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Abstract This paper discusses the laser-irradiated mi-

crojoints between glass and polyimide for applications in

neural implants. To facilitate bonding between them, a thin

titanium film with a thickness of approximately 0.2 lm was

deposited on glass wafers using the physical vapor depo-

sition (PVD) process. Two sets of samples were fabricated

where the bonds were created using diode and fiber lasers.

The samples were subjected to tension using a microtester

for bond strength measurements. The failure strengths of the

bonds generated using fiber laser are quite consistent, while

a wide variation of failure strengths are observed for the

bonds generated with diode laser. Few untested samples

were sectioned and the microstructures near the bond areas

were studied using an optical microscope. The images re-

vealed the presence of a sharp crack in the glass substrate

near the bond generated with the diode laser. However, no

such crack was observed in the samples made using fiber

laser. To investigate the reasons behind such discrepancy in

bond quality further, uncoupled three-dimensional finite

element analyses (FEA) were conducted only for the sam-

ples created using diode laser. First, the transient heat dif-

fusion-based FEA was conducted by using the laser power

intensity distribution as a time dependent heat source. This

model calculates the temperature distribution within the

substrates as a function of time. Next, the structural model

predicts the amount of residual stresses developed in the

joint system as it is cooled down to room temperature. The

out-of-plane normal component of residual stresses was

within the failure strength range of glass that may have

caused fracture initiation in the substrate.

Introduction

Novel biomedical products, implantable microsystems in

particular such as devices that electrically stimulate and/or

record neural activity [1–6], are designed with a high level

of device integration and miniaturization that pose new

challenges to their assembly and packaging. Such devices

may include various biocompatible materials such as glass,

ceramic and polymers that must be reliably joined in

similar and dissimilar combinations. Conventional joining

techniques such as the use of adhesives have several

drawbacks such as they often lack long-term stability,

shrink during curing, and sometimes do not meet bio-

compatibility requirements. High heat input during sol-

dering or brazing may potentially damage the implant

electronics that are being packaged. The common disad-

vantage of all of the conventional joining processes is that

they do not perform well for localized bonding at the sub-

millimeter scale. These limitations can be overcome by

laser joining techniques that intrinsically provide excellent

focusing to spot sizes in the micrometer range. In addition,

the precise control of the laser power in the focal spot

enables highly localized processing with minimum heat

effect outside the joint region.
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Recently, the chemical and physical nature of sub-mil-

limeter joints between polyimide and bulk titanium fabri-

cated using laser in ambient conditions has been studied.

The results showed the presence of a very sharp interface

of thickness about 10 nm. The XPS study of the interface

revealed the creation of chemical bonds between titanium

and oxygen, and titanium and carbon [7]. It is mentioned

here that the source of such carbon and oxygen bonds with

titanium is the carbonyl groups >C=O present in polyimide.

Presence of TiO2 particles and Ti–C bonds at such tita-

nium/polyimide interfaces generated in clean, vacuum

conditions is also evidenced in references [8, 9]. As the

feasibility of joining polyimide to titanium using laser has

been verified [7, 10–12], the next step was to identify the

appropriate processing parameters that permits the creation

of good hermetic joints between titanium coated borosili-

cate glass (TiBSG) and polyimide (PI). To accomplish this

goal in part, the joints between PI and TiBSG processed

using two types of lasers are characterized using tensile

mechanical failure tests and optical microscopy. This study

will provide an understanding of how the types of laser

influence the quality of laser irradiated microjoints.

In this study, two sets of laser-bonded samples were

processed. One set of the samples was prepared with a cw

diode laser, while the other set was processed using a cw

fiber laser. Both types of samples were mechanically

tested using a tensile microtester. The bond failure load

obtained from such testing represents the bond quality.

Since the laser joining process is characterized by the

highly collimated and concentrated beam energy, residual

stresses are likely to be introduced into the laser-pro-

cessed microjoints as a consequence of incompatible

thermal strains caused by heating and cooling cycles

during the manufacturing process. These stresses are even

higher in case of joining dissimilar materials due to the

mismatches in their coefficients of thermal expansion

(CTE). To understand the stress distribution within the

bond regions, three-dimensional uncoupled finite element

analysis (FEA) was conducted only for the samples cre-

ated with diode lasers.

Materials and sample preparation

In this paper, we have investigated laser-irradiated joints

between borosilicate glass and polyimide. To facilitate

bonding between them, a thin titanium film with a thick-

ness of approximately 0.2 lm was deposited on glass wa-

fers using the physical vapor deposition (PVD) process.

Titanium film was selected as a coupling agent as the

existence of chemical bonds at the laser-processed tita-

nium/polyimide microjoint interfaces has already been

identified [7]. In addition, titanium is an excellent bio-

compatible material. The transmission laser microjoining

process that has been demonstrated in details in reference

[12] was utilized in this case to create bonds between

TiBSG and PI. In this process, the joining material com-

bination includes one absorbent (in this case, titanium) and

one transparent (in this case, polyimide) part at the laser

wavelength. The laser energy penetrates polyimide and is

absorbed by titanium, so that the heat is induced directly at

the interface. The temperature at the interface exceeds the

melting point of polyimide and is sufficient to create

chemical bonds between titanium and polyimide. The

transmission laser microjoining process is shown sche-

matically in Fig. 1.

Two sets of laser-bonded samples were processed. One

set of the samples was prepared with a 0.8 lm cw diode

laser using a laser power of 3.0 W. The other set of sam-

ples was processed using a 1.1 lm Yb-doped cw fiber laser

(1.0 W). It is mentioned here that the spot diameters for the

diode and fiber lasers were 800 lm and 200 lm, respec-

tively. For both sets of the samples, the laser head was

scanned at a speed of 100 mm/min along the width of the

sample to generate a 6.5 mm long bond. Schematic of the

samples is shown in Fig. 2. It is mentioned here that the
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F

Fig. 1 Transmission joining of

two materials using a laser beam
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diode and fiber lasers had super-Gaussian and Gaussian

type intensity distributions, respectively.

Experimental

Experimental methods

The samples created using both the laser systems were tested

for bond strengths using a microtester. The testing machine

used in this case is called a 6-axis sub-micron tester [10–14],

which is a general-purpose micromechanical/thermal test-

ing instrument. The machine is fully controlled by a com-

puter, and can be operated both in displacement and load

controls along six degrees of freedom, i.e., three orthogonal

translations and three rotations. The displacement resolution

of each closed-loop, DC-motor-drive stage is maintained at

0.1 mm in translations and 0.001 degree in rotations. A

capacitance gage installed in the equipment measures the

actual displacement of a test sample. The samples were

loaded in the fixture of the testing machine and were sub-

jected to uniaxial tension by turning on the motor that moves

in the sample’s length direction. The software that controls

the machine also acquires load cell and capacitance gage

information (load-displacement data).

Several untested samples were also sectioned at the bond

region and were analyzed using an optical microscope. The

samples were sectioned carefully using a diamond cutter

and were molded in epoxy. A diamond polisher was used to

polish the epoxy molded sectioned samples.

Experimental results

All of the fabricated samples were loaded in tension until

failure. The failure loads obtained for all samples were

divided by the corresponding bond lengths to calculate the

failure load per unit bond length. The bond lengths were

measured using an optical microscope prior to testing the

samples. Test results for both types of samples are pre-

sented in Table 1. The average failure strength of the six

samples processed using diode laser was observed to be

6.19 N/mm with standard deviation of 2.7 N/mm. On the

other hand, the samples created using fiber laser had higher

bond strength (7.34 N/mm) with a relatively small standard

deviation of 0.46 N/mm. To understand the reason behind

these wide variations in bond strengths for the diode laser-

processed samples, several samples were sectioned and

viewed under an optical microscope.

Figure 3 shows representative images of the sectioned

samples. A large crack was observed in the glass substrate

for the diode laser-processed sample, which is evidenced in

Fig. 3a. However, no such crack was seen in the cross-

section of the sample created with fiber laser (Fig. 3b). It is

thus reasonable to believe that some of the samples that

were tested for bond strength had cracks and hence had

very low failure loads. The use of diode laser may have

introduced higher residual stresses in the substrate during

joint fabrication than the fiber laser did. This may be due to

the fact that the diode laser has very different power dis-

tribution (which is super-Gaussian) than the fiber laser

(Gaussian).

Finite element methods

The FEA technique was utilized next to verify the amount

of residual stresses developed for the case of diode laser

which may have caused substrate fracture. The moving cw

diode laser beam with super-Gaussian intensity distribu-

tion strikes the titanium surface at the titanium/polyimide

interface. The problem of thermal mechanical stress

analysis was solved in a decoupled manner using finite

element software ABAQUS [15]. First the heat flow

problem was solved by considering a moving heat source.

The time dependent 3-D temperature profile over the

sample was then used to solve for the residual stress as

the model was to be cooled down to room temperature.

Due to the presence of loading and material symmetries,

only half model was considered (Fig. 4). Here only the

overlap portion was considered as the heat flow to the

0.50
0.18

15

30

10

Glass Polyimide

Laser Fused

Laser bond

All dimensions in mm (not to scale) 

Titanium coating

6.510

Fig. 2 Schematic of a tensile sample

Table 1 Bond strength of the samples processed with diode and fiber

lasers

Laser used Average bond

strength (N/mm)

Standard deviation

(N/mm)

Number of

samples tested

Diode laser 6.19 2.7 6

Fiber laser 7.34 0.46 6
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region away from the bond area can be considered neg-

ligible, and hence those areas are not considered in the

calculation. The thickness and width of the model in

Fig. 4 represent true dimensions of the sample that was

used for experiments that is given in Fig. 2. The solution

steps are outlined next.

Thermal analysis

Model development

A solid body heat conduction model was developed to

calculate the temperature distribution in and around the

laser-irradiated areas. All three materials, such as titanium,

glass, and polyimide, were modeled using eight-noded

(type DC3D8) and six-noded (type DC3D6) diffusive heat

transfer elements with one degree of freedom (temperature)

at each node. Figure 5 shows the developed FEA model

that also shows the zoomed-in mesh view near the inter-

face. The interface between the joining materials was

modeled using thermal interface elements. In this case, the

mating surfaces at the interface were modeled by using two

separate sets of nodes. The two sets of nodes belong to the

two different element sets corresponding to the two mate-

rials at the interface. The heat flow across the interface was

considered via both conduction and radiation. The moving

circular laser was modeled as a distributed heat flux on the

material surface on which the laser is being focused (which

is titanium in this case). This heat flux was calculated as

follows from the total power and power distribution. For

super Gaussian distribution

q ¼ Q

p�r2
ð1Þ

where �ris the characteristic radius (defined as the radius at

which the intensity of the laser beam falls to 5% of the

maximum intensity) and Q is the power transferred into the

material. In our calculation, Q and �rwere considered to be

3.0 W and 400 lm (which is nothing but the diode laser

beam radius), respectively.

The material properties required for the heat flow

analysis are thermal conductivity, specific heat, density and

latent heat for all of the materials. The material properties

were obtained from reference [16] and are given in

Table 2. For simplicity, phase change of polyimide during

this laser processing was not considered. The initial con-

dition for the entire solution domain was room temperature.

On all of the surfaces, both natural convection and radia-

tion were considered as a boundary condition. Due to

Fig. 3 Optical micrographs of cross-sections of the samples pro-

cessed with diode and fiber lasers

Scanning 
direction

Symmetric Boundary
Conditions

Polyimide

Glass

Titanium

Super-Gaussian 
intensity 

distribution

0.5 mm

0.18 mm
0.2 µm

6.5 mm

y
x

z

Fig. 4 Half model near the

bond region with symmetric

boundary conditions (diode

laser)
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symmetric nature of the system, only one half of the

materials are considered. The plane of symmetry in this

case is the plane through which the beam center moves. An

insulated boundary condition was imposed on the sym-

metric surface. The moving heat source was modeled by

reassigning the location of the distributed heat flux calcu-

lated using Eq. (1) at different time steps. The time was

calculated based on the scanning velocity and heat source

location. The transient heat transfer model was then run

and nodal temperature was documented as a function of

time for use in the subsequent steps.

Results from thermal model

At the end of transient analysis, nodal temperatures were

recorded as a function of time. The temperature field was

observed to change with time as the heat source was

moving along the width of the sample. Figure 6 shows the

instantaneous temperature distribution in polyimide at the

titanium/polyimide interface when the laser head (or

moving heat source) traveled for 1.0 s at the scanning

speed of 100 mm/min. It is clear from the contour plot that

the size of the heat-affected zone (HAZ) that has temper-

ature above 350 �C is 120 lm. It is mentioned here that the

melting point of polyimide is 350 �C. So, it is reasonable to

consider that the HAZ in polyimide having temperature

above its melting point will create bond. Thus, the size of

the bond should be 240 lm (double of 120 lm as Fig. 6

represents a half model) which is similar to the experi-

mentally measured bond width as published in reference

[10]. The residual stresses development in the joint is

calculated next using a separate FEA model as the system

is now cooled down from the processing temperature (the

nodal temperatures recorded in this step) to room temper-

ature.

Structural analysis

Model development

In this case, the finite element model employed the same

discretized model as used in the thermal analysis except

that now the model will be utilized for stress analysis. In

addition, half the bond width between titanium and polyi-

mide was considered as 120 lm (Fig. 7) as was determined

from the thermal model. The laser irradiated 120 lm bond

between titanium and polyimide as well as the titanium-

Fig. 5 FEA model along with a

zoomed-in mesh view (same

mesh used for both the thermal

and structural model)

Table 2 Thermal and mechanical properties of the materials used in the FEA models

Material Density q
(kg/m3)

Modulus of

elasticity, E (GPa)

Poisson’s

ratio, m
Coefficient of thermal

expansion, a (lm/m- �C)

Specific heat capacity,

Cp (J/kg-�C)

Thermal conductivity,

k (W/m-K)

Polyimide 1,380 1.35 0.41 60 1,130 0.25

Titanium 4,400 116.0 0.34 8.9 530 17.0

Borosilicate

glass

2,400 62.0 0.2 4.0 830 1.1

Fig. 6 Temperature distribution in polyimide at the polyimide/

titanium interface (diode laser). The size of the heat-affected zone

that has temperature above 350 �C is 120 lm
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glass interface were considered to be strong. These strong

bimaterial interfaces were modeled by using a common set

of nodes at the glass-titanium and titanium-polyimide

interfaces. The common interfacial nodes are shared by

elements corresponding to both titanium and polyimide for

the titanium-polyimide bond interface. Similarly, the

common set of nodes at the glass-titanium interface is

shared by the elements corresponding to the glass and

titanium substrates. Symmetry boundary conditions were

applied at the symmetry surface such that the translations

have no component normal to the plane of symmetry. In

other words, at the symmetry face displacement v is con-

strained while displacements u and w are free so that

Poisson effects can take place in the x and z directions in

that face. One corner of the model was fully constrained so

that all other nodes can move with respect to this fixed

node. The applied boundary conditions are shown sche-

matically in Fig. 7.

Two material models were used in the study: a simple

linear elastic, and a linear elastic–plastic models. The

substrate glass was modeled as linear elastic, while polyi-

mide and titanium was modeled as elastic–plastic. The

linear-elastic model is an ABAQUS standard material

model, which requires two properties: the modulus of

elasticity and Poisson’s ratio (Table 2). The elastic–plastic

model used for polyimide and titanium utilizes the classic

von Mises yield criterion, which is also available in

ABAQUS. The model requires modulus of elasticity,

Poisson’s ratio (Table 2), and stress–strain data in the

plastic region. The stress–strain responses of polyimide and

titanium are given in Table 3 that was used to input the

plastic portion of the curve. Due to the large deformation of

polyimide, geometric nonlinearily was included in the

calculation so that the stiffness matrix can updated at each

incremental applied load based on the deformation of the

joining materials.

The joining assembly was cooled down from the process

induced nodal temperature obtained in the thermal analysis

step to room temperature, and the residual stress was cal-

culated. The model was considered stress free at the

solidification (or melting) temperature of polyimide, which

is 350 �C. Thus, the nodes that had instantaneous temper-

ature above 350 �C were considered to have the initial

temperature as 350 �C.

Results from structural model

In this paper, the stresses developed only in the glass

substrate are analyzed as the micrographs showed the

presence of a crack only in glass. It was observed that the

in-plane normal stresses (rx and ry) were all compressive

which is expected. This is due to the fact that the CTE for

glass is lower than both polyimide and titanium and that the

joining system is cooled down from the stress free tem-

perature (350 �C) to room temperature. The maximum in-

plane normal stress was found to be 360 MPa and is well

below the compressive strength of glass which is about

700 MPa (source: http://www.matweb.com). Thus, no

failure is expected due to these compressive normal stres-

ses and hence detailed description of in-plane normal stress

distributions is not presented here.

Variations of out-of-plane normal (rz) and in-plane

shear (sxy) stresses developed in glass at the glass-titanium

interface along the bond width are shown in Figs. 8 and 9,

respectively. The graphs also included these stress varia-

tions at different planes normal to the bond length direc-

tion. The locations of these planes are shown along with

the stress plots. Due to geometric and material singularity,

large variations of stresses are expected near the two sides

(e.g., left and right) of the bond. It is evident from both

Figs. 8 and 9 that the stress variation is steeper at the sides

while a lower level stress is developed over the region near

the longitudinal mid section. Maximum z-direction stress is

found to be 61.0 MPa near the corner of the bond area (the

maximum stress location is 80 lm from the edge and about

Symmetric Boundary
Conditions

Polyimide

Glass

Titanium

Constrained point

Half the bond width,  which is 
120 µm obtained from thermal model

x
y

z

Fig. 7 Half model near the

bond region for structural

analysis. Half-bond width is

120 lm, which is obtained from

the thermal model

Table 3 Stress–strain data for polyimide and titanium used in FEA

Polyimide Titanium

Stress (MPa) 0 70.0 118 0 140.0 220.0

Strain (m/m) 0 0.023 1.1 0 0.0012 0.54
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15 lm from the side of the bond) which is close to the

average breaking strength of borosilicate glass of 70 MPa

[17]. It is mentioned here that the lack of ductility of glass

prevents the equalization of stresses at local irregularities

or flaws and hence the tensile strength of glass varies

considerably about a mean value. Thus, it is not surprising

to see that some of the samples may have experienced

failure initiation at a lower stress level of 61 MPa. The in-

plane shear stress as shown in Fig. 9 is zero at the both

transverse and longitudinal mid-planes and increases with

the distance from the mid-planes. The peak shear stress is

151 MPa right on the edge however about 12 lm away

from the side. This high in-plane shear stress along with

other out-of-plane shear stress components (sxz, syz) may

cause crack propagation that was initiated due to high z-

component normal stress. It is worth mentioning that the

out-of-plane shear stress components are small compared

to sxy, and hence are not presented in this paper.

Summary

In this study, the joints between titanium coated glass and

polyimide created by cw fiber and diode lasers are

mechanically characterized for their potential use in bio-

encapsulation applications. It is observed that the fiber laser
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created joints have higher bond strength (7.34 N/mm) than

the diode laser created joints (6.19 N/mm). Optical

microscopy of the joints fabricated using diode lasers re-

vealed the presence of cracks in the glass substrate. To

further investigate the factors responsible for such cracks,

three-dimensional uncoupled finite element modeling was

employed for the diode laser-processed samples. Two FEA

models, namely thermal and mechanical, were developed.

The thermal model was used to model the laser process that

solves the transient heat diffusion equations. The structural

model calculated the stresses developed in the joining

materials as the system is being cooled from the laser

process induced nodal temperature (obtained from the

thermal model) to room temperature. Stress analysis

showed the development of large residual stresses (e.g.,

rz = 61 MPa) in glass that is within the failure strength

range. This residual stress component is the main source of

substrate cracks as was observed in the diode laser-pro-

cessed samples.
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