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Direct Integration of Functional Structures on 3-D
Microscale Surfaces by Laser Dynamic Forming

Huang Gao, Rui Tang, Teng Ma, Hanqing Jiang, Hongyu Yu, and Gary J. Cheng

Abstract—This paper demonstrates the scalable and fast-
shaping top-down integration capability of laser dynamic forming
(LDF), transferring functional structures conformal to three-
dimensional (3-D) micro-to-mesoscale curvilinear features on
various substrates by the laser-induced shockwave. The func-
tional materials preserve their electrical resistance and tem-
perature coefficient of resistance after the laser shock induced
transfer. The ductile interconnections inherit 3-D microscale
structures on various substrates without excessive necking and
fracture. This process is realized by the lamination of functional
materials with cushion layers and the shockwave controlled by
laser pulse intensity. The ability of direct transfer is affected
by the laser intensity, cushion layer thickness, and geometry of
the 3-D substrates. The experiments and numerical study reveal
that the cushion layer absorbs most of shockwave energy by
large thickness reduction and extends the formability of ductile
interconnections. Eventually, the thickness of ductile functional
materials is distributed uniformly along the 3-D surfaces. The
ranges of the processing conditions for direct integration of
functional materials without property degradation are also in-
vestigated. [2013-0058]

Index Terms—Direct integration, functional devices, laser
shock, transfer, thin film.

1. INTRODUCTION

HE expanding applications of micro-to-mesoscale elec-
tromechanical systems, such as artificial human implant
[1], sensory skins for robotics [2], and flexible solar cells [3],
call for the packaging and integration of heterogeneous mate-
rials and components with three-dimensional (3-D) surfaces,
which are usually incompatible in a monolithic fabrication
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approach. Although current lithography-based technologies
are very successful in fabricating high-performance, rigid and
brittle devices on planar semiconductor substrates, there exists
significant challenges in the fabrication and assembly of these
devices on irregular and curvilinear 3-D surfaces without
compromise in performance and efficiency. Various techniques
have been developed to manufacture 3-D patterned microscale
structures of both inorganic and polymeric materials, such
as 3-D lithographic patterning [4], guided self-assembly [5],
inkjet printing [6], and soft-lithographic-based fabrication [7].
However, these methods are time consuming and limited in
throughput. To address these challenges, direct templating
techniques have been developed to replicate or transfer
3-D patterns from master template to relatively softer
materials, such as nanoimprint lithography [9] and detachment
lithography [9], [10]. Nanoimprint lithography achieves 3-D
patterns either by multistep overlapping [11] or by inclined
imprinting [12]. In detachment lithography, the network of
brittle devices connected by ductile bridges is transferred
from Si wafer to prestrained planar surface, then to the final
3-D surface. The multistage transfer, the selective bonding
and the specifically designed interconnection bridges, result
in low yield and limit its mass production capabilities. There
is a need to develop scalable and fast-shaping techniques that
can manufacture microelectromechanical system (MEMS)
devices on curvilinear 3-D surfaces efficiently, with a wide
spectrum of functional materials.

Recently, laser dynamic forming (LDF) has been
demonstrated its capability to deform polycrystalline
metals on various 3-D substrates by laser shock induced
pressure [13]. Due to high precision and repeatability, fast
setup and superb flexibility, it has the potential in large area
electronics fabrication. This paper will address its capability
to directly integrate MEMS on 3-D surface. In order to
preserve  MEMS functions, the functional materials are
encapsulated by polymer layers, which absorb most of the
shock energy and minimize the defects in functional materials.
The laser pulse energy and the shockwave pressure are also
controlled in a range to achieve the shaping conformal to 3-D
surfaces without degrading the functionality of the structures.
The process mechanism of direct integration by LDF on
uneven 3-D surfaces will be studied. The functionality of the
device after transferring will be characterized. The effects of
process conditions on these structures will be investigated by
experiments and numerical simulations.

1057-7157 © 2013 IEEE
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Fig. 1. Schematic setup of laser dynamic forming process to manufacture
functional structure on 3-D microscale surface. (b) Controlled fabrication of
laminated structure on 3-D patterned surface.

II. PROCESS SCHEME

The process scheme of direct integration of functional
structures on 3-D microscale surfaces is illustrated in Fig.
1(a). The laser pulse transmits through confinement layer,
such as glass slide, and irradiates ablation layer into plasma
plume. Constrained by the confinement, the plasma turns
into a shockwave propagating through the laminated layers
consisting of cushion layers and functional materials. The laser
shock induced pressure will propagate to the laminated layers
and shape them conformally onto the underlying 3-D surfaces.
The cushion layers function as the shock loading absorber and
load transfer medium for the functional layer. The functional
materials are transferred to 3-D surfaces uniformly in nanosec-
onds. Compared to other multiple-stage transfer technologies,
this method eliminates the need to fabricate inverted molds
for surface replication, which could be costly and infeasible
at the microscale. Since the shockwave pressure is primarily
determined by the applied laser intensity per Fabbro’s model
[14], the laser pulse energy could be optimized for different
functional materials and substrates to preserve the proper func-
tion of fabricated devices and achieve conformal shaping. The
load being transferred to the functional materials is much less
than the shock pressure due to the cushion layer, the thickness
of which could also be tuned to control the load transfer. This
technology provides much flexibility and selectivity in assem-
bly location and area since the scanning speed, focal plane and
coordinates of laser beam are readily adjusted by optical con-
figurations and the motorized X — Y — Z translation stage. Fig.
1(b) schematically shows a way to control plastic deformation
of functional materials by the patterned 3-D surface to allow
different regions (fragile devices and ductile connections) to
experience different deformations during LDF. It is expected
that metallic connections aligned to wavy regions will have
moderate plastic deformation, while the devices aligned with
flat regions will have minimal plastic deformation.

III. EXPERIMENTAL AND SIMULATION METHODS

A. Preparation of 3-D Microscale Patterns on Various Sub-
strates

The microscale patterns have been proved to be effective in
changing the biocompatibility [22], [23] and hydrophobicity
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Fig. 2. Fabrication process of Si micropatterns by photolithography. (a)
LPCVD of silicon nitride layer (0.6 «m thick). (b) Patterning of silicon nitride
layer. (c) Anisotropic wet etching of silicon substrate. (d) The SEM image of
the microgrooves in Si wafer fabricated by the processes in (a)—(c). (¢) The
SEM of a TEM grid bonded with Si wafer and the inserted SEM showing
the cross-section of a grid bar (bar width:6.0 um, bar height: 4.4 um). (f)
The SEM image of a polyglass microlens with an array of concave pyramids
shape, with its side length of 80 um and the depth of 44 pm.

[24], light absorption and reflection [25]. The diversified appli-
cations also require the functional materials and devices that
can be readily transplanted or transformed to 3-D-patterned
substrates of different materials. In this paper, regular and
irregular 3-D microscale patterns were provided by three
substrates of materials which were widely used in MEMS:
Si wafer, polycarbonate (PC), and metals.

One way to introduce large areas of micropatterns to Si
wafer is photolithography and etching. The fabrication process
of micropatterns in Si wafer is shown in Figs. 2(a)—(c).
A 0.6 um thick silicon nitride layer on the top surface of
silicon substrate was deposited by low pressure chemical
vapor deposition (LPCVD). Silicon nitride was patterned by
photoresist and removed selectively by reactive ion etching.
The Si wafer was wet and etched by KOH. Fig. 2(d) shows
the SEM of microscale patterns in silicon by focused ion
beam lithography/scanning electron microscopy (FIB/SEM).
Another type of large area micropatterns on Si wafer was
realized by copper SPI Slim-Bar® TEM Grids, as shown in
Fig. 2(e). The TEM grids were bonded with Si wafer by
spin-coated photoresist: 950PMMA A4 (Microchem Corp.).
The dimension of holes and bars varied from 6.4 to 54 um
and 4.4 to 19 um, respectively. Fig. 2(f) demonstrates the
top view of a polyglass microlens, consists of an array
of concave pyramids with a side length of 80 um and a
height of 44 um. PC is widely used in micro-optics due to
good transparency in the visible wavelengths, high optical
absorbance in the deep-UV wavelength band, and thermal
stability. In this paper, micropatterns on PC are fabricated via
deep-UV pulsed laser interference ablation. Microlens array is
one of the most critical micro-optics elements widely used in
laser diode array collimators, camera autofocus systems, light-
emitting diode print bars, and 3-D optical switches. Finally,
coins provide irregular 3-D patterns on metallic surfaces for
this paper. A thin photoresist layer, PMMA A4 or SU-8 2002
(Microchem Corp.), was spin-coated on these substrates or
laminated thin films to act as an adhesion promoter in the
assembly.
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Fig. 3. Sensor fabrication process: (a) Dry thermal growth of SiO, and
deposition of a sacrificial Si layer using electron-beam evaporator and then
dry thermal growth of another SiO2 layer; (b) deposition and patterning of
Ti/Pt as a sensing element, followed by deposition and patterning of the first
parylene-C layer; (c) deposition and patterning of Cr/Au for the electrode
leads and the second parylene-C layer; and (d) etching of Si sacrificial layer
underneath to release the sensor leading to the final device.
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B. Laminated Functional Materials and Devices

One of the keys to transfer functional structures on 3-D
surfaces is to encapsulate them in a soft polymer material as
cushion layers. Parylene-C is chosen to provide mechanical
protection and enhanced lubricity during transfer with good
electrical insulation, moisture and chemical isolation. The
functional materials include brittle materials in the sensor
devices, such as SiO,, and ductile materials in the wiring
connections, such as Au/Cr. Fig. 3 illustrates the fabrica-
tion processes of the temperature sensor, which are 4cm
in length, 340 um in width, and 17 um in thickness [26].
Detailed fabrication processes include: 1) SiO, was grown
on silicon substrate through dry thermal oxidation (1100 °C)
and then a sacrificial Si layer was deposited using electron-
beam evaporator, followed by dry thermal growth of another
SiO; layer; 2) double-layer metals Ti/Pt (50 nm/100 nm) were
deposited and patterned to form sensing elements, followed
by the conformal coating of first parylene-C layer; 3) Cr/Au
(20 nm/600 nm) were deposited and patterned for the electrode
leads and another layer of parylene-C layer was coated and
patterned; and 4) etching of Si sacrificial layer underneath to
release the sensor leading to the final device. Since ductile
materials in the wiring connections experience more plastic
deformations than the sensing components, parylene laminated
thin film was fabricated in order to investigate the deformation
characteristics of ductile connections under various condi-
tions of laser intensities and microscale 3-D substrates. The
laminated thin film consists of a thin metallic layer (Ct/Au)
sandwiched by the two layers of parylene.

C. Microstructure Characterization in SEM/FIB

During LDF, the cushion layer absorbs most of the
shockwave energy by significant thickness change to protect
functional materials from excessive deformation and fracture,
and transfer the controlled pressure to the functional
materials in order to conformally integrate them onto the
3-D surfaces. In this paper, the functional structures were
characterized along the FIB-fabricated cross section to verify
this assumption. The samples were tilted to 52° so that the
gallium ion beam was perpendicular to the sample surface to
prepare the cross section.
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D. Property Characterization of Functional Structures

The temperature sensor consists of a resistor (Ti/Pt) with
resistance varied with temperature. To experimentally demon-
strate the proper working of the functional structure, the
electrical resistance (at room temperature 23 °C) and the tem-
perature coefficient of resistance (TCR) was measured before
and after the direct transfer with LDF. The measurement was
operated on a probe station (The Micromanipulator Co., Inc.)
connected with Agilent 4155C Semiconductor Parameter An-
alyzer. The resistance of the temperature sensor was obtained
at several temperatures, from 23 °C to 83 °C with increment
of 10°C.

E. Finite Element Methods

The understanding of dynamic deformation behaviors of
functional laminated films and the stress—strain distribution
across the heterogeneous materials is important to the reliable
design and service, especially when impulse loadings are
involved.

As one of semicrystalline polymers, parylene is character-
ized by the morphology of the crystalline regions of ordered
lamellae, surrounded by the amorphous regions of unordered
molecular chains. It is the interactions and behavior of these
structures that account for the complex deformation behav-
ior of parylene. Two main approaches have been taken to
develop material constitutive models for the semicrystalline
polymers. The first is the physically micromechanical model
where the stress—strain relationship is considered on the basis
of thermodynamic activation of molecules. The second is
a phenomenological one where the stress—strain relationship
is modeled by fitting experimental data of representative
volumes of material. Although the physically based con-
stitutive models are fundamental to understand the micro-
and macroscopic deformation mechanisms of polymers, they
generally have very complex form including a series of
complicated equations. They could produce the fair agreement
with experimental observation in the small strain region but
failed when extrapolating to the macroscopic scale because
semicrystalline polymers have highly anisotropic microstruc-
tures. Hence, in numerical simulations the preferable model is
the phenomenological one due to its simplicity and efficient
algorithms on the large scale. In this paper, the phenomeno-
logical model proposed by G’Sell and Jonas is simplified
to consider the plastic strain-hardening and strain rate de-
pendence of viscous behavior of a semicrystalline polymer
[27], without the items to describe the initial non-linear elastic
behavior.

2. o
o= K" (e)"eT

where ois the equivalent stress, ¢is the equivalent strain, &is
the equivalent strain rate, T is the absolute temperature, and
K, o, h, and m are the material coefficients. The function
"¢ describes a plastic strain hardening, and (&)" describes
a viscous behavior. The parameters’ values are estimated to
approximate the deformation morphologies of parylene layers
due to the lack of experimental measurements of parylene
films at ultrahigh strain rates.
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Fig. 4. A optical image of functional structures conformal to the micropat-
terns in a Si wafer, which are bonded together by a spin-coated PMMA
A4. Laser intensity: 0.18 GW/cm?, beam size: 4 mm. (b) The 3-D microscale
patterns of laminated thin film inherited from microlens arrays. Laser intensity:
0.21 GW/cm?, beam size: 4 mm. The 3-D microscale patterns (c) of laminated
thin film inherited from TEM mesh (d). Laser intensity: 0.21 GW/cm?, beam
size: 4 mm. (e) The optical image of one U.S. cent. (f) The optical image of
mesoscale 3-D structures on the surface of one cent, which are bonded together
by spin-coated SU-8 3005. Laser intensity: 0.18 GW/cm?, beam size: 6 mm.

The dynamic/explicit module in ABAQUS (Version 6.8) was
chosen in the simulation for its wide applications in the high-
strain-rate loading. The temporal history of shockwave pres-
sure was defined by Fabbro’s model and input into ABAQUS
by the subroutine DLOAD.

IV. RESULTS AND ANALYSIS

A. Direct Transfer on Three Types of Surfaces and Device
Performance

The results on conformal transfer of the functional materials
on 3-D surfaces of different substrates are shown in Fig. 4.
In Fig. 4(a), a temperature sensor acquired the deformation
defined by regular micropatterns on Si wafer. The ductile
wire connection was selectively deformed above micropatterns
while the functional sensing part was aligned with the flat
regions to experience minimal plastic deformation. The laser
intensity was controlled to avoid excessive compression and
necking of functional material. The sensor resistivity changed
from 1.18kQ2 to 1.19kQ after LDF and TCR was kept
unchanged at approximately 0.11%/ °C. It directly proves that
LDF is a feasible solution to produce 3-D microscale structures
and preserve the proper functioning of the fabricated devices
by controlled plastic deformation. The regular micropatterns
on Si wafer were replaced by the mesoscale patterns on coins
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Fig. 5. The thickness reduction of Au layer at the top and corner of the grid
bar, with the cross sections of laminated thin film before and after LDF; and
(b) and (c) the thickness reduction of top and bottom of the parylene layer at
two sections.

to demonstrate the scalability of LDF. In Fig. 4(f), another
temperature sensor was deformed compliantly on mesoscale
pillars of a U.S. coin. The sensor resistivity changed from
1.35kS2 to 1.42k<2 after LDF and TCR was unchanged at ap-
proximately 0.12%/ °C, which indicated that the deformation
was controlled to prevent the fracture of functional layer. The
scalability of LDF is realized by increasing laser beam size
and pulse energy to achieve the same laser intensity over a
larger area.

B. Processing Mechanisms of Direct Transfer by LDF

The effects of laser intensity on functional materials are
shown in Fig. 5. The as-received 5 um thick laminated thin
film was deformed on top of TEM mesh grid (G1000HS)
by the increased laser intensities. The thickness changes of
Au and parylene layer at the top (Section A) and corner
(Section B) of grid bar were measured in FIB/SEM and
normalized in Fig. 5. In general, the thicknesses of all ma-
terials decreased with laser intensities. But there are some
remarkable differences between Au and parylene in the de-
formation behaviors. While there was significant thickness
reduction in parylene throughout all the laser intensities, Au
layer only experienced a small amount of attenuation by
low and moderate laser intensities. At high laser intensities,
the excessive shockwave energy induced the delamination
between Au and parylene, which again lead to the drastic
necking and fracture of Au layer. The variances of Au and
parylene thickness also increased at high laser intensities as
the location and magnitude of necking initiation became more
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Fig. 6. The FIB/SEM images of cross sections of a laminated thin film deformed on G1000HS Mesh Grid (a) and G400HS Mesh Grid (b). The sample was
tilted at 52° in (a) and 40° in (b). (FEM results show the spatial distribution of the plastic stress (c) and strain (d) in the deformed functional structure in (a).

(e) The stress discontinuity along section A in (c).

unpredictable. According to Fabbro’s model, the shockwave
pressure increases proportionally to the square root of applied
laser intensity approximately. When the shockwave propagates
through the laminated materials, the steeply rising shockwave
front induces viscoelastic compression and acceleration to
material velocity instantaneously, followed by a second stage
of slower viscoplastic compression and viscous relaxation.
Compared with the functional materials, parylene is more
compressible because in semicrystalline polymers, densities
of amorphous organic polymers are typically lower than that
of the crystalline regions of ordered lamellae. The shear stress
in the shock front exceeds the strength of the parylene, so that
its bulk and shear moduli are reduced and it becomes more
compressible. In the second viscous relaxation stage, shear
relaxation and volume relaxation coexist when the polymer
chains go over barriers to pack tighter and result in plastic
deformations [15]. After shockwave unloading, since some
of polymer chains remain trapped in a partially densified
state, only part of the polymer volume recovers. That is, the

majority of shockwave energy is converted to strain energy
stored in the parylene, which will also be characterized in the
finite element method (FEM). As shock compression by an
instantaneous front is an irreversible adiabatic process with
associated entropy increase, the laser intensity must be con-
trolled to minimize the microstructural defects and avoid voids,
delamination and excessive necking in functional materials.
Figs. 5(b) and (c) show the thickness change of the top and
bottom parylene layer at the top and corner of the grid bar due
to the different local deformation behaviors. At the top of the
grid bar (Section A), the materials underwent the shockwave
compression primarily. The top layer had more thickness
reduction than the bottom layer since the shockwave was at its
peak on the top surface and decayed through the propagation
direction. On the other hand, at the bar corner (Section B),
the materials were not only compressed, but also bended
and stretched more severely when the deformation curvature
decreased near the grid bar. That is why the bottom layer
thickness was more reduced than the top layer at Section B.
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Fig. 7. The deformation morphologies and stress distribution in the laminated film during four critical stages. Laser intensity: 0.20 GW/cm?, parylene
thickness: 2.4 um on both sides, Au thickness: 0.2 um, mold depth: 6.7 um, bar width: 6 um, and hole width: 54 um.

C. Comparison of Experiment and Simulation Results

The ability of direct transfer of functional structures by
LDF depends not only on the applied laser intensity and
parylene thickness, but also on the size and aspect ratio of
microscale substrates. As shown in Figs. 6(a) and (b), when
the thickness of Slim-Bar TEM Grids, i.e., the height of
the grid bar, increased from 3.6 um to 6.7 um, Au layer
in the laminated film experienced excessive necking at the
top or corner of the grid bar due to the localized intensive
stretching and bending, which could possibly lead to functional
degradation. The total plastic strain in Au layer reached more
than 10% in this paper. It has been reported that if the
metallic connections are freestanding, the rupture strain and
aspect ratio are very small due to low hardening capability
and formability at low strain rates [16], [17]. On the other
hand, when metallic connections are well deposited on a
polymer substrate, they could sustain strains up to a few
tens of percent without appreciable cracks since the local-
ized necking could be suppressed by the adherent substrate
[18]-[21].

In this paper, three mechanisms facilitate direct transfer
functional layer on 3-D surfaces. First, the functional layer was
encapsulated by two parylene layers. The parylene layer not
only allows functional material to sustain large plastic strain,
but also provides compliant media between functional layer
and sharp microfeatures to mitigate the localized intensive
deformation. The load transferred to the functional materials is
relatively much more uniformed as the parylene layer absorbs
most of laser-induced shockwave energy upfront. Second,
the through-thickness compressive shockwave suppresses the
debonding between functional materials and cushion layer.
Finally, the ductile materials have much better formability at
high strain rate forming, due to delayed necking and inertia
effect [13]. As a result, the interconnecting Au layer reached
more than 10% strain in this paper.

The experimental conditions in Fig. 6(a) were incorporated
in a finite element simulation. Figs. 6(c) and (d) illustrate
the distribution of Von Mises and total plastic strain in the

deformed structure. It shows that the intensive strains concen-
trate mostly in the parylene layer, other than the functional
connection layer, especially at the top and corner of microgrid.
The thickness of the parylene layer could be selected to
provide maximum protection and prevent functional layer from
crack and failure. Along the through-thickness direction, such
as at section A, the stress distribution is discontinuous because
the heterogeneous materials, Au and parylene, are of different
in the dynamic constitutive behavior while they are connected
by tie constraint to avoid relative motions in the model.
This stress discontinuity, as illustrated in Fig. 6(e), tends to
increase with the applied laser intensity, i.e., the shockwave
energy. The results also reveal the existence of the shear stress
along the interface between Au and parylene layers. When
the shear stress exceeds the bonding strength of Au layer, the
de-lamination occurs and triggers the premature fracture of Au
layer. It was also observed in experiments that under similar
laser conditions, there was only very mild thickness reduction
in Au layer while parylene thickness was reduced significantly.
After dynamic deformation, some of the shockwave energy
is converted and stored as total strain energy in the materials.
Assuming the volume of each material is kept constant, it
reveals by FEM simulations that the about 97% of total strain
energy is stored in the parylene and the average density of
total strain energy in Au layer is only approximately 75% of
that in the parylene layer. The lower level of strain energy
density in functional layer helps to preserve the functions
in the long run and future transfer the deformed functional
structures.

D. Deformation Process During Shock Induced Transfer on
3-D Surface

Based on the simulation of shockwave pressure history, the
laser intensity and the shock pressure reach their peaks at
the 10th ns and the 11th—12th ns, respectively. The overall
plastic deformation completes in tens of nanoseconds due to
material inertia and shockwave propagation. The deformation
process could be roughly divided into four stages, in which
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Laser intensity: 0.20 GW/cm?, parylene thickness: 2.4 sm, Au thickness: 0.2 um. (c) The Von Mises profiles along the cross section under different laser
intensity at 15th ns. The thickness of as-received laminated film is 5 um. The overall thickness of deformed laminated film has been normalized. (d) The
Von Mises profiles across the cross section with different parylene thicknesses at 15th ns. The overall thickness of deformed laminated film has been

normalized.

the stress distribution of each stage is illustrated in Fig. 7. In
the first Sns, the plasma shock pressure propagates through
the laminated film, however, without any observable plastic
deformation. The max Von Mises stress occurs at the corner
of micromold bar where the bulk plastic deformation initiates.
From 5th ns to 10th ns, the shockwave pressure continues to
increase and induces high stress concentration in the lower
parylene layer due to bending and compression. This high
stress concentration in the parylene gradually propagates into
functional layer (Au) and introduces the stress discontinuity
across the interface of parylene and Au layer due to the
different dynamic strengths. At 15th ns, the material at the
bar corner is subject to significant bending and stretching
simultaneously. The Von Mises in the functional layer and
the stress discontinuity continue to increase to their maxi-
mum before laminated film collides with micromold bottom,
which could potentially induce delamination and fracture of
functional layer. That is why the depth and aspect ratio
of micromold are critical to the formability of laminated
film while preserving its functions. The laminated film will
eventually collide with the micromolded bottom, followed by
stress relaxation as the shockwave diminishes, as illustrated
in Fig. 7(d). It could be observed that the parylene layer not

only absorbs most of the shockwave energy to minimize the
thickness change of the functional layer, but also enlarges
the actual curvature at the sharp microfeatures to reduce
the stress concentration in the functional layer. The parylene
also prevents Au layer from violent collision with micromold
bottom.

E. Effects of Laser Intensity and Parylene Thickness

It has been found that the stress discontinuity along the
parylene—Au interface is crucial to the delamination and
function of Au layer. It is worthwhile to characterize its
relationships with laser intensity and cushion layer thickness
to facilitate the optimal design of the laminated structures.
In Fig. 8(a), the cross section on the top of micromold bar
is selected to compare the Von Mises of different loading
times, applied laser intensities, and parylene film thicknesses.
Fig. 8(b) shows the temporal history of stress across this
cross section. In the beginning of deformation, until 10th ns,
the stress change along the interface is rather insignificant
when the parylene absorbs most of the shockwave energy and
undergoes the majority of compressive plastic deformation.
While the material on the top of micromold bar is subjected
to significant bending and stretching simultaneously, not only
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Fig. 9. The thickness reduction in functional Au layer (a) and the protection parylene layer (b) with the increase of as-received parylene thickness and

applied laser intensities. The thickness of as-received Au layer is 0.2 um.

TABLE 1
TOTAL STRAIN ENERGY IN FUNCTIONAL AU LAYER

Total strain energy Laser intensity

absorbed by Au: K (%) (GW/cm?)

0.2 0.4 0.6

Strain energy (J) Strain energy (J)  Strain energy (J)

in Parylene In Au K in Parylene In Au K in Parylene In Au K

Single parylene 2.5 0.17 5.6E-3 3.3% 0.28 8.4E-3 3.0% 0.40 12E-3  3.0%
thickness (um)

4.0 0.14 3.3E-3 2.3% 0.25 5.0E-3  2.0% 0.38 6.6E-3  1.8%

6.0 0.11 0.9E-3 0.9% 0.23 2.6E-3  1.1% 0.35 38E3 1.1%

the Von Mises over the entire laminates increases, but also the
stress discontinuity reaches its maximum at 15th ns, when
the delamination and fracture of functional layer are most
likely to occur. At the end of the plastic deformation, the
shockwave diminishes and the stress relaxation reduces the
overall stress and stress discontinuity so that the residual stress
concentration across the parylene—Au interface is reduced. In
Fig. 8(c), it demonstrates that the overall stress and stress
discontinuity increase with the applied laser intensities. There
exists stress drop along the thickness direction in the top layer
of the parylene, which also increases with the laser intensity.
The stress drop helps to mitigate the stress concentration in
the metallic layer. Fig. 8(d) reveals that the increase of the
parylene thickness contributes to more decrease in the stress
discontinuity than that in the overall stress, which reduces the
possibility of delamination.

One of the critical hypotheses in this forming technology
presumes that most of shockwave energy will be absorbed by
the protection parylene layer to minimize the degradation of
functional layer. Since the shockwave energy will primarily
transform into kinetic energy for material motions and total
plastic strain energy stored in the materials, it is expected to
find the significant thickness reduction in the protection pary-
lene layer as the indicator of large plastic strains. By FEM sim-
ulations, Fig. 9 shows that the thickness reduction in parylene
and Au layer both increase with the applied laser intensity ap-
proximately in the linear relationship. Also, with the increase
of as-received parylene thickness, the thickness reduction of

Au layer decreases while that of the parylene layer increases,
which again validates that the shockwave energy absorbed
by the parylene increases with its thickness. The thickness
reductions of the functional layer and the parylene layer need
to be controlled in a range to avoid the fracture of structures.

In Table I, it shows that the total strain energy distributed
in functional Au layer and protection parylene layer increases
with the applied laser intensity and decreases with the parylene
thickness. Not only the absolute value of strain energy in Au
layer, but also its relative percentage in the overall laminates,
decreases with the increasing parylene thickness, which again
proves the hypothesis of energy absorption and mechanical
protection function by parylene layer.

V. CONCLUSION

Laser dynamic forming has demonstrated its capability
and potential to be a flexible and scalable top-down inte-
gration technology to manufacture 3-D microscale functional
structures on those substrates commonly used in MEMS,
without the compromise of device functional degradation.
It was verified in terms of the morphologies and functions
of functional devices and laminated thin films processed by
different laser intensities, cushion layer thickness, and mi-
croscale features. The effects of these processing conditions
have been characterized quantitatively by an experimental ob-
servations and finite element analysis. The ductile connection
material could sustain large plastic strains without excessive



1436

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 22, NO. 6, DECEMBER 2013

necking and failure due to the protection by cushion layer.
The ability of direct integration was affected by geometry
of 3-D substrates, laser intensity, and parylene thickness. The
finite element analysis casts some light on the manufacturing
process, including spatial distribution of plastic stress and
strain concentration, total strain energy in the heterogeneous
materials and stress discontinuity along their interface, which
could be further improved to optimize the manufacturing
process.
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