microframe

exhibits strut-stretching and contraction after break (black circles), penny-shape

crack formation (white ellipses) where has extended, broken, bent and

contracted struts, neck-forming (white circles and ellipses) by overall tension.

(b) Compression, shear (black circles) and residual pillars adhered to the

substrate were shown in the SEM micrograph.

Figure 5-1. (a) SEM image of a 2D octagonal quasiperiodic PDMS phase mask, and (b)

corresponding diffraction pattern produced by a laser beam (355nm) at normal

incidence. (c) Cross-sectional SEM image of the 3D nanostructured

quasiperiodic scaffold recorded in SU-8 by an expanded, flat-top 364nm laser



beam passing through the phase mask in (a), and (d) corresponding plane-view

SEM of its surface. Yellow box in (d) shows the diffraction pattern of the

-1x2cm size 3D QC. (e) Magnified area from (d), showing sub-surface

structured details. The red lines in the structure represent 3-connected or 4-

connected at nodes in plane.

Figure 5-2. Confocal microscopy images of the 3D quasiperiodic SU8 scaffold shown in

Figure 5-1(d) taken in fluorescent mode using a 488nm Ar-ion laser. Brighter

regions correspond to air channels in the original SU-8 structure. The octagonal

quasicrystalline symmetry is preserved throughout the thickness of the

structured film. The plan-view SEM picture of the SU8 scaffold surface is given

as a reference for the z = 0 location.

Figure 5-3. The computation of diffraction efficiencies in a set of 2D gratings for the

octagonal QC structure from the 2D octagonal phase mask which has 300nm

periodicity, 60% volume faction with 364 nm exposure wavelength and the

refractive index of 1.62 from SU8. (a) SEM micrograph of QC structure. (b) The

calculated model corresponds very well with the resultant structure in the SEM.

(c) The top half of the structure in plane at -0.5 pm. (d) The bottom half of the

structure which is staggered to the top layer at -4.0 lim. (e) The top layer (blue)

and the bottom layer (yellow) shown at the same time of z range from -0.5 Jim to

-4.0 lim. Courtesy of CheongYang Koh. (DMSE, MIT).

Figure 5-4. (a) BLS measurements were conducted with six different orientations of an

azymuthal angle (yp) in plane from 0 (on a mirror axis) to 22.50 counter-

clockwise at a fixed wave vector, k. (b) BLS spectrum taken at 24 o for the k



scattering angle (k = 4.9 im -1') and 00 orientation shows peaks from SU8 QC

structure (at f =1.79 GHz) and from glass (at f= 4.52 GHz).

Figure 5-5 (a) Plot of frequency dispersion measured in six different orientations in

plane (00, 50, 100, 15', 20' and 22.50) at three different scattering angles (200,

24' and 280), which provide sufficient information for all directions associated

with 8-fold rotational symmetry. The slopes represent the sound velocity in glass

(upper line) and in SU8 QC PEB film (lower line): the average sound velocity in

SU8 QC PEB film is 2300 m/s. (b) Azimuthal plot of sound velocity of SU8 QC

PEB film. With the proportional relationship between the sound velocity and the

modulus, this plot shows the isotropy of the in-plane modulus in the SU8 QC

structure. Using the measurements from 6 directions, the other values are

replicated by applying rotational symmetry.

Figure 5-6. Stress-strain curves of freestanding polymer films from the micro-tensile

testing. Black curves: uniform SU8 5.5 tm-thick films. The three nearly linear

curves show brittle fracture with elastic properties having average E = 1.72+0.27

GPa and toughness = 0.96+0.10 MPa. Red curves: SU8 octagonal QC films of

polymer-air composite have average E = 0.85±0.13 GPa and toughness =

0.98+0.56 MPa.

Figure 5-7. DMA curve of SU8 unstructured film with heating rate of 3 °C/min at

frequency 1 Hz. The storage modulus is 1.65 GPa at room temperature (green

curve) and the glass transition temperature is about 200 'C from the peak of tan

delta (brown curve). Multiple DMA scans were conducted and values are similar

with a narrow range.



Figure 5-8. BLS spectra (frequency vs intensity) at a fixed scattering angle and an

orientation show phonon peaks from SU8 QC structures shift from 1.79 GHz

(PEB only, green) to 2.18 GHz (PEB+HB, red). This shows the increase in the

elastic modulus by hardbaking SU8 QC film.

Figure 5-9. (a) Plot of frequency dispersion measured in five different angles (00, 50,

100, 15' and 20'), which provide sufficient information for all directions

associated with 8-fold rotational symmetry. The slopes represent the sound

velocity in glass (upper) and in SU8 QC hardbaked film (lower): the average

sound velocity in SU8 QC HB film is 2950 m/s. (b) Plot of sound velocity of

SU8 QC PEB film (black) and SU8 QC PEB+HB film (blue). The average

velocity of SU8 QC PEB film is 2300 m/s and the velocity of SU8 QC PEB+HB

film is 2950 m/s. The associated bulk moduli for QC film without hardbaking

and with hardbaking are 6.07 GPa and 10.0 GPa, respectively.

Figure 5-10. Stress-strain curves of freestanding SU8 films from the micro-tensile

testing. Black curves represent the mechanical behavior of SU8 unstructured

films. SU8 octagonal QC PEB films in red curves have E = 0.85±0.13 GPa and

toughness = 0.98±0.56 MPa. (b) SU8 octagonal QC PEB+HB films have E =

0.41±0.11 GPa and toughness= 2.92±1.52 MPa.

Figure 5-11. SEM plan-view micrographs of fracture surfaces in (a-e) SU8 QC

PEB+HB films by microtensile testing and (f) QC PEB only films deformed by

peel test. Red arrows show the direction of crack propagation. (a-b) Crack

propagation from the fracture surface with the absence of translational symmetry,

(c) Crack stoppage (upper) with the propagation direction by red arrows from

the fracture surface and initiation of another crack (down) near the stopped crack.



(d-f) Substantial plastic deformation of thin struts in the structure: (d) and (e)

deformed by tensile testing and (f) deformed by complicated force from sticky

tape peeling.

Figure 5-12. SEM micrographs of the side-view of fracture surfaces in SU8 thin films

by tensile testing. (a-b) Fracture surfaces of unstructured SU8 films. The

surfaces show brittle fracture with no significant plastic deformation. (c-e)

Fracture surfaces of SU8 QC PEB+HB films exhibiting elongated struts

comprising the pattern. Comparing struts A and B from (e), the elongated strut B

is longer than stretched strut A by 330 %. This quantitative extension ratio

represents the large deformation takes place under the deformation in

microscopic ranges. The delamination between the structured film and thin solid

buffer layer is also observed in (d-e).

Figure 6-1. (a) The deformation under a tension of a Representative Volume Element

(RVE) of the 3D periodic microframe by 3D micromechanical model. (b) The

deformation under a shear of an RVE by 3D micromechanical model. Dashed

circles in each figure show the size reduction of thin struts by elongation. The

thinning and break of the struts might cause the localization of deformation and

macroscopic brittle behavior. In strut deformation, red indicates materials

deforming and blue indicates material not deforming. Modeling done by Dr.

Lifeng Wang in Professor Mary C. Boyce group in mechanical engineering at

MIT.

Figure 6-2. (a) 2D quasiperiodic PDMS phase mask with 60% volume fraction. (b) 2D

quasiperiodic PDMS phase mask with 70% volume fraction. (c) 3D octagonal

QC structure fabricated via quasicrystalline phase mask lithography (QCPML)



using PDMS phase mask shown in (a). (d) 3D QC structure with a different type

of octagonal symmetry fabricated via QCPML using a different PDMS phase

mask shown in (b).

Figure 6-3. (a) 2D square air-cylinder patterned PDMS phase mask. Courtesy of Dr. Ji-

Hyun Jang (DMSE, MIT). (b) A schematic of a square phase mask with one-

beam exposure and diffracted beams through the mask. Black arrows indicate

polarizations of beams. (c) SEM micrograph of fabricated SU8 structure from

square-patterned phase mask lithography. Inset: enlarged area for comparison to

(d). (d) A unit cell of body-centered tetragonal structure from the simulation

from the 2D square phase mask. for (a). Courtesy of Cheong Yang Koh (DMSE,

MIT) for (b) and (d).

Figure 7-1. (a) Gibson-Ashby model for the bending-dominated structure with open

cells used for analyzing elastic modulus and fracture toughness of 3D

microstructures with relative density. (b) When a low-connectivity structure is

loaded with compressive force, the cell edges bend, giving a low modulus.

Calculating the relative elastic modulus is applied same for compression and

tension.

Figure 7-2. (a) Plot of relative modulus against relative density for cellular structure

with different topologies on logarithmic scales. The bending dominated behavior

has a slope of 2 and the stretch-dominated a slope of 1. (b) Plot of relative initial

collapse strength against relative density for cellular structure with different

topologies on logarithmic scales. The bending dominated behavior has a slope of

1.5 and the stretch-dominated a slope of 1.



Figure 7-3. A unit structure of octet-truss lattice material with M > 0 (left). Photograph

of the octet-truss lattice material made from a casting aluminum alloy (Right).

Figure 7-4. Geometry of an elastomeric phase mask, the photoresist, the light for

exposure and qualitative definition of near field and far field. Schematic adapted

from the journal paper of Rogers et al.

Figure 7-5. Blow-up image of cross-section of an elastomeric phase mask (light grey), a

photoresist layer (light yellow) and in-between air gaps (white), showing the

indices of refraction (nl and n2), and the dimensions of the mask and air gaps (ul

and u2).

Figure 7-6. (a) AFM micrograph (lxI pm2) of gold nanoparticles and the black line

utilized for measuring the height (h) and width (W) of a gold nanoparticle in the

cross-sectional analysis. (b) Schematic sketch for tip radius evaluation with

spherical estimation of tip-scanning the gold nanoparticle.



List of Tables

Table 3-1. Processing conditions for uncured, cured uniform film and 2D hexagonally

structured SU8 films. Since they have same spin-coating rate, the film

thicknesses of three films should be similar with - 8% shrinkage of SU8. The

exposure energies are calculated with the measured power, exposure time and

from the theoretical light intensity distribution.

Table 5-1. The specific elastic modulus (GPa) and the specific toughness (MPa) with

consideration of relative density from the stress-strain curves of SU8

unstructured (Unstructured) and QC films (QC PEB). The QC SU8 films, air-

polymer composite, has similar E but much higher T compared to unstructured

solid films. Thus, the QC polymer-air films are favorable for mechanical

applications with light weight.



Chapter 1. Thesis Overview

We are familiar with truss structures' in bridges and buildings on a large scale

and in certain animal exoskeletons on a microscopic scale for lightweight and strong

materials. From what we know about the characteristics of truss structures, we expect

that such nano-scale structures in thin films will affect the mechanical properties.

(a)

I

(b)

Figure 1-1. (a) Creating optimized models of truss structures.1 Truss structures are

composed of straight struts forming a set of triangular units for various load-bearing

applications. (b) An SEM micrograph of the exoskeletons of a sea urchin (e.g. cidaris

cidaris) exhibiting 6 strut-connectivity at a node point.

In this thesis, structures with sub-micrometer length scales will be investigated

in terms of the elastic modulus, plasticity and toughness. There are two main issues

explored in this thesis: (1) methods to fabricate nano-network structures and (2)

characterization of the mechanical properties of the nano-network structures in terms of

their elastic, plastic and fracture properties.

Chapter 2 discusses the background theories and experimental methods for

creation of microtrusses, the fabrication tools for nano-network structures such as



holographic interference lithography (IL) and phase mask lithography (PML), the

mechanical testing methods of nanoindentation using Atomic Force Microscopy (AFM)

for local mechanical properties, microtensile testing and Brillouin Light Scattering

(BLS) for the properties of polymer structures as a whole.

In Chapter 3, a two-dimensional (2D) hexagonal air-cylinder and polymer

structure of SU8 made by three-beam IL was examined via AFM for local elastic

The intensity pattern from the interference of three beams and the

corresponding crosslink density determine the spatial distribution of elastic modulus in

the pattern. The measured moduli vary between locations within the structure. Such

non-uniform elastic modulus via systematic variation of crosslink density suggests that

the intensity-dependent approach could be utilized for designing a deformation path

along the less stiff regions for certain applications. In terms of large strain behavior of

the air-cylinder and polymer structure, the SU8 nanostructured films are capable of high

plastic behavior with significant local deformation of individual cells and large scale

deformation of the whole net. We can speculate that precise control of the non-uniform

internal elastic properties within IL-microfabricated polymer structures makes these

structures highly deformable and opens potential paths for photopatterned polymeric

materials with efficient energy absorption on a submicrometer scale. Chapter 3 is based

properties.



on a publication done in collaboration with Dr. Ji-Hyun Jang, Dr. Chaitanya K. Ullal, Dr.

Melbume C. LeMieux and Professor Vladimir V. Tsukruk at Georgia Institute of

Technology, and appeared in Adv. Func. Mater. 16, 1324-1330 (2006).2

In Chapter 4 the length scale dependent mechanical behavior with intermediate

crosslink density is demonstrated for a SU8 3D periodic microframe fabricated by four-

beam IL. This microframe structure is composed of three thin beams and one thick post

and has a polymer volume fraction of - 0.3. The symmetry of the microframe guides

crack propagation. Moreover, the thin struts exhibit very high (-300%) plastic

deformation compared to the brittle behavior (c• < 10 %) in bulk SU8. The applied

force for this behavior is complicated from the peeling of a sticky tape on the structure.

The 2D and 3D micromechanical modeling predicts the deformation behavior of the

microframe under multiaxial loading and the modeling results of tension, compression

and shear well correspond to the deformation behavior observed in SEM micrographs.

In order to understand fundamental mechanics of nanostructured films, there is a need to

develop systematic mechanical testing for thin films and to make freestanding films.

Chapter 4 is based on a publication done in collaboration with Dr. Ji-Hyun Jang, Dr.

Chaitanya K. Ullal, Dr. Melburne C. LeMieux and Professor Vladimir V. Tsukruk at

Georgia Institute of Technology, and appeared in Adv. Mater. 18, 2123-2127 (2006). 3



In Chapter 5, we fabricated 3D octagonally quasicrystalline (QC) films by

quasicrystalline phase mask lithography (QCPML) utilizing 2D octagonal QC phase

mask, and inspected the unusual mechanical behavior of energy propagation and

absorption from microtensile testing. The struts in the QC films are deformed to several

hundred-percent strain as in the 3D periodic microframe. Explaining a highly local

plastic deformation (-300 %) but macroscopic brittle behavior (up to 20 %), we

speculate that the localization of deformation takes place due to the small diameter of

struts range of 100-400nm. In addition, due to the complicated geometry of

quasicrystals, the tremendous plastic deformation on small scales does not induce large

macroscopic plastic behavior. BLS measurements on the octagonal QC structure show

the isotropic in-plane elastic modulus which is expected from the theory.4 Fabrication

of 3D QC nanostructured films in Chapter 5 is based on a publication done in

collaboration with Dr. Ion Bita, Dr. Michael E. Walsh and Professor Henry I. Smith at

Massachusetts Institute of Technology, and appeared in Adv. Mater. 19, 1403-1407

(2007).5 Mechanical characterization of 3D QC films is based on another publication in

preparation.6

In Chapter 6 we summarize the accomplishments and conclude with remarks

and future work from what we have learned in the dissertation. Small strain behavior



with the elastic modulus and large strain behavior of plasticity and crack propagation

are summarized with the previous investigations such as submicron-sized feature size

dependent mechanical behavior and the symmetry effects compared to observations on

bulk SU8 polymer. By the microtensile testing for examining thin film properties, the

stress-strain curves of the structured polymer films give us insights for the elastic and

plastic mechanical behavior of the 3D nanostructured scaffolds.
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Chapter 2. Background of Experimental Methods

In this chapter we discuss the background theories and experimental methods for

creation of microtrusses, the fabrication techniques for nano-network structures such as

holographic interference lithography (IL) and phase mask lithography (PML), the

mechanical testing methods of nanoindentation using Atomic Force Microscopy (AFM)

for local mechanical properties, microtensile testing and Brillouin Light Scattering

(BLS) for the properties of polymer structures as a whole.

2.1 Microtrusses: Structure-Property Relationship

Lightweight materials are important for a member of applications: load-

sustaining structures of unmanned aerial vehicles (UAVs), satellites, fuel-efficient

vehicles, body armor for protecting soldiers, packaging foams, thermal and electronic

insulators and so on. Considering the competing factors of performance and

manufacturing cost with lightness, topology is a crucial element to optimize for

obtaining lightweight structures with outstanding mechanical properties.' Lightweight

structures consist of stiff load bearing connections made using as little material as

possible. Depending on how the connected struts are structured and how they behave

under the load, the lattice-structured (beam-connected) materials are categorized into



two different types, bending-dominated and stretch-dominated 2 (See Fig. 2-1). A truss

is defined as a static framework of rigid members pin-jointed into triangular units with

axial forces only, which is another name of a stretch-dominated structure.3

When the structure is connected with b struts and j frictionless joints, according

to Maxwell's stability criterion the structure is determined to be bending-dominated or

stretch-dominated. Maxwell's stability criterion, M is described as M = b - 2j+ 3 in

*

Figure 2-1. (a) A mechanism in 2D: in compression, the struts rotate (if the joints are not
frozen) or bend (if they are frozen); (b) A structure in 2D: in compression the struts are
either in tensile load or compressive load2.

two-dimensional (2D) space and M = b -3j + 6 in three-dimensional (3D) space where

the sign of M determines whether the structures are bending-dominated under the

deformation (M < 0) (Fig. 2-1(a)); or they are stretch-dominated (M > 0) (Fig. 2-1(b)).2'

4

In 3D, the stretch-dominated structures satisfying Maxwell's stability criterion

are the tetrahedron and the octahedron shown in Figure 2-2. By itself each structure



cannot fill 3D space but their combination fills space. The necessary and sufficient

condition for stretch-dominated structures in 3D space is that the connectivity should be

12. The 12 nearest neighbors in the face centered cubic (fcc) structure lie along <110>

directions and the octet-truss lattice is shown in Figure 2-3.5

Figure 2-2. Three-dimensional cells that satisfy the Maxwell's criterion for

dominated structures: tetrahedron (left) and octahedron (right).2
stretch-

/

N

15 core

ayers

Figure 2-3. A unit structure of octet-truss lattice material with M > 0 (left). Photograph

of the octet-truss lattice material made from a cast aluminum alloy: five tetrahedral core

layers separated by triangulated layers. Triangulated layers and tetrahedral cores were

injection-molded in polystyrene and then the octet-truss structure was constructed by

adhering triangulated layers with alternating layers of tetrahedral core. This polystyrene

lattice was used as a template to produce the cast aluminum alloy lattice in a "lost-wax"

investment casting process. (Right).

m
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The relative modulus ( ceuk ) and the relative initial collapse strength &
Ebulk

( cell ) according to the relative density are described in log-log graphs in Figure 2-4(a)
'bulk

and 2-4(b), respectively.6' 7 For example at a relative density of 10 %, £ of the stretch-

dominated structure is one order of magnitude higher than E of bending-dominated

structures. As shown in Figure 2-4, the stretch-dominated structures are superior to

bending-dominated structures in terms of stiffness and strength per unit weight. The

details of analytic equations for both bending-dominated and stretch-dominated

structures are given in Appendix 7.1. The relative density / of the structures we have

made in this thesis ranges from 0.3 to 0.75: ,5= 0.3 for 3D periodic microframe, 3-

R3m (in chapter 4), approximately /= 0.55 for octagonal quasicrystalline structure

(in chapter 5) and , = 0.75 for 2d hexagonal lattice (in chapter 3). In the following

chapters we will analyze the mechanical behavior of various structures having different

relative density and symmetries.

Contrary to their substantial stiffness and strength, stretch-dominated structures

undergo a dramatic softening after yield, which makes them less attractive for energy

absorption properties in compression (Fig. 2-5). Depending on the application, the

bending-dominated structures are interesting with their low modulus and stiffness but

large strain at fracture advantageous for applications such as cushioning or packaging,



on the other hand, the stretch-dominated structures are best for applications requiring

high stiffness and high strength at low weight.2' 4
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Figure 2-4. (a) Plot of relative modulus against relative density for cellular structures

with different topologies on logarithmic scales. The bending dominated behavior has a
slope of 2 and the stretch-dominated a slope of 1.6 (b) Plot of relative initial collapse

strength against relative density for cellular structure with different topologies on

logarithmic scales. The bending dominated behavior has a slope of 1.5 and the stretch-

dominated a slope of 1.6 The orange line in (a) shows that at a relative density of 10 %,

E of the stretch-dominated structure is 10 times larger than E of the bending-
dominated. The orange line in (b) shows that at a relative density of 10 %, a of the

stretch-dominated is more than 5 times larger than a of the bending-dominated.

Having known the mechanical behavior of macroscopic truss structures typically

made of metal alloys, 1' 8-11 for metal structures on a millimeter length scale, the

stress/strain behavior of bulk metals from the constitutive equations of macromechanics

is perfectly adequate to capture the actual deformation behavior of the geometry of

structures. However, for polymer structures on a submicron scale we need to discover

the stress/strain behavior which is not always same with that of bulk polymers.

0 i



0

Strain, e

Figure 2-5. (a) Schematic compressive stress-strain curve showing important parameters

for a bending-dominated structure. 6 (b) Schematic compressive stress-strain curve of a

stretch-dominated structure, showing important parameters, 6 assuming the relative

density of both structures is 0.3.

One example of designed-in failure is the crumple zone of the automobile as in

Figure 2-6. A crumple zone built into the front and rear of the vehicle is designed to

absorb the impact of a collision and to protect passengers inside the vehicle by

undergoing extensive plastic deformation. Crumple zones are designed into the actual

frame of the automobile, creating a point for the frame to buckle when subjected to

extreme stress. These crumple zones yield during impact, redirecting the energy of the

collision and often reducing the chance of injury to the driver. 12 There are also other

parts for auto safety; the survival cell that maintains its original shape despite impact,

and the side impact bar that prevents passengers from being ejected from the car.

The idea of fabricating a purposeful 'crumple zone' for redirecting the energy

and reducing the chances of fracture inside the polymeric microstructure would be of



interest but it is hard to make a designed defect as crumple zone in the periodic or

quasiperiodic structured currently fabricated by interference lithography and phase

mask lithography. By using two-photon lithography or a second exposure through a

mask a designed defect in the structure could be introduced.

Figure 2-6. The frame of the automobile: the parts (red and yellow) for maintaining and

protecting inner space are designed to be stiff and hard, and the other parts (grey, the

crumple zones) for absorbing the impact energy are designed to be heavily deformed in

appropriate ways.12

2.2 Fabrication of Microstructures via Interference Lithography

Interference lithography (IL) is one of the least expensive and the least

complicated methods to create iD, 2D and 3D periodic' 3-15 or quasi-periodicl 6-19patterns.

The interference of two or three beams of coherent light makes 1D periodic gratings and

2D patterns, respectively. The interference of four or more beams allows fabrication



The spatial variation of the intensity that determines a

periodic structure is given by Eq. (2-1)20, 21

-. 2 - -* 1 7 n'

I(r)=E =E-E jj= e,-, 1exp[i{(k-k ,,)r+(, -0 )}] ocII aim exp[iG,,, .r](2-1)
/=1 m=1 /=1 m=A

where ci is the amplitude and polarization of the ith beam, ki is the wave vector, r

is the position vector, a,, is the Fourier coefficient and Gim is the Fourier expansion

vector for a periodic structure in reciprocal space. Equation (2-1) demonstrates the

similarity between the intensity equation of interference lithography and the Fourier

series expansion of a periodic structure. The difference between the wave vectors (ki-

km) of the interfering beams determines the translational periodicity of the resultant

structure in real space, while the polarizations (ei ) determine the motif placed within

the unit cell. The difference in phases (01 - Am) shifts the origin of the structure,

which can be ignored for a periodic structure. The combination of the motif and the

translational periodicity determine the set of symmetries and the space group of the

structure. For four non-coplanar interfering beams, the magnitude (,c) of the relative

phase amplitudes fix the position of the origin.2 1 The experimental set-up in Figure 2-

7 shows where the beam goes through beam splitters, wave plates and mirrors to a

sample stage for fabricating 3D periodic structures as employed in this thesis.

of 3D periodic structures.



Figure 2-7. (a) Experimental set-up for 3D P structure showing optical components and

schematic beam paths for interference lithography. (b) Beam set-up for 3D structure

showing beam paths passing through optical components and sample stage.

The well known structure factor, F(h,k,l), of crystallography 20 is,

F(h,k,l) = exp(2ri(hx,, + ky,, + lz,,)), (2-2)

where f, is a factor corresponding to the strength of scattering of the jth type of atom

and (x,,,y,,z,,) is the nth equivalent position of the jth type of atom in the unit cell.20

In order to correlate the beam parameters and the symmetry elements in the resultant

structures, the level set technique 20'21 is used. Level set surfaces are defined by the

functions of the form F:R 3 - R of points {x, y, z} e R3, F(x, y, z)= t, where t is a

constant. To find suitable candidate functions, which are invariant under the space

group symmetry operations, the level set equation can be utilized and it is compared

with the intensity equation. The level set equation technique uses the structure factor

to generate the functions that possess the requisite symmetries and the structure factor

describes the amplitudes and phases of the 3D diffraction pattern that are due to the



scattering of incident radiation off of planes (hkl) of atoms in the crystalline structure. 20

From Eq. (2-1) and Eq. (2-2), we can calculate out the necessary wave vectors (ki),

amplitudes of the electric field (ei), polarizations and the phases of the four or more

beams required to create 3D periodic various structures with desired symmetries. 20

The interference of multiple laser beams was used in the 1990's to theoretically

produce both periodic and quasiperiodic optical lattices 22' 23 and became popular in the

context of photonic band gap materials after Campbell et al.24 succeeded in 2000 to

fabricate high-quality bicontinuous 3D photonic crystals (PCs) via four-beam IL. The

work of Campbell et al. drew a lot of interest and brought attention on IL for fabrication

of 3D structures. Subsequently, Yang et al.25 demonstrated a modified SU8 platform

with a base as a contrast enhancer for IL with visible wavelengths. The SU8 based

chemically amplified acid catalyzed photoresist system is illustrated in Figure 2-8.

The epoxy-based negative photoresist from the Novolak-resin family is shown

in Figure 2-8(c). SU8 is typically used for the fabrication of complex

microelectromechanical structures (MEMS) due to its mechanical durability, thermal

stability, and dielectric properties combined with easy processability.26-28 SU8 is easily

solution-spun to form a uniform glassy and transparent film on various substrates. The

2-8(c)) allows fast thermal and light-initiatedeight epoxy-cycle structure (Fig.



crosslinking resulting in a rigid network polymer with excellent chemical stability.

One of the mechanisms of crosslinking is "chemically amplified" cationic

polymerization (because a single acid molecule typically induces multiple cleavage

reactions in which cleavage reaction is catalytic with respect to acid) with

photosensitizer (Fig. 2-8(a)) which is active for a certain incident photon wavelength

and amplifies the photons activated, and photoacid generator (Fig 2-8(b)).25

Figure 2-8. Molecular structures of (a) Photosensitizer (rubrene), active for incident

wavelengths of 300nm-550nm and amplifying activated photons, (b) Photoacid

generator (OPPI), generating acids and catalytically deprotecting epoxy groups on the

photoresist in the light exposed regions and (c) Photoresist, SU8 prepolymer, the main

platform for structures.25



In the case of 355nm and 363.8 nm incident wavelength, a commercially available SU8

solution from Microchem (Newton, MA) was used. For a wavelength of 532 nm, SU8

from Shell Chemicals (Houston, TX) was mixed in cyclopentanone with rubrene as a

sensitizer from Sigma Aldrich (St. Louis, MO), and phenyl - p - octyloxy

phenyliodonium hexafluoroantimonate (OPPI) as a photoacid generator from Spectra

Group Ltd (Millbury, OH).

The basic procedure of IL is similar to that of conventional photomask

lithography: spin-coating, pre-baking, exposure, post-exposure baking, developing and

drying as shown in Figure 2-9. Before spin-coating, the glass substrate was coated with

a thin (700-1000 nm) SU8 buffer layer which was subsequently hard-crosslinked to

provide firm adhesion of the structured polymer film to the substrate. Then, the SU8

solution is again spun-cast on the thin SU8 buffer layer and pre-baked at 65 0C for Imin

and at 95 C for 1 min to evaporate solvent. The exposure was conducted using 355 or

532 nm Nd:YAG laser and a flat-top beam profile was achieved by expanding the beam

and selectively choosing the central flat constant intensity region of the beam. After

exposure, the film was heated to 65 0C for several minutes (depending on the structures)

for post-exposure bake and then developed with propylene glycol monomethyl ether

acetate (PGMEA) for 1 minute at room temperature and rinsed with isopropanol. To



avoid collapse of the 3D microstructure, supercritical CO 2 drying is applied after

developing the uncured region to yield the final 3D porous microframe structure over

areas as large as 5 mm in diameter.

(a) Coating
(a) Coating

I I

(b) MASKLESS exposure

I I
(c) Baking (d) Developing and drying

Figure 2-9. The procedure of IL: (a) Thin film cast by spin-coating (blue: glass

substrate, orange: SU8 monomer layer, yellow: SU8 thin buffer layer) (b) Maskless

exposure using multiple interfering beams: here shows four-beam interference with

green laser beams. (black arrows: polarization) (c) Post-exposure baking to promote

cationic polymerization of crosslinked network, (d) Developing and drying (supercritical

CO 2 drying in some cases). After the procedure, hardbaking is done for certain

investigations.

Using IL, we have been able to make different structures in 2D and 3D and some

examples are shown in Figure 2-10. 29-31 These fabricated structures are promising for

photonic crystals (PCs) and some of them resemble biological microlens arrays. 29

The three-term diamond-like structure was fabricated by the four-beam interference (Fig

2-10(a) and (b)). As the inset shows in Figure 2-10(a), a prism is utilized for eliminating

~ I 2_1



refraction of the incident beams to the sample surface. We will further characterize

fabricated 3-R3m structure morphologically and mechanically in chapter 4. Another

3D periodic structure, P structure, was created by also using the prism and six-beam

interference in Figure 2-10(c). Some hexagonal air cylinder arrays in SU8 resemble the

biomimetic microlens in brittle stars.

Figure 2-10. A few SU8 microstructures fabricated at MIT via IL. (a) The three-term

level set diamond-like structure, 3- R3m 30 made by the exposure of the four beam

interference pattern in SU8. View: off the threefold axis. Refraction of the incident

beams is compensated for by using the index-matched prism configuration shown in the

inset; (b) The same 3- R3m structure from plan view (see details in chapter 429); (c) P

structure from the view of [11 1] axis and (d) 2D periodic biomimetic microlens arrays

with hexagonal air cylinders. 31



2.3 Fabrication of Microstructures via Phase Mask Lithography

Phase mask lithography (PML) is another method to fabricate 3D crystalline32

and quasicrystalline (QC) structures.33 While PML offers less control over the final 3D

structure than is possible via direct writing techniques 34' 35, or via multiple-beam IL19, it

has significant practical advantages. Perhaps the most significant one is related to a

high throughput and much larger sample sizes, with -2 cm2 reported 33 (but full wafer

size being practically achievable without an increase in sample preparation time),

compared to previously reported 0.1-1 mm2 size 3D photonic crystals made by

multibeam ILl 9,34 PML also offers flexibility for selecting the symmetry of the final

3D structure, by selecting appropriate 2D phase masks. Furthermore, the feature size

of the resulting 3D structures can be adjusted from the sub-micron to a few microns

length scale by choosing the wavelength of the laser used in the PML step in

conjunction with the average primary feature spacing of the 2D phase mask.

A nt phase shift makes abrupt changes of electric field in sign, which determines

the intensity patterns and the shape of the structure.36' 37 This phenomenon is the basis

for generating contrast with masks that manipulate only the phase of the light.37 The

2ff
phase shift Aq arising from the shape of the phase mask is given by AB = 2AnAu,

where X is the wavelength of the incident light, Au is the difference in height of the



mask structure and An is the difference in refractive indices between the mask and

surrounding. In the fabrication of 2D QC phase mask in this thesis, X= 364 nm, Au=

500 nm, An= 0.45 (npDMS= 1.45) and the resulting phase shift is 1.24iR. For details of

analytic theory of 7n shift phase mask, see Appendix 7.2.

Fabrication of 2D QC phase masks and consequently 3D QC microstructures

have not been previously demonstrated. In a first step, 2D QC conformable phase masks

were fabricated from 2D templates produced via multiple-exposure IL (ME-IL). These

masks were then used to create 3D structured QC photoresist (PR) scaffolds by

recording in a thick PR the near field intensity pattern produced by a laser beam

incident on the phase mask.

In order to fabricate 2D QC phase masks, we used ME-IL where multiple 1D

gratings were recorded in a thin PR layer with in-plane substrate rotations between

exposures. Gauthier and Ivanovl 6 used a similar dual-beam multiple exposure technique

to fabricate 2D QC with 8-, 10-, and 12-fold rotational symmetries, and micron-scale

features sizes. In our implementation, a highly stable Lloyd's mirror IL setup38 with a

single 325nm HeCd laser beam was used to fabricate 2D octagonal QC with feature

sizes as small as -100nm by serial exposures of ID gratings followed by three

successive 45 o rotations of the PR-coated wafer. The high sample quality and small



feature size were enabled by the intrinsic stability of the Lloyd's mirror interferometer,

and by using a technique that mitigates the issue of reduced contrast associated with

increased number of exposures in IL by maximizing the contrast of each individual

exposure (>99%).

(a) Lloyd's mirror IL HeCd Laser (325nm)

A liter

TE
polarization

2 meters

(c) Phase mask fabrication process
200nm PR-,

20 nm SiO2-
210nm BARL -

1.5pm thermal SiO2 -

Si(100) substrate-

(1)

IL

2)

3 RIE

I -I I R

PDMS phase
mask

4*-
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cast & cur

Figure 2-11. (a) Lloyd's mirror interference lithography setup and (b) Controlling the

period of the recorded fringes by rotating the sample holder with regard to the incoming

beam direction. (c) Fabrication process for 2D QC PDMS phase masks. PR

photoresist, BARL = bottom antireflection layer.39 These setup and experiments were

done in Nano Structure Laboratory of professor H.I. Smith in the Department of

Electrical Engineering and Computer Science, MIT.

A diagram of the Lloyd's mirror interferometer used is shown in Figure 2-11(a).

The single laser beam of this interferometer is spatially filtered, expanded and projected

for a path length of 2m, and then reaches the sample holder assembly as essentially

planar wave fronts due to the large radius of curvature of the actual spherical wave

(b)
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fronts.38 The Lloyd's mirror assembly consists of a 10 cm square optically flat mirror

with 2/4 flatness, arranged perpendicular to the substrate holder so that interference is

obtained between the reflected portion of the expanded beam and a portion of the beam

that is incident directly on the substrate. Since interference takes place between two

parts of the same laser beam, the resulting fringes are virtually immune to any optical

path length disturbances away from the sample region. The spatial period of the

recorded 1D gratings can be readily varied by rotating the sample holder assembly to

change the incidence angle of the incoming laser beam onto the substrate as shown in

Figure 2-11(b), with periods greater than 162.5nm being available from our system.3 8

The light intensity distribution recorded in the PR layer after N=4 equal-dose

exposures of TE-polarized beams, with 00, 450, 900 and 1350 rotation angles of the

recording substrate around the surface normal can be described by:

I(x.y ) = 210 (1+ cos(2x kiD cos((j - l)f /' N) + 2 vklD sin((j - 01)7 N) + AO ))
(2-3)

where I0 = intensity of the laser beam, kD = 2 nt/PD, with 1PD being the period of the

1D gratings recorded in each exposure, controlled by the angle 0 shown in Figure 2-

11(b).33 The Aj terms represent the phase difference between the two interfering

beams in each exposure, and are included here for generality. It can be shown that the

resulting 2D octagonal quasiperiodic pattern is insensitive to the Aqj terms, henceforth



these phase terms will be assumed zero. The predicted 2D octagonal QC structures are

obtained by binarizing a section through the I(x,y) 3D profile at a particular threshold,

which is similar to the binary result of developing the exposed PR layer, and etching

into the underlayer. In regions where the exposure dose exceeds a certain threshold,

the positive PR becomes soluble, and the remaining PR pattern is then transferred by

CHF3 reactive ion etching (RIE) into the 20nm SiO2 interlayer as shown in Figure 2-

11(c). The details of processing conditions and concerns in 2D QC patterns and phase

masks are further discussed in Ion Bita's Ph.D. thesis. 39

Having successfully developed a process for making high quality 2D QC

templates with desired symmetries, periodicities, fill fractions, and surface relief heights,

we next fabricated poly(dimethyl siloxane) (PDMS) phase masks, and used these for

producing corresponding 3D QC structures via quasiperiodic phase mask lithography

(QCPML). The process we followed is similar to previous reports, which employed

phase masks with crystalline symmetries.40 ' 41 Making a conformable contact between

a mask and a spun-cast PR film in order not to have air gaps, we then shine a laser beam

passing though the mask and PR layer. The diffracted beams at the interface interfere

with one another and pattern a structure inside the SU8 PR film (Fig. 2-12). After



exposure, the PR film is heated normally at 650C for 7 minutes, developed in PGMEA

for a minute and rinsed with isopropyl alcohol.

Figure 2-12. Schematic illustration of procedures for using a conformable and

elastomeric phase mask to produce 3D quasicrystalline nanostructures: 2D octagonal

QC phase mask (SEM) and cross-section SEM of resultant 3D QC nanostructures.

Adapted from Jeon et al.40

One of the challenges associated with QCPML is related to the higher number of

beams in each diffracted order (N beams from a 2D QC with Nmm point group

symmetry, where N = 8, 10, 12, etc.), and also to the denser diffraction spectrum of QC

compared to crystals.' 5 The more beams per diffracted order, the smaller the contrast of

the resulting 3D near field intensity pattern, and the smaller the chances of obtaining a

self-supported, bicontinuous 3D structure in the recording PR. This is one of the reasons

for which we focused on the 8mm (octagonal) 2D QC symmetry for this study, and not

on higher rotational symmetry QC such as 10mm (decagonal) or 12mm (dodecagonal).



2.4 Mechanical Characterization by AFM Nanoindentation

Over the last two decades, nanomechanical testing has been increasingly used to

measure the local properties of hard thin films because nanomechanical testing achieves

controlled measurements of solids with ultra-high resolution 42-48. Nanoindentation

testing is performed with the force normal to the surface on the scale of nanometer

resolution employing Atomic Force Microscopes (AFM) (e.g. Digital Instruments

Multimode and Dimension 3100) and instrumented nanoindentation (e.g. Hysitron

triboindenter). In this dissertation, AFM nanoindentation was conducted on unstructured

and 2D structured SU8 polymer films, further discussed in chapter 3.

For the AFM nanoindentation, experimental data are collected in the form of the

force-displacement curve (FDC).4 7 The FDC is a recording of a cantilever deflection

versus a piezo-displacement during the approaching and retracting vertical motion.

typical FDC shown in Figure 2-13 displays several important regions: (a) the probe

approaches the surface, (zero cantilever deflection); (b) the probe undergoes "jump-

into contact" due to attractive forces between the probe and the surface; (c) the upward

deflection of the cantilever in response to the probe interaction with the surface; (d)

unloading process; (e) the "jump-off contact" as the tip abruptly moves away from the

surface when the cantilever spring force exceeds the adhesion forces; (f) the probe and

the surface are separated again (zero cantilever deflection).47 Segments abc describe



the approach part of the cycle and segments def describe the retracting part of the cycle.

The approach cycle is used to analyze the mechanical properties of the sample. The

nanomechanical properties of a surface layer are analyzed within the segment c of the

approaching cycle of the FDC. The retracting cycle is used for adhesion analysis.

Z- Position

Figure 2-13. Schematic force-distance curve in the approaching-retracting mode with

the cantilever shapes: (a) Approach, (b) Jump into contact with jump-in point (A), (c)

Load with deflection, (d) Unload and (e) Jump-off contact with pull-off point (B).4 7

There are two basic principles to analyze nanomechanical data in the Scanning

Probe Microscopes (SPM) based on elastic contact: the Hertzian approximation and

Sneddon's equation.48 For estimating the elastic modulus for small indentation depth,

the Hertzian model is applied; for larger indentations, the Sneddon model should be

used In the analytic theories, indentation depth (h) is a function of the applied force



(normal load, P), tip geometry (radius of curvature, R), as well as the mechanical and

the adhesion properties of the contacting sample and tip.

When a solid sphere with a radius of curvature, R, and the planar surface are in

contact under a compressive load, the normal displacements (indentation depth) is

related to the pressure, which is the total applied load (P) divided by the area of contact

(A). The area of contact is defined as A = ;r r2 , where r is the contact radius in Figure

2-14. Calibrating the radius of curvature of the tip is outlined in Appendix 7.3.

tz

P-

Figure 2-14. The tip-surface interaction with a sphere approximation of the tip end: P =

load, R = the radius of curvature, r = the contact radius and h = the penetration depth.47

The magnitude of strain, defined by penetration depth/contact radius (h), is
r

proportional to the compressive pressure divided by the elastic modulus. From the

depth-geometry relationship and the strain-pressure relationship, the applied loading



force (P) and the penetration depth (h) can be related via Hertzian approximation is

determined 4 7 as,

1 3

P= R2 -.h2 .E. (2-4)

1 1- v. 2 1-s 2

Er Ei E '
(2-5)

where Er is the reduced modulus, which is a summation of the contributions of the

indenting tip and the sample, vi and v, are the Poisson's ratios of the indenting tip

and the sample film, and E, and E, are the elastic modulus of the indenting tip and

the sample, respectively. The Hertzian approximation is valid for elastic, low adhesive

and flat surfaces and homogeneous isotropic mechanical properties with a small

deformations, when h < R, shown in Figure 2-15.

* b

' h- 2nm

150nm
H: 400nm

Figure 2-15. (a) Schematic of the geometry of the indenting tip and the sample surface

showing the relative size difference (size adapted from conditions in chapter 3) which

is valid for Hertzian approximation. The width and height of SU8 region are 900nm

and 400nm, respectively. (b) Blow-up image of the tip showing the dimensions of

radius of curvature and the indenting depth.

,



For silicon and silicon nitride probes, because the elastic modulus of the tip is

much larger than that of the polymeric sample, we can assume

Er
E ~ ' 2 •1, -v

As a result, the elastic modulus of a polymer sample as a function of indentation depth

can be found from the simplified equation:

(2-7)

(2-6)

where the slope of the plot P - h3/2 is used to calculate Es.

Sneddon's model can also be applied to describe the tip-plane surface

mechanical contact with larger indentation assuming a homogeneous isotropic film. 44

(However, we will not always have the situation of homogeneous isotropic films due to

the crosslinked structures and that is interesting to study.)

displacement curve during indentation.

Figure 2-16 shows the load-

From the unloading slope at the maximum

load, the sample stiffness is defined as Eq. (2-8), 49

dP
dh max

2JIA
- Er* (2-8)
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Figure 2-16. A representative experimental load (P)-displacement (h) curve showing

stiffness (S) from the slope of the unloading curve at the maximum load.

The contact area of indentation (A) is calculated by the tip area function in terms

of the displacement (h) and the geometry of the indenting tip. Figure 2-14 illustrates the

cross section image when the indenting tip and the film surface come into contact. By

substituting the value of S from the P-h curve and the value of A calculated with h into

Eq. (2-8), E, is calculated. From Eq. (2-6), we can extract E, since we know all the

other material constants.

Klapperich et al. 50 ' 51 measured E and hardness (H) for various polymers at room

temperature, such as poly(methyl methacrylate) (PMMA), polycarbonate (PC) and

different kinds of polyethylene (PE) using the static mode of nanoindentation.

Recently the dynamic mode of nanoindentation 52-54 considering time-dependent

properties has been widely utilized on polymer films. However, the nanoindentaion

0nn



still has not been yet applied to explore how local structural differences (crosslink

density) of polymer films, as 2D or 3D microframes and trusses, influence local sample

modulus. The next chapter of this thesis discusses AFM nanoindentation of 2D

hexagonal-arranged air cylinder and polymer film and how the symmetry effect is

observed in the force measurements.

Neumann's principle 55 says that the symmetry elements of any physical property

of a crystal must exhibit at least the symmetry elements of the point group of the crystal.

One axis of 3-fold symmetry in 2D and six axes of 5-fold symmetry in 3D assure an

isotropic elastic modulus.56 We measured the in-plane elastic moduli along all

different directions for 2D symmetries of p6mm and for 3D octagonal QC symmetry,

and validated Neumann's principle in SU8 structured films in chapter 3 and chapter 5.

2.5 Mechanical Characterization by Microtensile Testing

By utilizing a nanoindentation method, the local mechanical properties such as

position-dependent elastic moduli within an area of several nm2 can be investigated.

However, indentation does not shed much light on an overall structure effect such as

toughness and energy absorption. We need another characterization tool for the structure

effect on the large strain mechanical properties of polymer films on the whole.



Due to a several micron thickness with the area of several centimeters and

unique geometries of samples, the characterization of thin films poses many unique

challenges. A few specific challenges in this arena of nanomechanical testing are an

accurate determination of the ratio of stress to strain and the evaluation of viscoelastic

anu uynamic properties as well as practcal issues sucn as now to grip.

The microtensile tester, NanoUTM from MTS Systems Corporation, (500mN

load cell) was utilized for testing thin films of various structures in this thesis in the

quasi-static mode. The NanoUTM basically works on the same principle applied for

the Instron-type tensile tester with its 10 ON load cell; each end of the sample is gripped

and stretched in tension, the machine measures the load (stress) and the corresponding

elongation (strain). The main difference is the sample dimensions; the smallest

dimension in the cross section is on the order of micrometer. The typical specimen size

for the testing in the thesis is (length, width, thickness) = (5mm, Imm, 5-7 11m).

case of thin films or fibers, there is no need to make dog-bone shape to test them since

the force (load) is very small. Figure 2-17 shows how a fiber sample is mounted for

microtensile testing.

One of the representative resulting graphs of a tensile test is shown in Figure 2-

18. This particular graph is a characteristic of a brittle polymer; the film does not

1 j----^Y-: ~ YYII--~L: ^^ ^^---X11 ---- -------- 11----1 ~--__-- -__-1--- 1- -___ L-



exhibit yielding and plastic behavior. The slope near the origin defines the elastic

modulus, d(stress) / d(strain) and the area under the curve is toughness, which

represents energy absorption during the deformation.

Figure 2-17. A sample mounting (fiber in this case) for uniaxial microtensile testing: the

fiber sample is glued on the cardboard which has a rectangular cutout. After gripping

both ends, the sides of the cardboard are cut for a tensile measurement of the fiber.

Another type of polymers with extensive plastic behavior is used for calibrating

the instrument. A polypropylene (PP) fiber is used as the calibration sample for uniaxial

tensile testing in MTS nanoUTM and the resulting stress-strain curve is shown in Figure

2-19. From this stress-strain curve, the elastic modulus is around 1.4 GPa and strain at

fracture reaches up to 330%, of which values are similar as known in the Polymer

Handbook. 58
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Figure 2-18. A representative stress-strain curve from micro-tensile testing of brittle

polymer thin films. Important mechanical parameters are described in the curve.
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Figure 2-19. A stress-strain curve from the uniaxial tensile testing of polypropylene (PP)
fiber, which has a 100 tm diameter and 3 cm gauge length. It exhibits a 1.4 GPa elastic
modulus and 330 % strain at fracture with yielding and work hardening. This agrees
well with the data in the manual for calibration.
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2.6 Mechanical Characterization by Brillouin Light Scattering

Brillouin light scattering (BLS) is ideally suited for investigations of hypersonic

crystals (which usually work at frequencies higher than 100 MHz or so) because it

allows direct measurement of their complete phonon dispersion relation Co = coW(). A

BLS apparatus has been designed and built by Taras Gorishnyy in our group at MIT.

r1"m"N Itam

sihutter
Focusing optics

Figure 2-20. Schematic of BLS apparatus: Green lines represent the laser beam path

guided by goniometer and optics. Scattering angle of measurements, 0, is variable from

nearly 0 to 180 degrees. Courtesy of Taras Gorishnyy (MIT).

A schematic of the BLS apparatus is shown in Figure 2-20. The main

components are a light source, focusing and collection optics, mounting mechanics and

a tandem Fabry-Perot interferometer used for the spectral analysis of the scattered light.

The light source is a continuous wave (cw) green (532 nm) laser mounted on an arm of

a goniometer. Usually several hundred mW of cw power is sufficient for most BLS

"

z



experiments. More powerful lasers heat samples too much, which may cause material

degradation. The laser frequency cannot be chosen arbitrarily; it must match the target

operation frequency of the Fabry-Perot interferometer. Another important consideration

for the laser selection is its spectral width. Since in Brillouin spectroscopy very small

shifts in the light frequency (on the order of several GHz) are measured, it is critical to

use lasers with very narrow spectral lines (preferably with full-width-half-maximum

(FWHM) <10 MHz).

We use an angle-resolved Brillouin setup with a sample mounted in the center of

the goniometer. In this setup measurements at any scattering angle from nearly 0 to 180

degrees are possible both in transmission and reflection, see Figure 2-21. As a result, a

wide range of phonon wave vectors (roughly 1 - 35 pm-') can be accessed. The sample

holder uses a separate rotation stage to adjust the orientation of the sample in a plane is

normal to the scattering plane. For single crystalline samples this adjustment allows

measurement of the phonon dispersion along any desired direction in the Brillouin zone.

Finally, most experiments described in this thesis are done in transmission geometry,

where the angle 0 between the incident light and the normal to the sample surface is

equal to the half of the scattering angle 9, see Figure 2-21. The unique experimental

advantage of this geometry is that the phonon wave vector does not depend on the



refractive index of the sample due to mutual cancellation of the refraction effects at the

front and back faces of the sample. It can be shown that the phonon wave vector in this

case is given by a simple formula

k= -sin -,
A02

(2-9)

where 0 = 2b is the scattering angle and A0 is the wavelength of light in air.

Figure 2-21. Symmetric scattering geometry in transmission BLS experiments. The

angle between the incident light and the normal to the sample plane is equal to the angle

between the scattered light and the normal to sample plane. In this geometry the phonon

wave vector does not depend on the refractive index of the sample.

From BLS spectroscopy, we measure the wave vectors at different angles of the

structured films we fabricate and obtain the sound velocity along the different directions

inside the structure. Due to the relationship between the longitudinal speed of sound and

the bulk modulus, c = -, we can analyze the mechanical properties of various
Sp

structures: c is the speed of sound, K is bulk modulus and p is density of the



structure. Bulk modulus is related to Young's modulus, which represents the elastic

properties, so we can extract out the elastic modulus from BLS measurements, if we

know Poisson's ratio of the structured polymer: K -
3 J(1- 2v)
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Chapter 3. Elastic Properties of 2Z Hexagonal Structures

In the previous chapter in section 2.2, we discussed a technique, interference

lithography (IL), which allowed us to fabricate various periodic and quasiperiodic

structures. In section 2.4, we described AFM nanoindentation as a characterization tool

to probe local mechanical properties. In this chapter we present the results of an

experimental investigation of the elastic properties of a 2D hexagonal air-cylinder and

the corresponding solid polymer film via AFM force measurements. The elastic

modulus is found to systematically vary as a function of location in the hexagonal air-

cylinder-epoxy film reflecting the local crosslink density of the polymer film.

3.1 Introduction to SU8 properties

To date only a few studies address the mechanical properties of SU8 under

microfabrication conditions. Feng and Farris' investigated the dependence of the

mechanical properties of 130 micron-thick SU8 films at different relatively simple

processing conditions such as post-exposure bake (PEB) temperature, time and

hardbake (HB) time (Fig. 3-1). The reported elastic moduli range from 0.7 GPa for the

as-cast glassy monomer to 2.7 GPa with PEB and HB for a UV-cured material (see

* This chapter is based on a paper published in Adv. Func. Mater 16, 1324-1330 (2006).
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Reducing the post-exposure bake time results in decreasing crosslinking

density, thus, a lower elastic modulus with an increase in elongation to break.1, 2 The

glass transition temperature of SU8 is 55TC in the uncured state and increases to 2300 C

for fully cured material with a linear relationship found between glass transition

temperature and crosslinking density and the degree of conversion of the epoxy groups

reaching 90% for e-beam curing.", 3
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Figure 3-1. Stress-strain curves for SU8 film at different stages of processing.' The

free standing samples peeled off from the substrate were tested under a tensile force.

Without the post-exposure bake, SU8 glassy monomer film exhibits a fairly large

strain at fracture (-30%). With post-exposure bake and hardbake, the film becomes

stiffer and more brittle.

The recent application of advanced optical microfabrication methods such as

holographic interference lithography (IL) for creating complex 2D and 3D

microstructures poses the question of the actual distribution of crosslink density and,

thus, the corresponding spatial distribution of mechanical and thermal properties within

these structures.4, 5 In accordance with usual consideration of MEMS structures,

Figure 3-1).



current approaches simply treat these complex porous microstructures as a two-phase

(polymer-air) composite with properties of the epoxy material assumed identical to that

of the corresponding bulk state.

In order to investigate the actual material properties of the complex

photopatterned materials fabricated by IL, we focus on the elucidation of the spatial

distribution of elastic and plastic properties of a relatively simple 2D microstructure.

Using atomic force microscopy (AFM), we conduct high-resolution nanomechanical

studies of the thin SU8 film having a hexagonal pattern of cylindrical air holes

fabricated via three-beam laser IL. A spatial distribution of the local elastic modulus,

which can be directly related to the symmetry of light intensity distribution within the

original interference pattern in the photoresist, is found with higher elastic modulus

observed for the node regions in accordance with the highest light intensity locations

(see Fig. 3-2, detailed measurements are in section 3.3.2).



iO

Figure 3-2. 2D light intensity distribution for three-beam interference used for the

fabrication of the patterned specimen along with primary lattice vectors for

corresponding 2D lattice; N stands for the regions of nodes having highest intensity and

B stands for the regions of beams having slightly lower intensity than nodes (see Figure

3-5).

Theoretically the difference in the light intensity between nodes (N) and beams

(B) is small as shown the brightness difference in Figure 3-2 and Figure 3-5 (c) and (d),

so that the expected corresponding difference in the elastic modulus should not be very

big. Moreover, since we test the samples at Ttesting < Tg (the testing temperature is

room temperature and the glass transition temperature of the crosslinked SU8 is around

100 'C from a differential scanning calorimetry (DSC) experiment), differences in

crosslink density will not be as easily detected as for Ttesting > Tg. 6

3.2 AFM Nanoindentation of Uncured and Cured SU8 films



Uncured and cured uniform 5 gm-thick SU8 films on glass substrates were first

tested by AFM nanoindentation for comparative purposes. Uncured film was prepared

with spin-coating of the SU8-cyclopentanone solution on a glass substrate and followed

by pre-baking at 650 C for 1 minute and 95 'C for 2 minutes for solvent evaporation. For

cured film the following procedure was conducted as explained in section 2.2: spin-

coating of SU8 solution, pre-baking, exposure with continous-wave (cw) 532 nm

Nd:YAG laser with a dose of 3 J/cm 2', post-exposure baking at 65 'C for 5 minutes,

developing in propylene glycol monomethyl ether acetate (PGMEA) and drying with

nitrogen gas. The films showed a very smooth surface topography with the RMS

microroughness of 0.3 nm for uncured films and the 0.9 nm for cured films (measured

within 3x3 gm 2 areas) indicating a little surface alteration after the laser beam exposure

and curing procedure used in this study (Fig. 3-3(a) and 3-4(a)). No significant

wrinkling of the polymer film observed indicates small or uniform shrinkage (-8%) and

insignificant residual stresses developing in the bulk crosslinked SU8 material as was

reported in previous studies.7 9



Uncured film Cured film 2D hexagonal film

Prebake 65 'C for 1 min and 65 'C for 1 min and 65 'C for 1 min and

95 'C for 2 min 95 'C for 2 min 95 'C for 2 min

Exposure None Io* = 3 J/ cm 2  lo* = 5.7 J/cm 2, total intensity

of 3 beams. Interference

pattern:

Imin = 1.2 J/cm 2

and Imax = 8 J/cm 2

PEB N/A 65 °C, 5 min 65 oC, 5 min

Develop N/A In PGMEA, 1 min In PGMEA, 2 min

*Exposure with 532nm, uniform intensity cw Nd:YAG laser.

Table 3-1. Processing conditions for uncured, cured uniform film and 2D hexagonally

structured SU8 films. Since they have same spin-coating rate, the film thicknesses of

three films should be similar with - 8% shrinkage of SU8. 8' 9 The exposure energies are

calculated with the measured power, exposure time and from the theoretical light

intensity distribution.

The surface distribution of the out-of plane elastic modulus data of the uncured

SU8 film obtained with static AFM force-volume micromapping with spatial resolution

of below 0.2 pm shows a relatively uniform modulus distribution and indentation depth

not exceeding 3 nm (Fig. 3-3(b)).' 0 The histogram of the surface distribution of the

elastic modulus confirms the expected uniform spatial distribution with virtually all



values obtained in the range from 500 to 1500 MPa and the average elastic modulus

measured of about 1 GPa (Fig. 3-3(c)). This value is close to that reported for bulk

uncured SU8 films (0.7 GPa) from tensile experiments for bulk specimens1 and

confirms virtually identical microscopic elastic response of thin films studied here to

macroscopic elasticity of the bulk material.
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Uncured SU8
1040+180 MPa
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Figure 3-3. AFM data for uncured SU8 film: (a) AFM topography image with 0.3 nm

RMS roughness. A white spot in the lower left is a dirt particle. (b) The surface

distribution of the elastic modulus from 16x16 force measurements (3x3pm2). (c) The

histogram of the elastic modulus distribution.
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Figure 3-4. AFM data for cured SU8 film: (a) AFM topography image with 0.9nm RMS

roughness. (b) The surface distribution of the elastic modulus from 16x16 force

measurements (2x2 ptm 2). (c) The histogram of the elastic modulus distribution.

The surface distribution of the elastic moduli obtained with spatial resolution

(below 0.1 lm) for cured SU8 films was uniform as well (Fig. 3-4(b)). The standard

deviation for different surface areas was 20% indicating little spatial and chemical

inhomogeneities at a microscale which can be generated by uniform light-initiated

crosslinking and chemical developing (Fig. 3-4(c)). The average elastic modulus after

curing increased significantly as compared with the uncured film and reached 3-4 GPa

C



(Fig. 3-4(c)). This value is fairly close to that obtained from macroscopic tensile

experiments (-4 GPa) for the bulk SU8 material. 1' 11,12

3.3 AFM Nanoindentation of 2D Hexagonal lattice SU8 film

3.3.1 Fabrication of 2D Hexagonal Lattice via IL

2D patterns were fabricated using three-beam holographic IL that allows

generation of periodic structures over large areas with high resolution. 13' 14 The

fabrication procedure involved the interference of three equal intensity laser beams and

the transfer of the resultant intensity pattern into an SU8 photoresist platform via laser-

initiated cationic polymerization as described in section 2.2.'5

To increase the adhesion between the glass substrate and SU8 layer, a 1 gm thick

buffer layer of SU8 was spin-coated (2,000 rpm, 1 min) and pre-baked (5 min at 95 oC).

It was then flood-exposed under the UV lamp and hard-baked at 1800C for 10 min.

This layer effectively improved adhesion of the patterned SU8 layer to the substrate and

prevented delamination during the developing process. Next, the SU8-cyclopentanone

solution was spun-coated on top of this existing SU8 film at a spin speed of 1000 rpm.

The coated photoresist was then pre-baked at 650 C for 1 min and 95TC for 2 min. The

exposure was done using a 532 nm Nd:YAG laser with an input intensity of 5.7 J/cm 2



(Io) to give the range of an exposure dose of 1.2 - 8.0 J/cm2 over areas with diameter

larger than 5 mm. The directions and polarization of the three beams are given by

k, = [0.0164, 0.0073, 0.0073],

k2 = [0.0073, 0.0164, 0.0073],

k3 = [0.0073, 0.0073, 0.0164],

E, = [0, -2.45, 2.45],

t2 = [0, -2.45, 2.45],

= [-0.97,-2.97, 1.75],

where each beam has same intensity of 10/3 = 1.9 J/cm 2. After baking the 6,AD-thick film

at 65 oC for 5 min, the resultant cationic photopolymerization only takes place in

regions that were exposed to high intensities of light. The uncured regions were

developed away in PGMEA and the film was finally rinsed with isopropyl alcohol to

yield the 2D porous photopatterned structure.

3.3.2 AFM Nanoindentation Measurements

The interference pattern was designed to create a 2D lattice with hexagonal

symmetry and pre-defined spacing (1.22 glm) and porosity level (40%). The 2D

distribution of light intensity created by three-beam IL is presented in Figure 3-5(a),

along with a sketch of a unit cell and primary lattice vectors for the 2D air-cylinder

lattice. The brighter spots represent the nodes (N) with the highest intensity and the

somewhat less intense regions are called beams (B) as marked in Figure 3-5(a). The

actual surface morphology of the photopatterned film showed a well-ordered, long-



range, 2D lattice with a hexagonal array of air holes closely resembling the theoretical

light "template" (black regions in Fig. 3-5(a)) as can be seen in SEM image (Fig. 3-

5(b)).

Intensity [ 11] Intensity [10]

-2000 -1000 1000 2000 -2000 -1000 1000 2000

Distance, nm Distance, nm

Figure 3-5. (a) 2D light intensity distribution for three-beam IL used for the fabrication

of the patterned specimen along with (inset) primary lattice vectors for corresponding

2D lattice; B and N stand for regions of beams and nodes of lattice. (b) Scanning

electron microscopy (SEM) image shows long-range ordered 2D hexagonal lattice; (c)

One-dimensional light intensity distribution along the [11] direction (y axis in arbitrary

values, DC offset is removed by amine). The intensity of each beam is assumed as 1

(=Io/3 (1.9 J/cm2)) in the graphs. (d) One-dimensional light intensity distribution along

the [10] direction.



The ID theoretical light distribution across the nodes and beams is shown in Figure 3-

5(c) and (d) along the [11] direction and along the [10] direction. The intensity of light

distribution along the [11] direction is a simple periodic function but a more complex

periodic intensity distribution is observed along the [10] direction with intensity slightly

lower for beams (marked B) between two neighboring nodes (marked N) (Fig. 3-5(c),

(d)).

The surface morphology of the 2D polymer films with higher resolution was

obtained using the tapping mode AFM in Figure 3-6. The AFM images revealed a well-

developed topography with an array of round holes penetrating through the polymer

film (Fig. 3-6(a)). A porosity level of about 40% and a spacing of 1220 nm were

estimated from the cross-section analysis and 2D Fourier transforms of the AFM images,

respectively. The polymer surface between the round holes was relatively smooth with

the local microroughness not exceeding 1 nm within 500x500 nm2 surface areas, which

satisfies assumptions of Hertzian model for interpreting the mechanical data. The

nanomechanical measurements were conducted in the elastic regime with an indentation

depth of less than 2 nm allowing full elastic recovery of the tested surface areas after

probing (Fig. 3-6(b)). Each pixel in Figure 3-6(b) has 80 nm x 80 nm lateral dimensions

and represents the entire surface area for a single force measurement. The estimated



contact area for a single nanoprobe experiment did not exceed 1 nm2 which is very

small so that the distance between two successive indentations (80 nm) precluded

interference related to stress generation. Having the Force-Volume scan mode of the

Figure 3-6. (a) 3D surface topography of the specimen with the hexagonal pattern (4x4

[m2, the tapping mode) and (b) 3D topography of the surface areas mapped with 32x32

force spectroscopy (2.5x2.5 jim2); each pixel in the force scan represents one force

measurement. The frequency of each measurement was 1 Hz.

AFM, high-resolution topographical images were simultaneously obtained with

nanomechanical property (modulus) images (shown as a 32x32 array of small square

pixels) and were very similar to those images obtained with conventional tapping mode

scanning (Fig. 3-7(a)). In the course of AFM micromapping, the AFM tip indented the

surface in the center of this area, pulled off, and moved to a neighbor surface area for

the next test. The force-distance data obtained were converted to the loading curve

(load vs indentation depth) for the evaluation of the surface stiffness and calculation of

the elastic modulus by applying the Hertzian model of the elastic deformation by semi-

spherical indenter interacting with planar elastic solid (see details in section 2.4).



We selected two surface areas representing beams and nodes which excluded the

surface areas in the vicinity to the holes (Fig. 3-7(a)) and calculated statistical

distribution of the elastic moduli for these areas (Fig. 3-7(b)). The average elastic

modulus obtained from the histograms for the nodes was 1480 ± 460 MPa, which was

higher than that calculated for the beam areas, 1120 + 590 MPa. This tendency of the

variation in elastic moduli was always observed in testing different equivalent spots in

the sample. The difference in the elastic moduli was not significant but this weak

variation between nodes and beams was expected from the fundamental mechanics of

crosslinked polymers since noncrystalline polymers do not have a strong dependence of

elastic modulus on the crosslink density below the glass transition temperature.

EB= 1120± 590 MPa

0i MPa

Elastic 1000 modulus ( Pa)
Elastic modulus (MPa)

3000

Figure 3-7. (a) 32x32 high-resolution AFM topography during force micromapping of

the 2x2 lm 2 surface area. (b) Combined surface histograms collected for selected

surface areas (500x500 nm2) for nodes (black boxes) and beams (grey boxes).
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We suggest that the observed location-dependent variation of the elastic moduli

is caused by the spatial variation of the material properties "templated" by the light

distribution within the interference pattern. 16 The variable light distribution results in

variable crosslink density and hence corresponding materials properties such as elastic

modulus, glass transition, or plasticity behavior. 11' 17, 18 In IL, crosslink density

depends on dose, cure conditions and the distribution of the amine compensator. In

fact, the close to linear relationship between the exposure dose and the crosslink density

above the dissolution threshold is confirmed in this study by microprobing SU8

materials uniformly exposed to light doses (532 nm Nd:YAG laser) from 0.38 to 3.8

J/cm 2 in Figure 3-8. Four cured SU8 samples with exposure to be the green laser were

prepared with different light doses (0.38, 0.76, 2.28 and 3.80 J/cm 2) and then tested by

AFM nanoindentation. The average elastic modulus from each sample is plotted in

Figure 3-8. Even though we do not have many dose points, the results suggest an initial

linear relationship between the elastic modulus from the crosslink density and exposure

dose before reaching a plateau. The plateau region showed that the crosslink density

and the following elastic modulus are fully saturated above a certain amount of light

energy. The value of elastic modulus also matches well with the value (3.4 GPa) of the

cured uniformly exposed SU8 films in section 3.2.
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Figure 3-8. The linear relationship before obtaining a certain light energy and the

plateau after saturation of crosslinking between elastic modulus and exposure dose

obtained by AFM force measurement. Error bars represent less than 20% standard

deviation.

3.4 Conclusion

The 2D hexagonal-photopatterned films fabricated here can be considered as

composite networks with potentially unique properties associated with the non-uniform

distribution of elastic properties imprinted by the interference pattern. In fact, we

observed interesting plastic deformation of shear and bending in these perforated films

in Figure 3-9. SU8 films are capable of high plastic behavior with significant local

deformation of individual cells and large scale deformation of the whole net. Although

this unusual behavior requires further investigation, we can speculate that precise

control of the non-uniform internal elastic properties within IL-microfabricated polymer

structures makes these structures highly deformable and opens potential paths for



photopatterned polymeric materials with efficient energy absorption on a sub-

micrometer scale.

Fig. 3-9(a)

Fig. 3-9(b)

Porosity (p)

0.26

0.52

Strainl, I1

02.26

2.26

Strain2, c2

0

0.84

Figure 3-9. SEM micrograph of a stretched and twisted polymer (the first layer is on top

of the undeformed underlying layer) with a 2D hexagonal air-cylinder pattern,
demonstrating regions with large plastic behavior. Comparing locations (a) and (b), we

estimate a local strain up to 230 % in largely deformed locations as described in the

table.

3.5 Future work



In this chapter, we have measured the elastic modulus of 2D air-cylinder and

SU8 structure via AFM nanoindentation at Ttesting < Tg. The difference in elastic

modulus according to the light intensity distribution was not big. It is of interest to

investigate the same structures of different materials such as elastomeric materials in

order to see differences at Ttesting > Tg. Elastomers are interesting with their low glass

transition temperatures for AFM nanoindentation and dynamic tensile testing.
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Chapter 4. Length Scale Dependence of 3D Polymeric Microframe

Deformation *

In the previous chapter, we observed the microscopic spatial distribution of out-

of-plane elastic modulus in a 2D hexagonal air-cylinder and polymer film. In addition to

the local elastic properties of the 2D periodic structure, in this chapter we extend our

investigation to the plastic behavior of 3D submicron-scale periodic microframe

fabricated in the epoxy SU8 via four-beam interference lithography (IL). We fabricated a

three-dimensionally designed and structured air-polymer composite, characterized the

mechanical behavior of the structure and observed symmetry-guided fracture and plastic

deformation. An unusual plastic behavior was observed for the 3D microframe. The

structure exhibits a length scale dependence of the deformations unlike the brittle

behavior of bulk SU8.

The large area (5 mm diameter), periodic and porous polymer/air structures are

fabricated from negative Novolak-resin photoresist and due to their length scale

dependent mechanical behavior, exhibit interesting deformational characteristics (e.g.

necking of crosslinked struts and their evolution into long fibrils) with ultimate strains

reaching - 300 %, much higher than the strains attainable in bulk films of either the fully

* This chapter is based on a paper published in Adv Mater 18, 2123-2136 (2006).



crosslinked solid polymeric material or the glassy monomer precursor. The unique

deformation and fracture behavior of the polymer networks reported here demonstrates

the promise of rational design and fabrication of lightweight bicontinuous network

nanocomposite materials via IL.

4.1 3D Microframe: Design, Fabrication and Mechanical Applications

Materials science, especially metallurgy has long exploited the relationship

between submicron length scale arising from various processing routes and resultant

properties with increasing emphasis on the benefits of ultra-fine scale structures. Critical

elements for the design of lightweight materials for mechanical applications include

means for stiffening, strengthening as well as providing energy absorption and

controlled crack propagation.1-4 Combinations of hard and soft components, control over

component size, shape, and arrangement, and attention to interfacial strength are widely

used to design composite materials with superior properties.

Man-made ordered composites are typically assembled via machine or hand lay-

up and generally rely on macroscopic components. On the other hand, load bearing

structures in nature are much more complex, often using a combination of hard (e.g.

calcite) and soft (e.g. proteins) components and importantly, feature elegant self

organized hierarchical designs extending from the nanometer to the mm scale.5



Moreover, nature has evolved certain structures into nearly optimized mechanical

designs. 6 Most of the current man-made submicron scale composites provide little

control over the detailed microstructure of the respective components.7 For example,

recent efforts on polymer-carbon nanotube composites currently lack the processing

ability to pattern the components at various length scales to create optimally designed

materials. Patterning by self assembly is one means to mimic nature but at present most

ordered structures occur more by happenchance than by purposeful design and the

pattern is achieved normally only at one length scale. Taking advantage of length scale

dependent mechanical properties is another strategy used by nature to tailor mechanical

behavior.5 Polymeric materials in particular are also sensitive to the influence of sample

dimensions on properties, for example, below a critical film thickness, brittle polymers

can exhibit increased strain to break and improved toughness. 8' 9

Lightweight microframe structural materials possessing load bearing capabilities

approaching those theoretical limits have recently been constructed from millimeter size

metallic assemblies.' 0 Their open architecture provides for a density well below 10 % of

that for the corresponding bulk materials." Several structures have been fabricated,

tested, and theoretically analyzed. However, for feature sizes at the millimeter scale, the

material's mechanical properties are not size dependent, indeed, theoretical models that



rely only on inputting a constitutive equation based on bulk material behavior along with

the particular truss geometry do a very good job of capturing the experimentally

observed behavior. Designs that provide conditions such that beams are under

compression or tension while avoiding bending, which are defined as microtrusses in

section 2.1 are desired for stiffness and strength. In particular pyramidal and

octahedral frame structures provide maximum stiffness and strength at a given density.12

In addition to outstanding specific mechanical properties, the open structure and high

surface area [m2/g] of microframes add additional functionality such as the ability to

cool by flowing a continuous fluidic phase through the structure. 13

Recent developments in laser IL demonstrate the ability for fast fabrication of

complex polymeric structures with long-range periodic order. 14 IL can create connected

submicron sized elements in complex 2D and 3D networks (all possible crystal lattice

symmetries) 15 with micron to submicron spacings. Such periodic structures created with

IL are being pursued for photonic 14-16 and phononic17 applications. Periodic high

porosity polymeric structures are also attractive candidates for mechanical applications.

The polymeric material used for the "skeleton" network of members exhibits appropriate

mechanical properties, and the chosen geometry of the 3D structure provides proper

mechanical load distribution.



4.2 Fabrication of 3D Polymer Microframes via IL

We use holographic IL to fabricate a 3D polymer microframe having a four-

functional network geometry with submicron periodicity, low density (- 0.3 g cm 3) and

200 nm feature size. As a first attempt to fabricate and mechanically test a 3D polymer

microframe, we used multiple IL to pattern Novolak-resin (SU8). SU8 is widely used

as a robust negative photoresist for microelectromechanical devices.' 8 The details about

the material, SU8, and IL procedure are described in section 2.2. The glass support was

treated with a thin (700 nm) buffer layer of pre-crosslinked SU8 material to assure firm

attachment of the structured polymer film to the substrate via chemical grafting to

enable subsequent mechanical peeling experiments. The exposure was done using a 53

2 nm Nd:YAG laser and the Gaussian output was converted into a flat top function

using a refractive beam shaper. By post-exposure baking of the 8.5 tIm-thick film

(thickness measured with profilometer, P10 Tencor Surface Profiler) the resultant

cationic photopolymerization takes place in regions that were exposed to high intensities

of light. To avoid collapse of the 3D microframe structure, CO2 supercritical drying is

applied after developing the uncured regions to yield the final 3D porous microframe

structure over areas as large as 5 mm in diameter.

Our 3D microstructure is an elongated IL variant of the classic Yablonovite



photonic structure19 with a symmetry close to that of the space group #166, R3m. The

final directions and polarizations of the beams inside the photoresist are given by:

ko  = [0.0112, 0.0112, 0.0112],

k2 = [0.0073, 0.0164, 0.0073],

k3 = [0.0073, 0.0073, 0.0164],

k3 = [0.0073, 0.0073, 0.0164],

= [0, -5.74, 5.74],

= [0, -2.45, 2.45],

= [-0.97,-2.97, 1.75],

= [-0.97,-2.97, 1.75],

The structure is a four-functional network and can be envisioned as a type of

continuously joined set of polymer nodes and members, having a basic unit comprised of a

thick vertical post (L/D - 2.3) supporting three thinner struts (L/D - 3.2) where L is the

length and D is the diameter (see Fig. 4-1).20 The structure is defined by the distribution

of crosslinks in the photoresist arising from the light intensity distribution determined by

the laser beam parameters (directions, polarizations, amplitudes and phases). For the

present IL defined network members having aspect ratios of only 2-3, transverse loads

create shear stresses across the members in addition to bending.

To gain a better understanding of our structure, the theoretical light distribution

at different sections of the unit cell as well as the corresponding schematic views of

different orientations of the theoretical 3D structure are presented in Figure 4-1(a) and

(b). The high intensity regions of the interference pattern result in regions of high



crosslink density, while dark regions correspond to low crosslink density, as we studied

in chapter 3. During the development process, the weakly crosslinked material is

removed, leaving a connected pore space between the crosslinked epoxy regions.21 The

unit cell is comprised of three layers illustrated by the different colors in Figure 4-1(c).

2
The section at height -c shows the successive lateral shift of the basic motif. The

3

view along [0 0 0 1] shows a 3-fold pattern of members and nodes with the color

indicating the height in the unit cell (see Fig. 4-1(b)).

perpendicular to [1 1

SEM images of planes

2 0] and [0 0 0 1] show good correspondence between the SU8

structure and the theoretical model (compare Figs. 4-1(b), 4-1(c) with the insets in 4-

1(e)). The overall 8.5 jtm-thick microframe polymer film includes 2 unit cells with six

sub layers composed of staggered vertical posts with average height of 1400 nm,

diameter of 500 nm and spacing of 980 nm as evaluated from the side view (Fig. 4-1(e)).

We estimate sample porosity at about 70 % by comparison of SEM images with various

level set representations of the structure and from assigning sizes to the struts and

computing the volume fraction occupied by the epoxy network in the unit cell.
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Figure 4-1. Microframe polymer structures fabricated by 3D interference lithography.

(a) Theoretical 2D light intensity distributions at various heights within the unit cell (the

middle image is binarized to correspond to the final developed structure). The triangles

are for locating the same region in each image (b) View normal to the (0001) plane of

the microframe structure. The colors correspond to struts at c/3, 2c/3 and c. (c) Views

normal to the (1 1 2 0) and (1 0 1 0) planes of the microframe structure. (d)

Perspective view of the structure with the basic four-functional element as the inset. The

sub cell dimensions are - 1400 nm x 1000 nm x 870 nm. The three thinner struts have a

diameter about 200 nm and length of 640 nm and the thicker vertical post has a diameter

of 500 nm and length of 1100 nm. (e) SEM image of the 3D-microframe fabricated in

SU8. The insets show magnified views of the top (lower right) and cross sectional

(upper right) surfaces corresponding to the schematic views in b and c.
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4.3 Length Scale Dependence on the Mechanical Behavior of the Microframe

In order to make a preliminary assessment of the deformation behavior of the

microframe film, we employed a simple peeling process that involves applying adhesive

tape to the structure and peeling off a portion of the film. The remaining film is then

transferred onto carbon tape and mounted in an SEM holder. Peeling involves a complex

interplay of forces and allows us to observe the mechanical response of the microframe

structure in a wide variety of deformational modes. We thus see the effect of tension,

bending, compression, and shearing on our sample. Inspection of the film (see Fig. 4-2, 4-

3) reveals a host of interesting morphologies related to fracture and various types of

deformation.

Features associated with failure include long, straight, micron-wide

following easy fracture directions (Fig. 4-2(a) and (b)) and penny shaped cracks extending

inwards from the surface towards the substrate (Fig. 4-2(c)). The planes of easy fracture

are parallel to the thick post and always involved the failure of the thinner transversely

oriented struts in accordance with the 3-fold symmetry in the [0 0 0 1] planes.

cracks



Figure 4-2. SEM images of fracture within the polymer microframe. (a) Region where

cracks are guided by planes of easy fracture with 3-fold symmetry. (b) View showing a

region with intersecting { 1 1 2 0} facets with an apex angle of 60 degrees. (c) Region

where surface-initiated cracks penetrate towards the substrate.

Unusual behavior is observed while examining the modes of failure of the thinner

members. Here we observe portions of microframe bridging across wide cracks (Fig. 4-

3(a)), highly stretched members in front of arrested cracks (Fig. 4-3(b)), and crushed and

densified areas in regions of compression (Fig. 4-3(c)). The diameter of the most highly

stretched members decreases to approximately 70 nm from the original 200nm. By

comparison of the strut length in unperturbed unit cells with those in deformed regions,

member strain can be estimated and is upwards of 300 % (see elongated members in Fig.



4-3(b)). The strain to failure of the 100 nm features is about an order of magnitude

higher than that observed for uncured (cf - 30 %) and for fully crosslinked Novolak resins

(Ef- 8-10 %).22 The plasticity of the fine scale structure is further evidenced in the

formation of fibrils in regions of high extension, due to pull out and alignment of posts and

struts (Fig. 4-3(d) and (e)).



a

Figure 4-3. SEM images of the microframe structure showing plastic deformation. (a)

Area with a microframe bridge extending from one side of a crack to the other. The inset

shows extensive shear, bending and microplastic deformation of the structure near the

left terminus of the bridge. (b) Evidence of tensile deformation and fracture of

transverse struts with up to several hundred % strain (e.g. circled strut) in the vicinity of

a crack. The local strain can be estimated based on the departure of the strut and node

pattern from the initial undeformed unit cell structure (right side of image). (c) Portion

of film that was compressed, showing the collapsed microframe region at left. (d) (left)

Cross section of a region of the film where the structure has been plastically deformed.

(right) Fibrils formed due to peeling of microframe from substrate. (e) Schematic

depicting how long fibrils form via stretch-alignment of vertical and transverse struts.
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Figure 4-4. (a) A Representative Volume Element (in the center box) of the 3D

microframe by applying a 2D micromechanical model with periodic boundary

conditions under multiaxial loading. (b) The predicted deformation under a tension

along the thick post direction (00). (c) The predicted deformation under a tension along

the perpendicular to the thick post (900). (d) The predicted deformation under a

compression explains the observed SEM micrograph with the deformed RVEs. (e)

Applying shear to the RVE represents the deformation of elongated fibrils on the

substrate. Arrows in each figure show the loading direction. Modeling conducted by Dr.

Lifeng Wang in professor Mary C. Boyce in mechanical engineering at MIT.
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To understand and predict the multiaxial large deformation behavior, we developed

a 2D micromechanical model for our microframe structural polymer. Having a basic unit

of a four-functional element as shown in Figure 4-1 (d), we defined a representative

volume element (RVE) in 2D finite element modeling in Figure 4-4 (a). Each RVE is

spatially periodic and there is no separation or overlap between the neighboring RVEs.

When such an RVE is subjected to macroscopic loading of deformation history, periodic

boundary conditions must be applied to the surface of RVE. The large-strain elastic-

viscoplastic behavior of glass polymer23, 24 was applied for matrix constitutive behavior.

With inputs of geometry, constitutive behavior and materials constants of SU8, we

investigated the response and underlying local deformation under various loading

conditions. Figure 4-4 (b-e) shows the predicted deformations in time under tension with

two different directions (00 and 900), compression and shear. Under a tension (Fig. 4-4(b)),

the thin beams firstly start to deform and undergo neck-formation and then, the thick posts

deform afterwards. At several necking points, we observed sudden stress drops in stress-

strain curves (not shown). The deformations by the modeling of compression and shear in

Figure 4-4(d) and (e) elucidate well SEM micrographs we observed under the complicated

applying force.

In Figure 4-5 two SEM micrographs recapitulated the interesting deformation



behavior of SU8 3D microframe within several hundred jim2. Shown in Figure 4-5(a), by

tension forces struts were elongated, broken, contracted and bent after breaking, and the

penny-shape crack formation from the surface were observed within the area of 100 jtm 2.

In Figure 4-5(b), the half of the region where the structure remained exhibits compression

and shear as the 2D micromechanical modeling demonstrated. In the other half where

some parts of 3D microframe were removed, we observed that the residual SU8 on the

substrate preserves the symmetry and some of the struts were drawn and made as self-

supporting pillars. With these evidences, we are able to say that the periodic microframe

undergoes substantial energy absorption through various deformation modes.
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Figure 4-5. SEM micrographs of multiaxial loading on the 3D periodic microframe;

most of predicted deformations from 2D micromechanical modeling were observed in a

single SEM image. (a) In this SEM image SU8 microframe exhibits strut-stretching and

contraction after break (black circles), penny-shape crack formation (white ellipses)

where has extended, broken, bent and contracted struts, neck-forming (white circles and

ellipses) by overall tension. (b) Compression, shear (black circles) and residual pillars

adhered to the substrate were shown in the SEM micrograph.
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We can explain the highly ductile failures of the normally brittle SU8 epoxy

primarily as a result of two effects: the creation of the very small diameter epoxy members

and attainment of an intermediate crosslink density. Kramer's group has shown for

glassy amorphous polymers that below a critical film thickness ( -100 nm-1000 nm), the

strain to break can approach the maximum expected draw ratio of the entanglement

networks or crosslinked network. 25 Van der Sanden and Meijer26 investigated a

thermosetting polymer and found a similar critical ligament thickness, below which the

strain to failure greatly increased. For highly crosslinked SU8 material, the glass transition

temperature is 230 oC27, compared to 55 oC for the uncured monomer.22 The glass

transition temperature determined by DSC of our structured polymer film was

approximately 100 oC consistent with partially crosslinked material. Thermal properties

and extent of crosslinking were evaluated by a TA instruments Differential Scanning

Calorimeter (Q 1000) by scanning from 30 TC to 250 TC with a heating rate of 20 oC min-1

under a nitrogen purge. Samples for DSC were collected by scraping the crosslinked film

from the substrate. In order to eliminate the possibility of the behavior being due to the

presence of solvent, we conducted spectroscopic studies (Total Reflectance Fourier

Transform Infrared Spectra (ATR FT-IR mode) using NEXUS 870 FT-IR (Thermo

Nicolet)), which revealed no detectable residual solvent after developing and drying
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(supercritical CO2).

4.4 Conclusion

Periodic microframe structures can direct crack propagation along certain

crystallographic directions and also exhibit enhanced plastic response. The remarkable

large plastic deformation exhibited in the microframe structure derives from the hundred

nm length scale of the individual members, facilitated by crosslink density gradients in

the epoxy, with the more highly crosslinked nodes being less deformable than the less

densely crosslinked struts. 28 Deformation mechanisms characteristic to a nanoscale

structure combined with a purposeful mechanical design suggest a pathway for creating

new ultra light, mechanically dissipative structures.
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Chapter 5. Mechanical Properties of 3D Quasiperiodic Nanostructures

In the previous chapters we investigated the elastic and plastic properties of 2D

and 3D periodic structures in epoxy photoresist films and observed the spatial variation

of elastic moduli corresponding with light intensity distribution in the 2D hexagonal air-

cylinder and polymer structure, and extensive plastic deformation (-300% elongation)

for submicron feature sizes in the 3D periodic microframe. Our interests now move to

quasiperiodic structures of the same SU8 material and same feature size. Using an

octagonal-pattemed phase mask described in section 2.3, 3D nanostructured

quasicrystals (QC) with an octagonal axial symmetry were fabricated in SU8 films. After

peeling off from the substrate, the freestanding QC SU8 films with the thin SU8 buffer

layer were tested in the microtensile tester to characterize their large strain mechanical

properties via stress-strain curves. Additional small strain mechanical characterization

was made via Brillouin Light Scattering (BLS) conducted on the QC SU8 films on a thin

SU8 buffer layer on a glass substrate by varying the incident angles and orientations.

BLS measurements allowed us to verify the isotropic in-plane elastic modulus (E) in the

octagonal symmetry and to explore the effect of hardbaking on the modulus.

* This chapter is based in part on a paper published in Adv. Mater 19, 1403-1407 (2007).
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5.1 Quasicrystals and Their Properties for Last Two Decades

Discovered in 19841, 2, the first quasicrystals were metallic alloys of specific

compositions having non-crystallographic multifold rotational symmetries without

overall translational symmetry.3 There are three classes of quasicrystals: 1D

quasicrystals (e.g. Fibonacci series), axial (polygonal) quasicrystals being quasiperiodic

in 2D and with one periodic direction perpendicular to the quasiperiodic layers, and 3D

quasicrystals (icosahedral symmetry).

Metallic alloy quasicrystals have shown interesting physical and mechanical

properties associated with their unique structure; they are known for extraordinary

hardness and wear resistance, low coefficients of friction and low heat conductivity

under certain test conditions. 4-7 Investigations of their mechanical properties have shown

that dislocation-controlled mechanisms are responsible for deformation in QC metal

films.7, 8 Due to their extreme hardness and brittleness, without any atomic

displacements at ambient temperature, most of these mechanical studies have been

performed at high temperatures when quasicrystals become deformable (e.g. T >

500 oC).7-9

QC polymeric materials patterned on submicron scales have been fabricated10-14

15-17 , and have been shown to exhibit similar structural characteristics as metallic QC.
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Polymeric 2D quasicrystals have been made on the micron scale in photoresist polymers

by multibeam and multiexposure interference lithotgraphy. 10-14 3D quasicrystals with

structural features from hundred-micron to millimeter length scales have been made by

direct writing techniques 15-17 . Artificially patterned QC structures have attracted

significant attention due to their promising applications as photonic and phononic

crystals.11, 13, 15-17 While studies of the photonic properties of the 2D and 3D

quasicrystals have been reported recently l l' 16, 17 but the mechanical properties of IL

fabricated 3D polymeric quasicrystals are not widely explored yet, unlike for QC

metallic alloys

A challenge is to create 3D QC patterns on a 100nm scale. Using QC phase mask

lithography8, 19 (QCPML) we successfully fabricated 3D quasicrystals having eight-fold

rotation axes on a submicron length scale in photoresist films and further characterized

their mechanical behavior in the following sections.

5.2 Effect of Disorder on the Mechanical Properties of Composites

Fava and coworkers 20 studied the mechanical properties of a composite

comprised of an elastomeric matrix with dispersed hard particles made of rigid core and

soft shell. They demonstrated that the films with a random distribution of hard

particles exhibit 25-30 % higher indenting stress than those with the particles in an
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ordered distribution at a given particle volume fraction (30 %).

this behavior was that in face-centered cubic (fcc) ordered films, the deformation takes

place by shear aligning the hard particles in zigzag patterns on the octahedral (111)

planes, while the random distribution of the particles in disordered films blocks shear at

low stress levels. Particle distribution in the matrix became an important factor for the

resistance to deformation, energy absorption and the propagation of energy.

In the present investigation, the structural order of our polymer QC composites

(polymer - air) is intermediate between crystalline (translationally periodic) and fully

random structures. Furthermore, our QC samples consist of self-sustaining, polymer-

air bicontinuous interpenetrating networks where each phase is continuously connected

and intertwined with the other phase. This leads us to study 3D polymer-air quasicrystals

as well as 3D polymer-air crystals 21 in terms of mechanical properties.

5.3 Fabrication of Octagonal Quasicrystals

The 3D octagonal QC SU8 films were fabricated by quasicrystalline phase mask

lithography (QCPML) using 2D quasiperiodic poly(dimethylsiloxane) (PDMS) phase

masks. To create the 2D QC phase masks, we molded transparent PDMS onto 2D

octagonal QC (QC) silica templates following typical procedures.22 The fabrication of

the 2D octagonal QC silica templates via Lloyd's mirror IL is described in detail in
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section 2.3.18, 23 An SEM picture of a 2D QC PDMS mask is presented in Figure 5-1(a),

where a 60% fill fraction mask was replicated from a 40% fill fraction 2D octagonal QC

template with a relief height of 500nm. The multiple grating-patterns in positive

photoresist (PR) layer were fabricated by 4 exposures of 800nm period ID gratings with

subsequent 45' rotations. In regions where the exposure dose exceeds a certain threshold,

the positive PR becomes soluble, and the remaining PR pattern is then transferred by

CHF3 reactive ion etching (RIE) into the 20nm SiO2 interlayer.

Figure 5-1(b) is a digital photograph of the corresponding diffraction pattern

obtained from a 355nm laser beam at normal incidence onto the PDMS phase mask

shown in Figure 5-1(a). This diffraction pattern shows the octagonal, 8mm point group

symmetry, and qualitatively resembles the diffraction patterns of octagonal metallic

alloy quasicrystals. 24
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(a) (b) (c)

(d)

Figure 5-1. (a) SEM image of a 2D octagonal quasiperiodic PDMS phase mask, and (b)

corresponding diffraction pattern produced by a laser beam (355nm) at normal

incidence. (c) Cross-sectional SEM image of the 3D nanostructured quasiperiodic

scaffold recorded in SU-8 by an expanded, flat-top 364nm laser beam passing through

the phase mask in (a), and (d) corresponding plane-view SEM of its surface. Yellow box

in (d) shows the diffraction pattern of the -1x2cm size 3D QC. (e) Magnified area from

(d), showing sub-surface structured details. The red lines in the structure represent 3-

connected or 4-connected at nodes in plane.

Using the PDMS phase mask, we fabricate 3D QC structures via QCPML. The

glass substrate was coated with a 1.5 im-thick buffer layer of hard-crosslinked SU8

material for the firm adhesion of the structured scaffold to the substrate. The

subsequently coated SU8 films were exposed using a 355nm Nd:YAG laser with the

dose of 0.18 J/cm 2 for creating QC patterns (shown in Fig. 5-1(c-e)). The following

procedures were carried out as discussed in section 2.3.
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Figures 5-1(c-e) show plan-view and side-view SEM images of a bicontinuous

3D QC structure with octagonal symmetry produced via QCPML. The sample

morphology was analyzed by SEM (JEOL 6060) after cross sectional polishing (JEOL).

These structures were recorded in a 6 pm thick layer of SU8 photoresist by a flat-top

364nm laser beam passing through the 2D octagonal QC PDMS phase mask shown in

Figure 5-1(a) placed in conformal contact with the SU8 layer. The magnified image in

Figure 5-1(e) details the sub-surface structure of the fabricated 3D QC SU8 scaffold.

In order to investigate the 3D nature of the fabricated QC, confocal microscopy

was conducted on the sample shown in Figure 5-1(d). The porous SU8 scaffold was

filled with rhodamine 6G glycerol solution, and the confocal images captured in

fluorescent mode using a 488nm Ar-ion laser. Images at various depths from the surface

(0 > z > -5.0 lm) are shown in Figure 5-2(b). Note that the brighter regions containing

the dye correspond to air channels in the original SU8 structure. This series of z-depth

dependent images demonstrates that the octagonal quasiperiodicity is preserved

throughout the entire thickness of the SU8 film. For example, note the approximate

structural inversion at z = - 0.5 pm and - 4.0 pm, where the solid SU8 regions (darker

pixels) reverse into void space (brighter pixels), and vice-versa.
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Figure 5-2. Confocal microscopy images of the 3D quasiperiodic SU8 scaffold shown in

Figure 5-1(d) taken in fluorescent mode using a 488nm Ar-ion laser. Brighter regions

correspond to air channels in the original SU-8 structure. The octagonal quasicrystalline

symmetry is preserved throughout the thickness of the structured film. The plan-view

SEM picture of the SU8 scaffold surface is given as a reference for the z = 0 location.

In collaboration with CheongYang Koh (DMSE, MIT), we calculated the 3D

octagonal QC structure using the octagonal phase mask via a generalized form of the

Fourier Modal Method, 25 typically used in computing diffraction efficiencies in 2D

gratings. The calculated model using the conditions of phase mask is shown in Figure 5-

3(b) agrees very well with the fabricated SU8 QC structure from the phase mask. For

example, in the thickness range from z = -0.5 wm and z = -4.5 lim in Figure 5-3, the blue
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top layer and the gold bottom layer in the calculation are shifted sideways as observed in

confocal images in Figure 5-2. Further use of this method of structure prediction

calculation based on the Fourier Modal Method 2 5 will be very valuable to guide the

fabrication of phase masks for desired target 3D structures.
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Figure 5-3. The computation of diffraction efficiencies in a set of 2D gratings for the

octagonal QC structure from the 2D octagonal phase mask which has 300nm periodicity,

60% volume faction with 364 nm exposure wavelength and the refractive index of 1.62

from SU8. (a) SEM micrograph of QC structure. (b) The calculated model corresponds

very well with the resultant structure in the SEM. (c) The top half of the structure in

plane at -0.5 rim. (d) The bottom half of the structure which is staggered to the top layer

at -4.0 lpm. (e) The top layer (blue) and the bottom layer (yellow) shown at the same

time of z range from -0.5 to -4 inm. Courtesy of CheongYang Koh. (DMSE, MIT).
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5.4 Brillouin Light Scattering

Quasicrystals

It is known that the elastic moduli (E) tensor is expected to be isotropic in the

plane normal to the rotation axis when the structure has more than one axis of three-fold

rotational symmetry in 2D and six axes of 5-fold symmetry in 3D by crystallography.26

It is also found that the E tensor is isotropic in linear elastic properties for octagonal and

dodecagonal axial quasicrystals according to Hermann's theorem for analysis of

elasticity in quasicrystals.2 7 In order to experimentally investigate the isotropy of elastic

modulus in our SU8 axial QC films, we used Brillouin Light Scattering (BLS) to

measure the velocities of sound along different directions in the plane perpendicular to

the axial direction. Specifically, an azimuthal angle (9p) range of 00, 50, 100, 150, 200 and

22.50 was investigated, where 00 was chosen to correspond to a mirror axis, as shown in

Figure 5-4(a). Figure 5-4(b) presents a representative BLS spectrum of the SU8 QC film

obtained at a scattering angle of 240 showing phonon peaks arising from the SU8 QC

structure and from the glass substrate. These measurements from 0 to 22.5 degrees

provide sufficient information for all directions in the structure due to the 8-fold

rotational symmetry.
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Figure 5-4. (a) BLS measurements were conducted with six different orientations of an

azimuthal angle ((p) in plane from 0 (on a mirror axis) to 22.5' counter-clockwise at a

fixed wave vector, k. (b) BLS spectrum taken at 24 0 for the k scattering angle (k = 4.9

lim -1) and 0' orientation shows peaks from SU8 QC structure (at f =1.79 GHz) and from

glass (at f= 4.52 GHz).
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Figure 5-5. (a) Plot of frequency dispersion measured in six different orientations in

plane (00, 50, 100, 150, 200 and 22.50) at three different scattering angles (200, 240 and

280), which provide sufficient information for all directions associated with 8-fold

rotational symmetry. The slopes represent the sound velocity in glass (upper line) and in

SU8 QC PEB film (lower line): the average sound velocity in SU8 QC PEB film is 2300

m/s. (b) Azimuthal plot of sound velocity of SU8 QC PEB film. With the proportional

relationship between the sound velocity and the modulus, this plot shows the isotropy of

the in-plane modulus in the SU8 QC structure. Using the measurements from 6

directions, the other values are replicated by applying rotational symmetry.
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In order to minimize undesired light scattering from refractive index variations in

the sample, in our BLS measurements the SU8 QC PEB film was infiltrated with an

index matching phenylmethyl silicone fluid with refractive index, n=1.62 (at 532 nm),

density p=1.097 g/cm 3, and longitudinal speed of sound cL= 2 0 3 0 m/s. 28 The refractive

index of SU8 epoxy is nepoxy=l.62 (at 532 nm), while its density and sound velocities are

CL-epoxy= 2 8 6 0 m/s and ctepoxy= 180 0 m/s, respectively.

experimentally varying the scattering angle, the frequency dispersion shown in Figure 5-

5(a) was obtained for a multitude of azimuthal angles, and from the slope of the

frequency dispersion we calculated an average longitudinal speed of sound cL of 2300

m/s for the SU8 QC structure. The data for the speed of sound in a range of in-plane

directions (azimuthal angles from 0 to 22.50). were plotted in a radial graph (Fig. 5-5(b))

showing the isotropy of the in-plane modulus of SU8 QC structure from the relationship

between the speed of sound and the moduluscL = . From this relationship, the

corresponding effective bulk modulus (Keff) of the SU8-fluid structure from the

calculated speed of sound (2300 m/s) is 6.07 GPa, assuming an effective density of SU8-

air structure of 1.148 x 10 g/cm 3 based on a 45%

(Peff = Psu8 *fsu8 + Pfluid ffluid ). Using the relationship between bulk modulus and
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E
elastic modulus, K = , we can extract out the effective elastic modulus of the

3-(1- 2v)

SU8-fluid QC structure. Using a Poisson's ratio of 0.22 for pure and bulk epoxy SU8 29,

we estimated the effective Poisson's ratio of the SU8-fluid QC structure as 0.35 based on

a simple volume averaging, vqef = V su• fsus + Vfluid ffuid. Thus, the resulting effective

E of QC film is 5.60 GPa.

To analyze the large strain mechanical behavior of 3D octagonal QC SU8 films,

we conducted microtensile testing of the freestanding SU8 films using an MTS nano-

UTM instrument. Besides the SU8 QC bicontinuous samples of interest (produced via

2D QC phase mask lithography), we also tested uniformly crosslinked homogenenous

SU8 films (produced by a flood exposure of spun coated SU8 films to a 365 nm mercury

lamp with a dose of 0.6 J/cm2) *. In order to facilitate mounting the samples for

microtensile testing, both the QC structured and the uniform SU8 thin films were first

released from their respective substrates. The unstructured SU8 films (5.5 jim thick)

were peeled by a razor blade from glass substrates. The QC SU8 films (4 jim thick

with a thin solid bottom SU8 buffer layer of 1.5 pm thickness) were fabricated on top of

water-soluble (NaC1) substrates, and then soaked in water dissolving the substrates for

Note: the crosslink density with exposure of the UV lamp will l laser

wavelength and exposure doses.
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floating off the SU8 films.

Uniaxial tensile testing was performed with the load direction in the plane of the

film to measure the in-plane E in 3D octagonal QC SU8 samples. We note that the

orientation of the QC films before the test is not important, given that the in-plane E of

the film is isotropic at low strains as confirmed in BLS (however, the sample orientation

is important after the film deforms plastically).

Figure 5-6 shows the experimentally determined engineering stress-strain curves

for the unstructured SU8 films (Uniform, black curves) and for the 3D SU8 QC films

with post-exposure bake (PEB) only (QC PEB, red curves) obtained at a strain rate of

60

c 50,
40

40-
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-. 30,

r"
S20-
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L

0.00 0.05 0.10 0.15 '0.20 0.25
Engineering strain

Figure 5-6. Stress-strain curves of freestanding polymer films from the micro-tensile

testing. Black curves: Uniform SU8 5.5 llm-thick films. The three nearly linear curves

show brittle fracture with elastic properties having average E = 1.72±0.27 GPa and

toughness = 0.96±0.10 MPa. Red curves: SU8 octagonal QC films of polymer-air

composite have average E = 0.85 0.13 GPa and toughness = 0.98±0.56 MPa.
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1x104/s. For the unstructured films, an average E of 1.72±0.27 GPa is obtained from

the slope of the stress-strain curve, and a toughness (T) of 0.96+0.10 MPa from the area

under the curve with the strain at fracture of - 0.04 (Fig. 5-6). This elastic modulus

agrees very well with the value of 1.65 GPa we measured from dynamic mechanical

analysis (DMA) using the Q800 DMA, TA instrument (shown in Fig. 5-7). From DMA

we also estimated the glass transition temperature of unstructured SU8 films to be

around 200 'C.

Y-3 Y-2

IvvvuJ

Tg = 200 oC

E'=1.65 GPa

1000oo V . U
·- t~-ni I

100 i ' l
050 100 150 200 250

Temperitre Uivers V3.BA

Figure 5-7. DMA curve of SU8 unstructured film with heating rate of 3 °C/min at

frequency 1 Hz. The storage modulus is 1.65 GPa at room temperature (green curve)

and the glass transition temperature is about 200 'C from the peak of tan delta (brown

curve). Multiple DMA scans were conducted and values are similar with a narrow range.

From the data shown in Figure 5-6, the E of the QC polymer-air composite films

is 0.85+0.13 GPa and a toughness is 0.98±0.56 MPa. Young's modulus decreases by a
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factor of about half and the toughness stays at the same level due to an increased

deformation of the QC film. The specific elastic modulus (elastic modulus / relative

density (0.55)) of the QC structure is 1.54 GPa and the specific toughness is 1.78 MPa

compared to the values of uniform films, 1.72 GPa and 0.96 MPa. For QC structured

films, the specific elastic modulus is similar while the specific toughness is much higher

than the uniform films. Thus the QC structured films are affirmed to be beneficial in

terms of toughness and energy absorption per unit mass compared to the unstructured

films. Furthermore, we observed high plastic deformation of struts on submicron scales

in the SEM micrographs.

Unstructured QC PEB

The specific elastic modulus (GPa) 1.72+0.27 1.54+0.24

The specific Toughness (MPa) 0.96+0.10 1.78+1.01

Table 5-1. The specific elastic modulus (GPa) and the specific toughness (MPa) with

consideration of relative density from the stress-strain curves of SU8 unstructured

(Unstructured) and QC films (QC PEB). The QC SU8 films, air-polymer composite, has

similar E but much higher T compared to unstructured solid films. Thus, the QC

polymer-air films are favorable for mechanical applications with light weight.

5.5 Hardbaking Effect

For the typical fabrication of structures from SU8 photoresist, a hardbaking step

121



is normally conducted between 150-200 'C for a few minutes to remove any remaining

solvents and for further crosslinking the structure. As a consequence of hardbaking, a

homogeneous, bulk epoxy film will experience an increase in the crosslink density and

thus an increase of the Tg, which can lead to an increased E and a much smaller strain to

fracture and thus smaller fracture toughness, compared to the sample of pre-

hardbacking.3 0

In order to investigate the effect of hardbaking on the mechanical properties of

our QC SU8 films with a structure on the submicron length scale, we prepared samples

by taking some of the 3D QC films after developing and drying, and further exposing

them to UV using a 365 nm mercury lamp for 3 minutes, followed by hardbaking at

180 'C for 10 minutes. This treatment should result in a uniform crosslink density over

the entire film. The hardbaked (HB) QC films were then mechanically characterized

via BLS measurements and microtensile testing.

Figure 5-8 shows two BLS spectra together, one from an SU8 QC film with PEB

only (graph in red) and the other from an SU8 QC film that underwent both PEB and HB

(in blue). It is observed that hardbaking leads to an increase of the frequency of the

phonon peaks for epoxy-fluid composites, which represents an increase in the SU8

elastic modulus. From BLS measurements at three scattering angles and six different
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orientations, a 2950m/s longitudinal speed of sound, cL, was obtained for SU8 QC

PEB+HB structures, see Figure 5-9(a). The set of sound velocities of QC PEB+HB film

(blue circles) and that of QC PEB films (black squares) was plotted together in the radial

graph in Figure 5-9(b) suggesting an isotropic velocity within 5% variation. The

effective bulk modulus (K) of SU8 QC HB structure is calculated as 10.0 GPa from the

averaged sound velocity, and using the same effective density of epoxy-fluid composite

as previously, the effective elastic modulus of QC film with hardbaking is found to be

9.24 GPa. These measurements confirm that hardbaking leads to an increased stiffness

of the structured film.

C,).1000

CU
L..

C/)
c,S100
C.

PEB onlyScattering angle = 24 o

Orientation = 0 o PEB+HB

SU8 peaks

1n
-5 -4 -3 -2 -1 0 1 2 3 4

Frequency(Ghz)
-8. BLS spectra (frequency vs intensity) at a fixed scattering angle and an

orientation show phonon peaks from SU8 QC structures shift from 1.79 GHz (PEB only,

red) to 2.18 GHz (PEB+HB, blue). This shows the increase in the elastic modulus by

hardbaking SU8 QC film.
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Figure 5-9. (a) Plot of frequency dispersion measured in five different angles (0', 50,
100, 150 and 200), which provide sufficient information for all directions associated with

8-fold rotational symmetry. The slopes represent the sound velocity in glass (upper) and

in SU8 QC hardbaked film (lower): the average sound velocity in SU8 QC HB film is

2950 m/s. (b) Plot of sound velocity of SU8 QC PEB film (black) and SU8 QC

PEB+HB film (blue). The average velocity of SU8 QC PEB film is 2300 m/s and the

velocity of SU8 QC PEB+HB film is 2950 m/s. The associated bulk moduli for QC film

without hardbaking and with hardbaking are 6.07 GPa and 10.0 GPa, respectively.

Further, uniaxial microtensile testing was then conducted on the 3D octagonal

QC PEB+HB films. The resulting data is shown in Figure 5-10 corresponding to the

engineering stress-strain curves for the unstructured SU8 films (Uniform, black curves),

for 3D QC SU8 films with post-exposure bake only (QC PEB, red curves) and for 3D

QC SU8 films with PEB and HB (QC PEB+HB, blue curves), all tested at a strain rate of

lx104/s.
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Figure 5-10. Stress-strain curves of freestanding SU8 films

0.25

from the microtensile

testing. Black curves represent the mechanical behavior of SU8 unstructured films. SU8

octagonal QC PEB films in red curves have E = 0.85+0.13 GPa and toughness =

0.98+0.56 MPa. SU8 octagonal QC PEB+HB films have E = 0.41+0.11 GPa and

toughness = 2.92±1.52 MPa.

The results from microtensile testing on QC PEB+HB films show the decrease

in the elastic modulus by a factor of two from QC PEB films. We speculate that baking

at high temperature and cooling in the air might cause large thermal stress due to the

difference in thermal-expansion coefficients between the SU8 film (csu8_xy=100 ppm/oC

for and SU8_yvz = 250 ppm/IC) 3 1 and the NaCl substrate (aNacl = 40 ppm/0 C). This

thermal stress induces the initiation of cracks either in the thin SU8 buffer layer or in the

SU8 QC film. Another possibility is for the residual stress to lead to bending or buckling

relatively thin struts so that the elastic modulus of the whole film might decrease for

initial small strain under an applied tensile force in the testing. On the other hand, since
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BLS spectroscopy measures the averaged overall sound velocity in the QC structured

film, small regions of defects, cracks or deformation should not affect the BLS data. This

length scale dependence explains why hardbaking seems to lead to opposite elastic

modulus variations in SU8 QC films from BLS measurements vs. microtensile

measurements.

5.6 Morphological Characterization after Fracture

In order to understand the higher toughness of the QC structure on the submicron

scale compared to the unstructured SU8 films, we characterized the deformation of the

QC films (PEB and PEB+HB) via SEM for plan-view in Figure 5-11 and side-view in

Figure 5-12 of the unstructured and QC films after fracture.

The plan-view images of the fracture surfaces in Figure 5-11 show unusual crack

propagation. As shown in Figure 5-11(a) and 5-11(b), crack propagation tended to be

perpendicular to the loading direction through the fracture, path does not follow a

straight line as observed in crystalline polymer/air networks32 due to the absence of

translational order in QC samples. We also observed in Figure 5-11(c) that one

propagating crack from the fracture surface stopped inside the structure, and near this

crack end a new crack formed and propagated. We speculate that a part of the
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deformation energy is dissipated by crack propagation, and that the remaining energy is

used for creating and propagating a new crack. Thus, as a result, more energy is

absorbed in the 3D QC SU8 film than in the case of an unstructured film.

As expected, the unstructured SU8 films fail by brittle fracture, as shown in the

side-view SEM of Figure 5-12(a) and 12(b). By comparison, the 3D nanostructured QC

SU8 films composed of -100nm-diameter struts exhibit a significant degree of plastic

deformation (e.g. see Figure 5-12(e)). Stretched struts B in the deformed regions

demonstrate the elongations of about 330 % in Figure 5-12(e) compared to undeformed

struts A. The plastic deformation of the struts of the 3D SU8 QC films should allow

more energy absorption than in the case of a brittle fracture in the unstructured SU8

films. However, the total global macroscopic strain at fracture remains only 8-10 % for

our QC samples unlike the much higher observed local microscopic deformation. This

could be a consequence of the small diameter of struts. We measured the diameters of

the undeformed struts in a range of 100-400nm, and after loading under the tensile stress,

these struts become stretched, thinned and finally disconnected, which inhibits further

deformation.
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Figure 5-11. SEM plan-view micrographs of fracture surfaces in (a-e) SU8 QC PEB+HB

films deformed by microtensile testing and (f) QC PEB only deformed by peel test. Red

arrows show the direction of crack propagation. (a-b) Crack propagation from the

fracture surface with the absence of translational symmetry, (c) Crack stoppage (upper)

with the propagation direction by red arrows from the fracture surface and initiation of

another crack (down) near the stopped crack. (d-f) Substantial plastic deformation of

thin struts in the structure: (d) and (e) deformed by tensile testing and (f) deformed by

complicated force from sticky tape peeling.
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Figure 5-12. SEM micrographs of the side-view of fracture surfaces in SU8 thin films

by tensile testing. (a-b) Fracture surfaces of unstructured SU8 films. The surfaces show

brittle fracture with no significant plastic deformation. (c-e) Fracture surfaces of SU8

QC PEB+HB films exhibiting elongated struts comprising the pattern. Comparing struts

A and B from (e), the elongated strut B is longer than stretched strut A by 330 %. This

quantitative extension ratio represents the large deformation takes place under the

deformation in microscopic ranges. The delamination between the structured film and

thin solid buffer layer is observed in (d-e).
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5.7 Conclusion

In chapter 4, we discovered a length scale dependent mechanical behavior for the

SU8 epoxy polymer.21 Inspired by the novel mechanical behavior of 3D periodic

microframe, we explored the influence of 3D QC microframe structures. Crack

propagation and very large microscopic plastic deformation (up to 300%) were evident

in both QC PEB and QC PEB+HB films. BLS measurements on the 3D nanostructured

SU8 QC network films confirmed the isotropy of the in-plane elastic modulus. BLS data

demonstrated that hardbaking makes SU8 QC film stiffer in terms of elastic modulus

from the longitudinal sound velocity, as expected. However in microtensile testing, the

elastic modulus drops for the hardbaked 3D QC structures because there could be the

initiation of cracks in the SU8 layers and the bending or buckling of the structural units

due to the thermal stress.
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Chapter 6. Summary and Future Work

In this last chapter, we will outline what are the main achievements presented in

this thesis, and finish with a suggested list of potential future areas for investigation.

6.1 Summary and Conclusion

In this thesis, lightweight nano-network structures in polymer-air films have

been fabricated and investigated for their structural and mechanical properties. The

ability to rationally fabricate submicron scale periodic and quasiperiodic patterns and to

evaluate their properties opens up a range of applications for microtrusses, photonic

crystals, phononic crystals, microfluidics, biomimetic lenses and so on. The main focus

of this thesis is on the mechanical behavior of a microtruss or a microframe depending

on the connectivity of lattice-patterned and beam-connected structures on the submicron

scale.

Fabrication via holographic interference lithography (IL) and quasicrystalline

phase mask lithography (QCPML) were implemented for periodic and quasiperiodic

polymer-air structures. A 2D hexagonal lattice of air-cylinders was made via three-

beam interference lithography. A 3D periodic microframe, 3- R3m structure was

produced via four-beam interference lithography. To create, for the first time, 3D
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quasicrystalline nanostructures, we utilized a two dimensional quasiperiodic phase

mask.

In order to quantitatively analyze the mechanical properties of these structures,

three different mechanical characterization techniques were applied. Atomic force

microscopy with its nanometer scale resolution was adopted to conduct force

measurements for probing local elastic properties of the sample. As a second method,

the microtensile tester enabled us to evaluate the effect of the submicron scale structure

on the elastic and plastic properties of the polymer films as a whole. Brillouin light

scattering was used to measure the sound velocity in the structured films and the elastic

properties.

6.1.1 Small Strain Behavior: Modulus

Having nanometer scale displacements of AFM nanoindentation, we measured

the out-of-plane elastic modulus of structured films as a small-strain property. We

observed the spatial distribution of the elastic modulus templated by the light intensity

distribution from three-beam interference in 2D hexagonal air-cylinder and SU8

polymers by AFM nanoindentation. The location-dependent elastic modulus can be

employed to open possibilities for a purposeful design in photopatterned polymeric

materials to guide where to deform through less stiff regions.
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Brillouin light scattering apparatus allowed us to evalute the phonon properties

in the structured films and the following mechanical properties. BLS spectroscopy of

the sound velocity at high frequency in bicontinuous polymer-air films measured the

bulk modulus of the 3D quasicrystalline (QC) films with post-exposure bake (PEB)

only or with PEB + hardbaking (HB). The BLS measurements confirmed the isotropy of

in-plane elastic modulus with the octagonal symmetry of the structures.

6.1.2 Large Strain Behavior: Plasticity

Applying large strain by tension, shear or compression, the large plastic

deformation (up to 300 % strain) of 200nm-diameter struts comprising 3D periodic and

quasiperiodic microframes was discovered. Unlike the brittle behavior in the bulk

glassy polymer, the hundred-nanometer length scale of 3D microframes makes thin

struts plastic under applied forces, which induces films to become tougher and more

energy absorbing. However, even though some struts plastically deforms tremendously,

the overall film exhibits brittle fracture of cf - 8-10 %, which may result from the

localization by the small dimension of the struts. Figure 6-1 demonstrates how the

localization takes place in the 3D periodic microframe, described in chapter 4. A

representative volume element of 3D periodic microframe deforms under tension (Fig.

6-1(a)) and under shear (Fig. 6-1(b)). Stretching the structure reduces the diameter of
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thin struts and further thinning and breaking of the struts localize the deformation near a

crack and result in overall brittle fracture.

I,-'X

ka)

(b)

Figure 6-1. (a) The deformation under a tension of a Representative Volume Element

(RVE) of the 3D periodic microframe by 3D micromechanical model. (b) The

deformation under a shear of an RVE by 3D micromechanical model. Dashed circles in

each figure show the size reduction of thin struts by elongation. The thinning and break

of the struts might cause the localization of deformation and macroscopic brittle

behavior. In strut deformation, red indicates materials deforming and blue indicates

material not deforming. Modeling done by Dr. Lifeng Wang in Professor Mary C. Boyce

group in mechanical engineering at MIT.

6.1.3 Large Strain Behavior: Crack Propagation

Another large strain behavior, the crack propagation was investigated in 3D

periodic and quasiperiodic structures. The symmetry of periodically patterned films
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determines the preferred direction of crack propagation and following brittle fracture.

However, octagonal QC structured films do not exhibit preferred directions of crack

propagation. We suggest that the absence of translational symmetry in the

quasicrystalline films generates difficulty in crack propagation, which might give rise

higher stress for deformation.

6.2 Future work and Suggestions

6.2.1 Other Materials

We have explored only SU8 polymer as a scaffold material for the

nanostructures in this thesis with its thermal and mechanical stability and well known

processing conditions from the MEMS community. It is of interest to investigate the

same structures of different materials such as elastomeric materials or photoetchable

glass. Poly(dimethyl siloxane) (PDMS) or fluoropolymers are good examples to start

with as elastomers by infiltrating monomers into the SU8 template. Porous elastomers

are interesting with their low glass transition temperatures for AFM nanoindentation and

dynamic tensile testing. Continuing from chapter 4, additional types of microframe

materials other than photoresists can be made by infiltration of these templates with, for

example, a sol gel to create polymer-ceramic composites, or after a suitable etch, air-

ceramic structures. Alternatively, photoetchable glasses may in the future be directly
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The advantages of photoetchable glasses are

transparency, high Young's modulus (- 80 GPa) and good thermal and electrical

insulation for electronic and mechanical devices with high stiffness and strength rather

than toughness.

6.2.2 Fabrication of a 3D microtruss

By utilizing IL and QCPML, we have created 2D and 3D microframes which

behave bending-dominated deformation and have less than the required connectivity for

stretch-dominated structures (6 struts per node in 2D and 12 struts per node in 3D). We

have not yet succeeded to make microtrusses with a 12 connectivity in 3D. It is difficult

to create a 3D microtruss by IL because of the required beam conditions to generate

certain space groups from the level set technique. '1, 2 In order to utilize PML for a

microtruss, we ought to be able to model what structures we can make from a 2D

patterned mask. It is definitely needed to do modeling as a design guide for 2D phase

masks to desired 3D microtrusses.

6.2.3 Fabrication of 2D Quasiperiodic Structures

We have fabricated 2D octagonal-patterned PDMS phase masks in chapter 5 to

create 3D octagonal quasiperiodic structures. By using PDMS quasiperiodic phase mask,

we are able to make a chrome mask and then fabricate 2D connected octagonal
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quasiperiodic films via conventional photolithography using the chrome mask. The 2D

quasiperiodic patterns in polymer films should be interesting to fabricate, analyze and

compare mechanical, photonic and phononic results with other 2D periodic structures.

6.2.4 Phase Mask Lithography of Quasiperiodic Structures

For systematic fabrication and analysis of desirable 3D quasicrystals, the

theoretical modeling such as prediction of the near field intensity pattern for a given

quasiperiodic transparent mask is essential. This should help design a mask for a certain

targeted structure for a special application. The modeling would need a lot of work

since the pattern of the mask is not periodic.

When we fabricate the 2D octagonal QC structures in positive photoresist layer

for producing PDMS phase masks, changing the exposure dose allows to readily vary

the volume (fill) fraction of the resulting 2D quasiperiodic structures. Figure 6-2(a) and

(b) show 2D quasiperiodic PDMS phase masks with different volume fractions of 60%

and 70%, respectively. The small difference in volume fraction gives rise to the same

symmetry but different structure in the resultant 3D QC structures as shown in Figure 6-

2(c) and (d). It should be interesting to study theoretically and experimentally how the

structure and fill fraction of 2D phase masks make an effect on the resultant 3D QC

structures.
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Figure 6-2. (a) 2D quasiperiodic PDMS phase mask with 60% volume fraction. (b) 2D

quasiperiodic PDMS phase mask with 70% volume fraction. (c) 3D octagonal QC

structure fabricated via quasicrystalline phase mask lithography (QCPML) using PDMS

phase mask shown in (a). (d) 3D QC structure with a different type of octagonal

symmetry fabricated via QCPML using a different PDMS phase mask shown in (b).

6.2.5 Phase Mask Lithography of Periodic Structures

In a preliminary effort to make another 3D microstructure via PML, we have

fabricated a 2D square-patterned phase mask in PDMS with 800nm spacing and 350 nm

height (Aqp=0.89in) by Lloyd's mirror interference lithography (Fig. 6-3(a-b)). The

resulting structure from 2D square PML is body-centered tetragonal structure as shown

in Figure 6-3(c-d). From examining Figure 6-3(c) and (d), the fabricated SU8 structure

141



and the simulated unit cell look similar. The optimization of the method with 2D square

masks is not trivial experimentally. Moreover, the mechanical studies on this structure

should be worth to investigate and the comparison with 3D quasicrystals would be very

appealing for design issues for various mechanical applications. Its photonic band gap

properties are also interesting to study.
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Figure 6-3. (a) 2D square air-cylinder patterned PDMS phase mask. Courtesy of Dr. Ji-

Hyun Jang. (b) A schematic of a square phase mask with one-beam exposure and

diffracted beams through the mask. Black arrows indicate polarizations of beams. (c)

SEM micrograph of fabricated SU8 structure from square-patterned phase mask

lithography. Inset: enlarged area for comparison to (d). (d) A unit cell of body-centered

tetragonal structure from the simulation from the 2D square phase mask. Courtesy of

Cheong Yang Koh (DMSE, MIT) for (b) and (d).

6.2.6 AFM Nanoindentation on 3D Microstructures

In chapter 4, we investigated the mechanical behavior of a 3D microframe using

"the sticky tape". This clearly is not sufficient for quantitative evaluation of the
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mechanical properties. We attempted AFM force measurements for elastic modulus on

the 3D structure with different types of indenting tips. Because the Hertzian assumption

of the usual analytic model, which assumes indentation of a flat and half-infinite surface,

is not satisfied, we need to develop a new analytic (or FEM) model and software

program for AFM nanoindentation. The further investigation should be able to involve

the mechanical behavior of the 'entire structure' such as bending, buckling, and flexing.
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Chapter 7. Appendix

In this appendix, I will explain the details of theories and background which

have not been discussed in the previous chapters.

7.1 Scaling Models for the Lattice-structured Materials from Gibson-Ashby Model in

Section 2.1

7.1.1 Bending-dominated Structures"2

Cell edge
kkftrA;rc(a) 'U-'

II
L

1~
L-I

Figure 7-1. (a) A cubic model for the bending-dominated structure with open cells used

for analyzing elastic modulus and fracture toughness of 3D microstructures with relative

density. (b) When a low-connectivity structure is loaded with compressive force, the cell

edges bend, giving a low modulus. For small strain linear elastic modulus deformed by

cell-edge bending, calculating the relative elastic modulus is applied same for

compression and tension .2

It is useful to develop simple algebraic expressions relating mechanical

properties of periodic structures to those of the homogeneous bulk material. Thus we
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seek to find scaling relations in terms of strut diameter and cell lattice parameter with

quantities such as density, modulus and yield strength, etc.

An analytic scaling model for the bending-dominated structure with open cells

in Figure 7-1 above, can be developed. The density of the open cell foam is p, The

density of the solid material is ps, t is the thickness of cell edge and L is the cell

mass
size. Since p = v , the density of the cell is described as

volume
P = 't(n , where

L
3

n is the number of struts per cell. Thus, the relative density ( j) of the open cell

St 2

compared to the solid becomes oc-
Ps L2

The second moment of area, I, is a

property explaining a resistance to the bending or deflection and is is related to the

dimensions t by I oc t4 .

Young's modulus for the open cell is calculated from the linear-elastic deflection

of a beam of length L loaded by a load F.

multiplied by the loading area,

Force F is proportional to the stress

F oc -L2 on the cell edges, where a is stress.

FL 3

Deflection, 6, by this force is given from standard beam theory by 8 oc 3, where I
ESI

t4
is the second moment of area, of the cell edge of square cross-section, t x t, I =-.

12

Alength 26
Strain as a whole is defined as e = oc - since the deflections occur

original -length L

from the upper face and the lower face. The elastic modulus is stress/strain, E =-

stress is derived from the force and strain is given from the deflection and the equation
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for elastic modulus appears as

F IL2

2.-6/L

Therefore, the relative elastic modulus is E = - -
E, ~L

For small strain linear elastic modulus deformed by cell-edge bending, this relationship

is also applicable to the tensile forces for the bending-dominated structures.

Plastic collapse occurs when the moment by the force F exceeds the plastic

moment of the cell beams, where the plastic moment is defined as making deformation

from elastic to plastic. For analyzing the relationship between the yield strength and the

t3
relative density using fully plastic moment, Mf is firstly defined as Mf = y,s' -

where ay, is yield strength of the solid. As another relationship, the plastic moment of

the cell foam is proportional to force and length of the cell edge:

MP oc FL oc ('prL 2) L.

From the two plastic moment equations, Mf = MP oc (oP1L2) L

t
3

extract the scaling relationship of plastic and yield strength - oc oc
Oy,s L3

t
3

c y,s - , we
4

3

(PS )
. (7-2)

Thus, the relative plastic strength of the open cell is proportional to the relative density

to the scaling exponent, 3/2.
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Figure 7-2. (a) Plot of relative modulus against relative density for cellular structure

with different topologies on logarithmic scales. The bending dominated behavior has a

slope of 2 and the stretch-dominated a slope of 1. (b) Plot of relative initial collapse

strength against relative density for cellular structure with different topologies on

logarithmic scales. The bending dominated behavior has a slope of 1.5 and the stretch-

dominated a slope of 1.

7.1.2 Stretch-dominated Structures

Considering the tensile loading of the stretch-dominated structure shown in

Figure 7-3, the structure first responds by elastic stretching of the struts since it does not

bend. Due to the cubic symmetry of the structure, on average, one-third of its struts

carry tension when the structure is loaded in simple tension in one direction, regardless

of the loading direction, = (7-3)
Es 3 p,
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Figure 7-3. A unit structure of octet-truss lattice material with Maxwell's stability

criterion (M) > 0 (left). Photograph of the octet-truss lattice material made from a

casting aluminum alloy (Right).'

When the elastic limit is reached and the struts behave plastically in the plastic

regime, the collapse stress also has the same correlation with the elastic modulus since

the strut with the lowest collapse load determines the strength of the structure overall:

us 3 p
oys 3 p

(7-4)

When a lattice structure is made of a ceramic or other brittle material, it will

collapse with struts starting to break. Following the same argument from above we

anticipate a collapse stress Oac that scales as actl, Ps
7cl,s s

7.2 How to Make zr Shift Phase Mask in Section 2.3.
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Consider light passing through a transparent mask and diffracted orders of the

beam at the interface3 as depicted in Figure 7-4.

=2

-0

= -1

= .2

Figure 7-4. Geometry of an elastomeric phase mask,

far field

the photoresist, the light for
exposure and qualitative definition of near field and far field. Schematic adapted from
the journal paper of Rogers et al.3

From Figure 7-5, the refractive index is given as ni and the height as ul of the

mask and those of air gap as n2 and u2, respectively. The phase, 0, of light with

wavelength A that emerges from the mask is related to the relief of the surface of the

mask, Au = u2 , and to the difference between mask's index of refraction and that of the
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surroundings, An = n2 - n, , by Eq. (7-6).

2nf
2 (7-6)

21r
The phase of light in the mask (ray 1) is qý = -n, (u, + u2 ) and the phase of light

A

crossing the air gap (ray 2) is 0b2

2z
02 -01 =- _-n

S2ff2 (n'1u1 + n2 2 ). Thus, the phase difference is
A,

+ f 2U2 - nfl
- n1 u 2 ) = Anu2

2

Ray I Ray 2

Figure 7-5. Enlarged image of cross-section of an elastomeric phase mask (light grey), a

photoresist layer (light yellow) and in-between air gaps (white), showing the indices of

refraction (ni and n2), and the dimensions of the mask and air gaps (ul and u2).

2In order to make the phase shift equal to n, Ao = = Anu2 , the height of the

mask should be u2 = as a design guide (for PDMS-air and ,=355nm, u2= 395
2An

nm). When the phase shift is in, the electric field undergoes abrupt changes in sign at the

edges of the pattern in the mask, where the phase shift occurs. This change in sign

generates the contrast of a structure in the photoresist with masks that manipulate only

the phase of light.3
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7.3 Gold Calibration of an Indenting Tip for AFM Nanoindentation in Section 2.4.

In AFM nanoindentation, measuring the radius of curvature of the indenting tip

is essential to analyze the mechanical data as discussed in chapter 2-4. Before

conducting force measurements, the dimension of the tip needs to be calibrated using

gold nanoparticles.

(a)

/

Figure 7-6. (a) AFM micrograph (lxl gpm 2) of gold nanoparticles and the black line
utilized for measuring the height (h) and width (W) of a gold nanoparticle in the cross-
sectional analysis. (b) Schematic sketch for tip radius evaluation with spherical
estimation of tip-scanning the gold nanoparticle.

At first, a tip scans across the surface of gold nanoparticles adhered to the

silicone substrate as shown in Figure 7-6 (a). In the Section analysis of the scan, we

measure a width, W, and a height, h, in Figure 7-6 (b)4 of the spherical gold

nanoparticle. When a tip has a radius of curvature equal to R, in first approximation the

W2
profile of the tip and the particle is correlated5' 6 by the relation R = -.

8h
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