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Abstract

Powder blasting technology is proposed in thisithas a new structuring tool for Low
Temperature Co-fired Ceramic (LTCC). The proceessisting of mechanical abrasion
through high speed particles, is mostly used ottldnmaterial but was successfully
adapted for the patterning of microstructures otfie® fragile green tape substrate,
through the manufacturing of novel stencil maskBese masks are based on high
resolution patterned nickel sheet produced usingLW&A process or laser cutting
coated with a thin layer of photopolymer which mets efficiently the metal sheet
deformations under particles bombardment. The ntagrm@operties of the metal
allowed magnetic clamping to be used to maintaenrttask down onto the substrate.
The etching rate of the metal was shown to be loaugh at a pressure of 50 psi
(344kPa) at a distance nozzle-substrate (N-S) afr2Gand 50mm so that the mask
could be re-used several times and ensured gotelpatansfer quality from the mask
to the substrate. The process was systematicallyacterised on DuPont 951 P2

(~165um thick) green tapes.

The erosion of the green tape ceramic was theractarsed with the micro-patterned
electroplated masks. It showed that the powdetdidastructures had U shape walls and
verticality of the walls closed to 9@an be obtained with increasing the number of
passes. The structures have smooth edges and thaveany melting parts. Smoother
structures were obtained with distance nozzle-satesof 50mm favouring lower under
etching of about 15-20pum at the expense of a ttmaes increase in process duration.
Vias as small as 62um in entry diameter and 20puitndemeter were produced along

with beams 25um top width and 54pum bottom widthenmoduced.

Following the green tape characterisation, a LTCGLCkpge for an optical encoder
featuring 16 layers with the glass cavity was maotufred. 45x45mm nickel masks
coated with LF55gn flexopolymer were produced featu stacking pins, fiducials,
cavities and circular apertures ranging from 100gon 400um diameters for
interconnections. Each mask was powder blasted) gbsb for a flow rate of about
0.1g/s, a distance N-S of 20mm and a speed of Smrifse optical encoder was

successfully attached on the package and tested.
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Chapter 1 Introduction and thesis layout

1.1Introduction and motivation

Low Temperature Co-fired Ceramic, LTCC, is common$ged today in microsystems
packaging. The fabrication process of LTCC is madwund requires low capital
equipment, features which have attracted industrtalest. Layers of sheets of ceramic
in a green state are machined independently, slaakd fired together resulting in a
solid body. This material is therefore highly shleafor the fabrication of embedded
channels and cavities, paving the way to applioati@nging from micro-fluidics and
optics to biology. In addition, prior to stackingach layer can be printed with
conductive tracks. This enables the embedding afsipa components, such as
inductors and capacitors, and of interconnectsdéenshe package, reducing size and
easing interconnect routing. The LTCC ceramic niatéas also become over the years
a very attractive alternative to major substrateshsas PCB or High Temperature Co-
fired Ceramic (HTCC) due to its properties along [fLis extensively used in Radio
Frequency (RF) and high frequency applications tduiégs high dielectric constant and
low electrical losses, its Coefficient of Thermadpansion (CTE) similar to silicon and
a good thermal conductivity. LTCC is a cost effeetand competitive substrate for low

to medium volume production.

As the microsystems industry restlessly reduces dhigp footprint and volume,
packages have to accommodate smaller and highertyglémerconnects. Up to now,
conventional machining techniques such as lasemagxhanical punching offer great
performances for vias fabrication. They are fastcige and versatile techniques.
However, the capital costs for these equipmentstlagid maintenance are high and can
be an obstacle. In addition, the fabrication of benavias highlights the limitation of
those machines and needs to be tackled. The ndrghigor a new precision tool able

to avoid these issues.

Powder blasting, also known as abrasive blastsgniold technique extensively used
for surface preparation such as deburring, insaogibsurface cleaning (paint or rust
removal) and stress relief as shown in Figure 1ltlés similar to the shot peening
process in which round particles impact the sutesti@ create compressive stress and

increase metal fatigue resistance. Powder blashiogiever, relies on the abrasion of
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the substrate, whereby patrticles hit the subswéatevery high momentum conferred by
compressed gas. The abrasive media can be dispensedin a liquid form. Different

methods exist to mix powder and gas, some of theingbdocumented in [2]. These
processes are used for large surface treatmenfpaitities ranging from a few hundred

microns to a few millimetres.

Recently, powder blasting, in its dry form, hasbeelapted to micromachining. The
particles' high momentum confers enough kineticrgyneao crack and erode the
substrate of brittle material. Particles rangingnfr 3im to ~100pum are used in
combination with a micro-patterned mask. The preciss detailed in Figure 1.1b.
Alumina, aluminium oxide, AlOs, is often used as an abrasive material due toigts
hardness of 9 Mohs [3]. A precise description ef ¢nosion principle of brittle material
by hard particles can be found here [4, 5]. Th&@&emprocess takes place in an enclosed
box. Once particles have abraded the substratg, atee sucked and disposed of in a

sealed container alongside the abraded material.

Mixture Pressurized
Gas and Particles

“|_ Particles jet

Substrate

|
(b)

Figure 1.1:(a): Example of abrasive blasting being used taldyiclean large surfaces.

(b): Principle of powder blasting process appliedricrostructures

As mentioned before, traditional powder blastingh@d a direct writing process. The
area which is under the jet of particles is sevendimetres across, making the process
not suitable for direct micromachining. Micro-patted masks are applied on the
substrate to enable smaller structures to be faledc Such masks can be made from
ductile or plastic materials [6, 7], which haveoavér etching rate than brittle materials.

Ductile masks are plastic masks or metallic mashkgch are pre-formed using laser,
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photolithography or electroplating, and glued om shibstrate.

Powder blasting has a certain number of advantegiepared to traditional machining
techniques: fast etching rate of the order of hedslirof micrometers per minute, low
capital and operating costs, fabrication of finenmistructures in glass and silicon such
as interconnects [8] and channels [9], tilted dtmes, and creation of 3D structures
such as free standing cantilever [10, 11]. Thicess has been used for products such
as flat screens for Philips [12] (Zeus display),oggopes lids for BAE systems (Figure
1.2) and by glass manufacturer and foundries sescBGHOTT, PlanOptik, Micronit

Microfluidics and Elume Inc.

Figure 1.2:BAE gyroscopes lids and free standing inertial eefikl]

1.2 Objectives and challenges of this thesis

The main objective of this thesis is to adapt tlwvger blasting technology for
machining green tape ceramic at the micro-scalecaadacterise the process. The main

objectives can be broken down as follows:

+ Identify and understand the issues present withctreventional way of
patterning LTCC.

% Develop and characterise a mask, which could betadafor LTCC
machining.

+ Fabricate fine microstructures with such a mask.

% Characterise the erosion process on green tapmicerahich includes the
definition of the erosion process, the limits ok tfeasible structures

3



dimensions and the 3D blasting.

+ Fabricate a package for an optical encoder usiagetthnology created.

Following this list of objectives, numerous challes appeared. First, the flow rate
fluctuation of the particles had to be improvedwBer blasting machining is known for
having poor flow rate repeatability [13] and isluginced by several parameters [14].
The machine owned by Heriot-Watt University is adustrial machine and is also
subject to those issues. Additional challengesusiet the use of lower pressure than
recommended by the manufacturer and low frequersages of the machine which
tended to increase powder clogging. Modificationsravmade to the machine with
respect to the reservoir size and process temperaflb0C to keep the moisture out
between experiments. Despite these modificationscgss fluctuations were not

entirely suppressed.

The main challenge of this thesis was to find aemaltthat can be applied on the LTCC
without being glued on it. Unlike brittle materiada which the mask can be easily fixed
on the substrate, the green tape ceramic detextoiiat contact to glue compounds.
Firstly the material is very sensitive to solvefibhe binder, which holds alumina and
glass particles together, dissolves in contact whth solvent. Glued mask would be
therefore impossible to remove. Secondly, the tageagile and soft to the extent that
mechanical stripping the mask off would tear artanately destroy the tape. However,
this glue is an important factor in the succesghef substrate micro-structuring as
perfect contact between the mask and substratdesnlaigh transfer pattern resolution.
To accurately pattern green tape ceramic and bienafin a good contact, magnetically

clamped metal masks such as electroplated nicksksnaere used.

The fabrication of the metal mask was the secomdlarige. The manufacturing cost of
the mask was to be kept low as powder blasting mashare cheap. Expensive masks
would significantly reduce the cost advantage & tbchnology with respect to others.
One process was first envisaged: electroformingiiokel which can produce high

aspect ratio structures. SU-8 on glass wafer isllysused as sacrificial material in

nickel electroforming. However, changes in the psscwere made and dry film resist
laminated onto larger stainless steel plate weesl is ease the mask production and

increase throughput. A second method of fabricati@s also used involving laser
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cutting of nickel masks. This solution proved to reatively cheap for less complex

patterns.

The next challenge was to prevent the high residtralsses to build up on the bare
metallic surface by the particles. These stresdefined as the peening effect, deform
the thin metallic sheet, creating gaps with thessalte and lowering the resolution of
the transfer of the pattern transfer. These defooms are unfortunately not
compensated by the strength of the magnetic fdfiegerials need to resist the powder
blasting process but also be easily applicable dnéometal mask and replaceable
before it wears off completely. The protective augproposed were photo patternable
coating. They were spin coated or laminated omthsk.

Finally, the last challenge was to engineer an@rabte the LTCC package with the
powder blasted layers and to attach the opto-electrchip onto it. In this part, large
masks 45x45mm were blasted to manufacture sevéeratit layers (some of them
printed with conductive paste), stacked togettenimhated and fired. The package had
to be designed to house a 6.5x6mm glass windownensae and a flexible connector

on the other attached using reflow solder and DA isepoxy paste.

1.3Thesis layout

Chapter 1 is the introduction of this thesis. Aftietailing the LTCC principle and the
problems occurring during the structuring of thpetawith conventional techniques,
powder blasting is explained to highlight the béasahat such a system could bring to
the machining of green tape ceramic. The challeegesuntered are also described and

finally the thesis layout is given.

In Chapter 2, the LTCC technology used today inniherosystem industry is described.
A comprehensive overview of the material histord @mposition of the green tape is
given. The fabrication steps needed to produce Lpackages is explained in details.
In addition, an in-depth analysis of the differeretys of structuring the ceramic tape is
highlighted. The structures' shape and the minindirmensions are detailed for each
method with its advantages and drawbacks.

Chapter 3 examines the powder blasting setup custade at Heriot-Watt University.
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The description of the device includes the det#ilwork undertaken on the machine to
improve the patrticles flow repeatability with theeuof 9um alumina particles. The
etching rate of the green tape was then charaeteas a function of pressure, flow rate,

distance nozzle-substrate and angle of incidence.

Chapter 4 focuses on the development of the makk. first part of this chapter
presents the search for a material resistant entmutite particles and providing a good
contact on the substrate without requiring gluethBituctile and plastic materials were
investigated. The second part describes the maslicétion combining UV-LIGA

techniques and polymer coating.

Chapter 5 covers the fabrication of microstructumesyreen tape ceramic with metallic
mask coated with polymers. Rectangular and ciraartures with dimensions ranging
from 4Qum to few hundred of microns were used. The regyltieams and vias were
measured, providing a range of possible apertudesler-etching and effect of the

distance nozzle-substrate were investigated.

In Chapter 6, the LTCC package for an optical eecad fabricated using only the
powder blasting as the patterning machine. A thginodescription of the package
design consisting of seven different layers (sixtee total) is given. The fabrication
process of such a package is detailed as wellealsahding technique used to attach the

optical encoder. The encoder is electronicallyei@sh the last part of this Chapter.

Chapter 7 draws conclusions of this thesis anddutork is given.



Chapter 2 Overview of LTCC processing

2.1Introduction

This chapter aims at reviewing progress made in D@mperature Co-fired Ceramic
(LTCC) material processing. First, a historical kground on LTCC is presented,
enlightening the needs for this material. Then, riregerial itself is described with a
clear understanding of its unique properties. Tligerént steps involved in the
fabrication process are then detailed, and inctage structuring, printing, stacking and
lamination, firing and post processing. Finally,damost importantly, the different
technigues in use to machine the green tapes asemed with their advantages and

disadvantages.

2.2LTCC background

In the microelectronic packaging industry, LTCCaigelatively new material dating
from the 1990s. However, LTCC processing origindtes an older and more mature
technology. The investigation of ceramic mater@bhasubstrate for electronic packages
started back in the late 1950s when the basic $tegzocessing the ceramic material
were laid down [15, 16]: green sheet fabricatioms\Vformation, sheets stacking and
lamination. The rising interests in the ceramic sttdde came from their electrical,
thermal, mechanical and dimensional stability prope [17], and in 1964, IBM
introduced its Solid Logic Technology (STL) [18]img this material. Integrated silicon
transistors (or diodes) and resistor were mounted a single 12.5x12.5mm layer of
sintered ceramic composed of 95% of alumina. Inkaaing noble metals (mixture of
gold and platinum) were screen printed and fire@®°C to form the conductive
tracks. The adhesion was promoted by the meltess gl# present in the ink. Due to
firing temperature difference between metal andwoér (around 1500°C), the tracks
were printed after the ceramic sintering. The erdbeg of metallic tracks inside the
ceramic was thus impossible and STL modules werdem#p of a single layer.
Multilayer stack could only be created by attachilng modules together with soldered

pins as shown in Figure 2.1.



Figure 2.1:Photograph of two ceramic layers featuring silit@msistors and resistor

attached together thanks to interconnecting pi§ [1

The technology evolved with the arrival of Duallime Package (DIP) in the late 1960s.
One of these new packages, Ceramic Dual In-liné&apec (CDIP), was composed of a
ceramic carrier wire bonded to electrical connecpms. The green tape used for this
carrier was sintered after the printing of the rhatacks, requiring metal pastes with
higher melting point such as tungsten which haseling point of 3422°C [19].

In the early 1970s, the demand for higher I/O catiors density grew, encouraged by
new mounting techniques such as Controlled Collapsp Contact (C4, IBM 1969).
By the end of the 1970s, the industry witnessedathyearance of Multilayer Ceramic
(MCL) carriers used for Multichip Modules (MCM). M introduced such modules in
their 4300 series computer [20] in 1979. The modudes a 50x50mm carrier with 23
laminated and metalized alumina layers. The tealmigvolved laminating metalized
layers (tungsten, molybdenum or molybdenum — maggmnwith via interconnects
punched and filled with conductive paste, alignmamd stacking, and firing at around
1400-1600°C [21]. Layers were composed of 90 to #%umina powder mixed with
glass frit and binder to allow flexibility in thape: High Temperature Co-fired Ceramic
(HTCC) was born. In 1983, IBM released, using tipsinciple, their first
commercialised Large Scale Integration (LSI) paekéy the IBM 3081 Processor
Unit. The 33 laminated layers carrier could hougpeto 133 chips. The device is

illustrated with its thermal conduction module iiglie 2.2.

The technology improved throughout the 1980s imgeof chip size reduction and
increased I/O number on single packages. Ultimatabyvever, the limitations of the

material itself were the issue: thinner wiring meehigher resistivity of the conductor,
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and thus higher power consumption and increasetdissapation.

Figure 2.2:The 1800-pin TCM IBM 3081 processor (150 x 150 x@f) houses up to
133 chip sites arrayed on a 90 by 90 mm ceramistsatle (courtesy of IBM)

LTCC was developed in the early 1990s to overcomese shortcomings. This new
material has a higher composition in glass fritkding the sintering temperature to be
lowered to about 850°C, hence its name. It haswaeradielectric constant and a
coefficient of thermal expansion (CTE), closer he tsilicon CTE than HTCC. The
processing costs are also reduced due to the Iteveperature needed. But most
importantly, metal with lower resistivity such asi,CAu and Ag, of melting point of
1085, 1064 and 961°C respectively, could be usecbaductors. The first successful
industrial LTCC packages with copper wiring matemsere fabricated by IBM and
Fujitsu in the early 1990 for their main frame catgrs (Figure 2.3). From large
packages, the need for the LTCC technology ha® ghmen shifted to smaller packages
for wireless, high frequency mobile communicatioavides, helped by the low

transmission loss of the material.

Figure 2.3:0ne board CPU with a maximum of 144 LSIs on bodlesi The substrate
(centre) is formed by 61 layers of LTCC and hagaedsion of 245x245mm. Its

cooling system can be seen on each side of theCLda&Crier (courtesy of Fujitsu)
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2.3LTCC composition and characteristics

As explained in section 2.2, the LTCC basic mateaasists of layers of green ceramic
tape. The thickness of each layer varies genebatween 50 to 350um depending on
the manufacturer and can be found rolled (HeraeugsxXample) or pre-cut into square
sheets (DuPont). Samples of such layers can be iseEigure 2.4. The material is
fabricated from a slurry and is doctor bladed te tlesired thickness onto a PET foil
that serves the only purpose of supporting the dapiemg handling. The final material is

soft, highly flexible and easy to handle.

Figure 2.4:Samples of green tape ceramic bought from Herasdi®aPont

The green tape is composed of inorganic (alumin®@Aand glass frit Si@B,03 of
about 20 to 40% each) and organic material (binglesticizer...), whose sole purposes
are to hold the inorganics together and give tpe tts flexibility. The tape composition
can be modified to a certain extend to match speoéeds. The glass type, binder
composition and material proportion can be varednodify the dielectric constant,
permittivity and Coefficient of Thermal Expansid@TE) as shown in Table 2.1 where
tapes with different characteristics are listede Tifference of proportion between the
inorganics and organics confers the tape a cep@iosity that can reach up to 40% in
volume for certain materials [22]. During the shig process, the organic binder
evaporates, the glass melts encapsulating the @éuiparticles, resulting in loss of

porosity and a densification of the material.

One of the particularities of LTCC is the shrinkathpat the layers undergo during
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sintering. The melting of the glass eliminatesspace between particles, leading to the
re-dimensioning of the layers in the x,y and z-<tiens. The reduction in size is
significant and varies depending on the tape coripnsas shown in Table 2.1. This
shrinkage is well controlled with tolerances witlr2 to 0.5% provided that process
parameters given by the manufacturer are follow@dstomizing these parameters
however modifies the shrinkage as reported in 23, Shrinkage can nevertheless be
prevented by constraining the tape between por@wanuc release tape [25, 26].
Certain tapes, such as the HerausHL series, do Zeee shrinkage in the x and y-

directions [27], at the expense of a higher shigekia the z-direction.

Table 2.1: Non exhaustive list of ceramic greeresagnd of their properties from

different manufacturers

Tape Shrinkage after | Thickness e TCE
LU Permittivity &, Tand
Name sintering [um] [ppM/K]
Ferro xly 5%
AGSIAGM 127,254 | 5.9(100GHz) 0.001 (10 GHz) >8/7
z ~26 %
xly ~12.7 %
Pueant 50, P 165, 78@GHz) | 0.006 (3 GHz 5.8
z ~15 %
xly ~9.1%
Dglz;’m 127,254 | 7.1 (10GHz)| 0.001(10GHz) 4.4
z ~11.8 %
Heraeus xly ~10.6%
CTa000 50,99,133 | 9.1 (2.5GHz)| 0.002 (2.5GHz) 9.1
z ~16 %
xly ~0.2 %
EE;%%%S 66,92,133| 7.3(2.5GHz)| 0.003 (2.5GHz) 6.1
z ~39 %
xly ~19.3%
Hg?ggs 90,150 | 68.7(2.5GHz) 0.2 (2.5 GHZ) 9.1
z ~28.9 %
xly ~21 %
Cergrgtape 310 7.9(1MHz) | 0.002 (1 MHz 5.3
z ~18%
xly ~13%
E'i‘it(;ibs" 100-130 78(1MHz) | 0.5 (1 MHz) 7
z ~17%
xly ~9.5%
E'i‘fg‘ébs" 100-130 | 13-14 (1 MHz)| 0.2 (1 MH2) 7.15
z ~15 %
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2.4 Fabrication process of an LTCC package

The fabrication of an LTCC package follows a seaksteps that are detailed in Figure
2.5. There are seven steps, not all of them negedsdanking, vias and cavity forming,

printing, stacking, lamination, sintering and ppsgicessing.

1- Blanking and preconditioning

Tapes are pre-cut into pieces of requested dimesiginod are preconditioned at around
100°C for 10 minutes. This step relieves stressedal backing PET foil removal. If the
foil is left on (mostly to reduce dimensional chasgluring the tape handling), this step

IS not necessary.

2- Vias and cavity forming
Interconnecting vias, fiducials, stacking pins aagity are formed on each individual

layer using different techniques that will be dietgilater in this chapter.

3- Via filling and conductor printing

Screen printing technology is used to print megaks and fill vias. It consists of
depositing a conductive paste through a mask fiegtw@aperture openings. Squeegees
are used to squeeze the paste onto the substtgpem@&nt with the substrate is done by
fiducial markings present on both the mask and s$héstrate. In LTCC, two
technologies are used:

- Stencil screen printing using an electroplatedkeli laser cut nickel or
stainless steel foll, to fill vias.

- Emulsion screen printing, which uses an expodsmtgpimageable emulsion
laid on a fine metallic wire mesh, to print trackdnlike stencils, meshes enable
complex shapes such as standalone structures xénpde concentric circles, to be
printed.

Due to the different screen used, each printingrieie requires its own metallic paste.
The paste used for the emulsion screen has alwbysen viscosity than the one used
for the stencil printing which enables it to be sgzed through the mesh of the

emulsion mask.
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1- Blanked green sheet

preconditioning

3- Via filling and conductor

printing

5- Lamination 6- Firing

7- Post processing

Figure 2.5:Schematic diagram of the LTCC fabrication proc&é® steps highlighted
in red are compulsory
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4- Stacking

The PET foil is removed and each layer is aligned by one on a thick metal plate
using stacking pins. This step can be done autoaiBtiwith automated stackers or
manually. Extra care has to be taken to avoiddpe from stretching during this step. If
present in the design, cavities must be filled ptm the lamination to avoid being
crushed. Solid filling, such as rubber [28], canused for opened cavity. Sacrificial
material, which evaporates during the firing pracas around 600-700°C through the

green ceramic pores, can be used for inner and cgaties [29].

5- Lamination
The stacked layers are then laminated at about 7@C0 minutes at a pressure
between 10 to 20MPa. The lamination process creatbending thanks to material
interpenetration at the boundary between each .|layeo lamination processes can be
used:

- Uniaxial pressing: the stack is laminated heatpdn a hot plate. The stack
needs to be rotated by 180° half way through tbegss in the z direction.

- Isostatic pressing: the stack is placed in a vacgealed bag and pressed in

water brought to a temperature of 70°C. No rotasameeded.

6- Sintering

The stack is then fired following a precise tempa®a profile. A typical firing profile
can be described as follows: a first dwell is dabebout 350-400°C to drive off the
organic binder, a slow ramp up and a second dwelB5°C to achieve glass
densification. Additional dwell can be done at amu600°C if there is presence of
sacrificial material to allow the material enougné to be burnt off before the LTCC

pores close.

7- Post processing

After firing, active components can be attachethtofired stack by wire bonding, flip

chip bonding or thermocompression. Additional pnigtcan also be done to enable
brazing of metallic seals. Packages can then bgulsited using laser machining or

diamond sawing.
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2.5Advantages

The LTCC has a certain number of advantages:

» Very good dielectric properties with high relatpermittivity and low tangent loss

» Integration in its core of passive components sashresistors, capacitors and
inductors

CTE close to silicon (3 ppm/°C)

High-density 3-D package

Resistance against high temperature

YV V VYV V

Suitable for mass production and cost effective ufeturing process

LTCC has become a good alternative to PCB for redaplications, notably in RF
where low loss and high relative permittivity arepiortant as well as applications in
harsh environments such as in the automotive inguStable 2.2 shows a quick
comparison between FR4, the mainstream PCB, PTEE.AC€C. LTCC has a better
thermal conductivity, closer CTE to silicon, higheslative permittivity and lower
dielectric loss. Furthermore, it is well suited 84D packages. However, it is not as

well established in the electronics environmerthasPCB and is still more expensive.

Table 2.2: Typical properties of DURAVER®-E-Cu qtyall04 KF FR4 from Isola
[30], TLX-9 PTFE from Taconic[31] and DuPont 9k7 CT [32]

Relative Thermal
i conductivit °
Material Permittivity e, Yy | CTE (ppm/°C) Tard
(W/mK)
FR4 4.6 0.3 13 0.02
PTFE 25 0.19 9-12 0.0019
LTCC ~71 4.6 ~4.4 0.001

A similar comparison can be drawn with HTCC (TaBl8). The relative permittivity,
loss tand and thermal conductivity values are better for IETAut the CTE of LTCC is
closer to the one of silicon. However, the highertesing temperature of HTCC
prevents the use of conductor paste material sachihger and gold. Less conductive

materials such as tungsten and molybdenum have tilised.
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Table 2.3: Properties of HTCC from Via electror88] and DuPont 951 P2 LTCC [34]

. . lati CTE Thermal
Material Sintering Relative Tans Conductivity
Temperature| Permittivity ¢, (PPM/K) (W/mK)
HTCC ]
(-92% ALO, | 1600°C 9.4 0.001 6.8 17-35
LTCC
(20-40% AlO) |  850°C 7.8 0.006 5.8 3.3
2 3

2.6 Structuring LTCC

Structuring the green tape ceramic is an essqudralin the LTCC package fabrication.
Great control on the structure quality and critisedall dimensions go hand in hand
with reducing the footprint of the package. Difieréechniques can be employed to
produce the required patterns, the most converitionas being punching and laser
machining. Embossing is a technique less utilise@iarcing apertures in the substrate
are not possible, but the quality of the pattessery good. These techniques are

described in this section alongside their advarstage drawbacks.

2.6.1Mechanical punching
Introduction

Mechanical punching is one of the conventional némplres for structuring LTCC. Its

principle is based on creating a hole in a matéhiedugh shear force thanks to a punch
and a die. The punch, aligned with the die withahilg aperture, is pushed through the
substrate until the material is shredded and thmelpyasses through to the die (Figure
2.6). The resulting aperture has an identical shapmth punch and die and the ejected

slug is discarded.

Figure 2.6:Mechanical punching principle (courtesy of Trumpf)
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Punching is widely used in the manufacturing indubecause of its versatility: holes
can be punched in any type of ductile material:aigtlastic etc. Coarse punching of
thick material featuring meso-scale patterns reguiheavy-duty puncher while
punching of microstructures requires higher acquracd precise tooling. Two fully

automated punchers are represented in Figure 2.7.

It is a fast and efficient tool that can punch tésiagle punch) or hundreds (multiple
punches) of vias per second. The speed of the junehll depend on the tool size. A
wide range of shape (square, circular, trianguad dimensions for the tooling exists
to fit the desired designs. On certain machines, tdoling can be changed quickly
thanks to fully rotating heads and die. Punchingcpss cannot fabricate half way

through apertures.

(b)

Figure 2.7:Fully automated punching machines for (a) mesoeswakk 10 punch/s and
its multiple punch head and die (courtesy of Trunaoid (b) micro-scale work capable
of up to 24 punch/s with tools dimension rangirair75 to 4,760um (courtesy of
ptchips). (c) Multi-pins tooling

Clearance for micro-scale punching is a very imgdrtparameter. It is the key to
production quality and enhanced tools service[Bfs]. Clearance length is defined as
the space between the punch pin and the die asnsimokigure 2.8. If such a length is
too small, the punch and die will wear quickly bl apertures will accurately match

the tools' dimensions. Conversely, if it is toogarthe material will not be shredded
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properly with the formation of burrs. Alignment taeten the punch and the die is also
critical as any misalignment can result in puncld ame colliding with each other,
wearing or breaking the former. Furthermore, if fheach is not centred, the larger
clearance of one side of the punch can enhancs.sloagminimize these, punch and die
must be precisely machined with low wear materiadl requent inspections of the
tooling are required. A more detail explanationtba punch and die fabrication and
clearance can be found in [36].

Punch pin

Die Die

>l Sl
Clearance

Figure 2.8:Diagram of a punch and die clearance

Typical punched apertures for microstructures amve in Figure 2.9a with %0n and
100um apertures pierced with tungsten carbide togige a stainless steel sheet. The
entry side has dimensions similar to the punchdimensions. Edges are sharp and
clean. However, due to clearance, the exit side diagensions closer to the die
dimensions rather than the punch dimensions. Thdtieg apertures have an entrance
smaller than the exit with the exit having lessrphedges with potential burrs [37, 38].
This is illustrated in Figure 2.9b. Despite theacdnce problem, circular apertures down
to 15um in diameter in brass and stainless stesd wierced with only 2um clearance

[36]. The punch tip and the die were made in tugrgsarbide.
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rollover

shear zone

P! - secondary shear
o £l : |
— L1 rupture zone

—T- burr
J — depth of the crack

penetration

Exit side

20pm

50um 100pm
(a) (b)
Figure 2.9:(a) SEM picture of 5@m and 100pum diameter hole (entry and exit side) in
stainless steel [39]. (b) Schematic cross-sectiggunched part showing the different

fracture zones created [37]

Micro machining in LTCC

Punching machining has been used very early ogré®n tape ceramic [17, 18], and is
still today one of the two major machining procasp)-43]. The punching of LTCC

sheets is addressed with similar tools describetheénprevious section. Vias are the
most commonly machined structures, as this prosegsick and simple. To produce

channels, straight lines and cavities, successieellar punches with close steps are
executed. Punched cavity and channels examplebecapen in Figures 2.10a&b. Due
to the successive punching method, the channeblathess is directly dependent on
the pitch between each punch and the punch dimenisfdhannels fabricated with a
pitch too large show "ripples" on their wall asigtrated in Figure 2.10b. However, for
meso-scale punching, tools shape can be changsduaxe or rectangle to fit the

designs. A detailed description on producing lasig@nnels and circular apertures using

a single size circular punch can be found in [44].
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(a) (b)

Figure 2.10Example of punched structures in green ceramict§8um channels and

cavity (courtesy of VTT) and (b) oval openings usadfuel cells [45]

Punching machining is mostly praised for the resmtuof the vias and the produced
uniformity. The fabrication of large vias or caesi in LTCC is not very well
documented as such structures are usually manudctuth small punches of a few
hundred microns dimensions, used in the fabricadfosmall vias. However, the size of
those structures completely offsets the defectsddua be produced with small punches.
The tool wear is limited due to the size of thelitgpand a clearance that can be large
compared with the size of the features. Howevednt af research has been done to

fabricate sub-100um vias.

Mechanical punching has been demonstrated to hergkable for small vias of 50, 75
and 100um diameter and for tape thicknesses up@an3, including the PET foil [46].
Such vias display very sharp edge and high unifiyras shown in Figure 2.11. Indeed,
for certain applications, uniformity is criticalpf example in the manufacturing of a 94
GHz antenna array where 10,000 identical vias reénlde created [47]. The inverted
tapered shape present in the metallic substratge(laxit side than entry side) is less
present with LTCC. For example, despite a cleargetet 12um, the difference entry-
exit was similar for every vias dimensions and lgkan 2.5um, taking into

consideration the tools wear for the 100um via$.[46
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Figure 2.11Punched 76m and 100um vias in 163um thick green tape [46]

However, similarly to the metallic sheets, the eside reveals approximate circular
shape with burrs or slugs, as shown in Figure Ztb#pared to the entry side. Burrs
and slugs increase the smaller the punch [46]weué found to be independent of the
tape thickness.

(a) (b)

Figure 2.12Punched 55um entry (a) and exit (b) side [48]

As stated before, mechanical punching system camceiat the same time both green
ceramic and PET sheet. However, for sub-100um viaadds complications to the
process as it increases the formations of burrk [2@ing the process, the compressed
green ceramic under the punch tends to behave agtansion of the punch, pushing
the uncompressed ceramic underneath. The forcabdisbn on the PET foil before
piercing changes the shear pattern and increases Moreover, the more the material
is compressed, the more the burrs formation oc&®lesing the tape upside down with
the foil facing the punch pin does reduce thisctff@vith this method, 30um vias were
even reported [50]. However, the pressure exeneith® PET foil by the punch tends to

imprint the green ceramic, creating caved-in ed¢8s51] as showed in Figure 2.13.
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10Cum.

Figure 2.1355um via with rounded edges imprinted by the PE[48]

Sacrificial materials such as carbon paste are aiso of the materials that can be
punched through [52], proving the versatility ofetiprocess. Unlike lasers, which
evaporate the carbon paste and create large trgnpbaching does not modify the
carbon paste composition. Accurate and precise wgse demonstrated in tape
thickness ranging from 36 to 200pum. One such examspisplayed in Figure 2.14.

Figure 2.14Example of precise cut in a carbon based saclificeerial with a

puncher. The structures have beam width ranging ftt0 to 625um (top row) and
channels ranging from 227 to 645um (bottom row] [52

Green tape contains alumina particles which anemély hard. These particles are able
to wear off the punch and die to the point wheee dlearance increases as the cost of

more burrs and slugs. Wear of the tools can alssecatructure failure such as partial
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vias formation, rough wall shape or PET foil nobgaetely punched. This is even more
relevant for micro-tools which are more sensitivgewtear. Frequent inspection of the

tools is required to avoid throughput loss.

After the punching process, the tape is cleanetlbywing dry air onto its surface to
remove slugs [51] stuck inside the vias and falkéhthe punch tip onto the tape
surface. Such debris can be blamed for printingtsbats and track bridging [53].

Greater amount of debris occurs with rough or waunches.

2.6.2Laser machining
Introduction

Laser machining is the other conventional technigogployed to structure green tape
ceramic. Lasers are used by the manufacturing indas a cutting, engraving, scribing,

and trimming tools on a wide range of material frometals to plastics, woods and

ceramics. Their principle is based on the absanpip the substrate of a large quantity
of energy in a very short period of time (pulsdgttresults in the substrate ablation
through evaporation or sublimation as shown in Feg115. The process replicates the
same principle described during the punching maegireach pulse acts as a puncher
and ablates the substrate, although no dies henmeegessary.

Subtrate

Figure 2.15Schematic of the laser ablation process

Micromachining is possible thanks to the narrowehsions of the beam profile hitting
the substrate. Lenses are used to focus the lasen mto a focal spot, which enables

higher resolution but also higher energy densitye Tocal spot can be calculated by
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with dr the focal spot) the beam wavelength, D the diameter of the unfedieam at
the lens, f the focal length of the lens and thle beam mode. The conversion of the
photon energy to thermal energy relies on the aégpat the material to absorb the
photons: if the material has low laser beam abgorpthe energy transfer will be low,
and so will be the laser ablation. This makes ttozgss very dependent on the laser
wavelength.

Laser machining is mostly carried out in two-dimens. The substrate has to be
perfectly perpendicular to the incoming beam asféleal spot of the laser is small and
change in height of the part to be etched wouldedese the beam efficiency drastically.
In recent laser development, lasers have been mdwmto state-of-the-art workstation
featuring 5-axis stages. The machines are ablaltwlate the position of the substrate
and move the beam accordingly to focus the focat sp the substrate. This enables
machining of 3-D surfaces and thus increases grélaglir laser flexibility. However,

these stages are very expensive.

Laser machining on LTCC

Lasers are frequently used in LTCC because of thating speed and accuracy. Also,
despite the low absorption of the laser beam daicewavelengths, the tape can easily
be pierced. Indeed, as described in the sectio®,2He binder contained in the tape
decomposes at around 300 to 400°C. This temperstwasily reached with the laser,
and the binder vaporizes with resulting gases cagryhe freed glass and alumina
particles. Lasers also do not suffer from tool wearthere is no direct contact with the
substrate. However, they do need to be servicadadyg. Unlike punching machining,
lasers can partially ablate a surface: the lases dwt pierce the tape but raster its
surface in order to remove a thin layer of the malteFined tuned cavity thickness can
then be fabricated inside one single layer of greleset. The flatness of the rastered
surface depends on several parameters such asbeiteleen passes, laser power and
frequency, rastering speed, etc.
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A typical lasered structure exhibits a tapered shapere the entrance is larger than the
exit as shown in Figure 2.16. This shape is inleterthe laser ablation process: the
heat transfer is maximal at the top surface and thiffuses inside, reducing the ablation
rate. Thus, more material is removed close to dpesurface. This makes the structure
shape and the minimum dimensions achievable verghndependent on the tape
thickness [46]. This tapered shape can be, howewere finely tuned by varying the
laser power, number of passes, pulse frequencyselparameters will also change
depending on the tape composition. Tapered edgealsa be the result of loss of focus
of the focal spot [46, 54]. Defocused focal spotrdases the energy density of the
beam and thus the ablation power. This can happengllow power cut requiring

several passes inside a relative thick material.

200pum

Figure 2.16:75um vias pierced in 163um green tape [50] with GSer

Lasers have a good repeatability. Thousands ofctsies can be made rapidly.
However, certain factors which are difficult to tah can deteriorate the uniformity.
Power fluctuations is one of them [50] and is emednat low power. The fluctuations
translate into the structures with shape variatmmisaving their edges melted as shown
in Figures 2.17a&b. De-focussing of the focal split, present on the optics or on the
tape itself are other factors. Laser machiningalan suffer from uneven surface finish
and coarseness in structures: the area where $be $sarts and finish its cut (for a
closed structure) is exposed to more energy thanett of the geometry [55].
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Figure 2.17Set of images showing examples of Nd:YAG lasertélation. (a) SEM
photo of an array of 50um vias pierced in 163unegtape [46] which highlights the
differences in vias dimensions, (b) two vias lademgh similar process parameters, one
showing glass vitrification (top), the other no@[5

Similarly to punching machining, lasers can cut #ET foil at the same time as
ablating the green ceramic. PET foils are easilyatso, but the remaining structures
have melted edges that can stick to the ceramic T¥fis can be troublesome during the
PET foil removal with green ceramic structures beiorn or stretched. Moreover, the
foil is not entirely vaporized and residues caridaend inside the apertures or deposited
on the substrate surface [46]. These residuesmpmge printing, thereby preventing
proper filling of the vias, and can create delamaraof the stack if left uncleaned.

However the use of a 9.4um glasers has been shown to reduce the residues [56].

In the following part, two most commonly used laser LTCC are presented: GO
lasers and solid state laser (Nd:YAG or Nd:Y)Orhe quality and characteristics of

the resulting structures are described.

CO; lasers

These types of lasers are based on G&s active gain medium, and typically emit in
the mid-infrared (wavelength around 10.6pum). Thanbepot size is in the order of tens
of microns. CQ lasers are also affordable with basic laser systprite starting at a
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few tens of thousands of pounds such as Epilogsys{57]. CQ lasers can etch the
green ceramic tape without melting the glass dadicThe so-called cold ablation
process was demonstrated in [58] and is basedehigjimer absorption of the ceramic
particles than the binder as shown in Figure 218 heat absorbed by ceramic
particles is redistributed to the surrounding patynsublimating it rapidly into gases.
The expending gas is ejected from the substrateying away the particles with it. Due
to the small Heat Affected Zone created insidenteelium as the energy has less been
absorbed by the binder, this process has a resoletjuivalent to the beam spot size.
The glass only melts inside the plume of gas thnotlg incoming beam, not on the
tape, preventing the formation of melted glasshenddges of the structure. However,
thick tape above 200um might be subject to glasseleas the molten material has

more distance to travel out from the aperture amddeposit itself on the edges.

. Absorption Coefficient (mm™)
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Figure 2.18:Absorption coefficient of alumina and PVB, polynsémilar to the LTCC

organic binder. The large absorption of aluminat@aof 10 compared to PVB) favours

the absorption of energy by the particles [59]

Due to the principle of the process, the effectghef cold laser ablation are largely
dependent on the composition of the green cerafidcording to [60], the resolution
obtained is reduced with higher binder contentslich a tape, the heat propagates
deeper in the binder and increases the etchindhdegide the material. Fabrication of
50um entry and 30m exit diameter vias in HL2000 have been demoredratith a
single pulse of spot size of around 49um andus(fulse duration [58]. Analysis of the
structure edges did not show any melted glass amnd wrtually free of debris. The fine
particles can be aspired with a dust collectorrdyuthe process. Fine structures were
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also fabricated as shown in Figure 2.19: the firesimin the bottom right corner has
beams of 120um in diameter. The structure quality wary according to the laser

frequency, writing speed, etc. The resolution adhide with such a laser being 49um,
it then behaves as a 50um puncher. Pulses hawedidb at very close pitch in order to
attain flat edges on the lasered structures. Bgmihre shot with too large a pitch, cog

wheel shape can appear, especially on the badleddttucture as shown in the top right
inset in Figure 2.19.

Figure 2.19Example of LTCC mesh structure fabricated with,@&3er [58]. Ruler
division= 1mm

Solid-state lasers

These lasers have a glass or crystalline activergadium doped mostly with rare earth
elements. The most common solid state laser is Needymium-doped Yttrium

Aluminium Garnet (Nd:YAG) laser. The laser can Ipemted in Q-switch mode such
that the beam can be pulsed with a duration ofnaté:s of nanoseconds, generating
higher peak power than their average power. Moswi@ch pulse repetition rate ranges
from a few Hz to 10s of kHz. Usually, Nd:Y\{Qasers are preferred than Nd:YAG
lasers because of their higher output power, bbtam quality M and lower threshold

high [61]. Their fundamental wavelength is in treaninfrared (1064nm), but can be
changed using harmonic generators that doublde toipquadruple the frequency, thus
lowering the wavelength to respectively 532nm (gright), 355 (near UV) and 266nm
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(mid UV). However, lowering the wavelength requirdditional harmonic modules

and suitable optics that increase the overall legst.

Despite the relative poor absorption of ceramicamalt at these wavelengths [54], with
the exception of the fourth harmonic, solid stateel are very often used in LTCC. The
high energy density obtained from the combinatibhigh peak power of a single pulse
and the small dimension of focal spot - with adeguaptics, the spot diameter at
355nm can be about 8um - enable a rapid ablatidheofape. Moreover, the smaller
focal spot increases the resolution compared tgl@gers.

One consequence of this high energy density andbthebsorption of the material is
the melting of the glass particles contained ingidetape. This results in melted glass
either projected onto the tape or remaining ondtges of the lasered structure. In
extreme situations and small features, melted glasssolidify inside the via and totally
obstruct the openings as shown in Figure 2.20aeM@quently, the structures of the
edges look rough with melted glass attached om dugjes as presented in Figure 2.20b.
The quantity of melt is dependent on the quantitglass content in the tape [62] but
can be controlled by optimizing the laser paranseéed reducing the amount of power

used by the laser.

(b)

Figure 2.20Photos showing melted glass particles generated Nd:YAG laser (a)
inside a 80um vias [63] and (b) on the edges ofmsda5]

With a 15um focal spot, solid-state lasers havenkad®e to produce vias of 25um in
diameter [46]. However, such via diameter was gmbgsible in 50um thick layer.

Although 50um vias were pierced in thicker sheetdy 80% were properly pierced
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through. Larger vias above 75um in diameter weeecpd for any tape thickness up to
254um [46]. Thus 50~75um is accepted as the minimiameter size for vias in LTCC
tapes. 30 to 40um vias were also reported in [64] +100um thick layer, but the laser
was used with the fourth harmonic at 266nm wavdtentnterestingly, no thermal
damage was reported. With the accuracy of suclsi@rmsy very sharp structures can be
fabricated as demonstrated in [55] and Figure.B2d, as for the vias, the line cut has
a width larger than the focal spot which has tedken into account. The line cut can be
a few tens of microns large [65], which increades structure dimensions. Reverse
engineering can be implemented to compensate this.

(a) (b)

(€)

Figure 2.21:Thin beams cut in different LTCC tapes with Nd:YA&Ser at wavelength
of 1064nm: (a) 100um, (b) 190um and (c) DuPontP3165um tape [55]

2.6.3Hot embossing

Embossing is a replication process in which a satestis shaped by means of a
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patterned mould with the aim of creating raisedswnken structures on its surface as
shown in Figure 2.22. The material must be malkeatiéxible and have low viscosity.
Pressure is needed to conform the substrate tontheéd while heat is applied to the
entire system to increase the material ability lawfand relieve stresses [66]. The
embossed pieces are then cooled down under conmtesgure and are separated at

ambient temperature.

Thermoplastic foil
Mold inserts

Residual layer

Figure 2.22Hot embossing process [67]

The advantages of this technique include the usestrigle master for the fabrication of
thousands of pieces and the difficulty in desigrengiplex patterns presents itself only
during the master fabrication (not during the mastiring of the embossed pieces).
Due to the malleable properties of the organic &irahd plasticizer, LTCC can easily
be embossed. The mould usually consists of a simptallic foil with raised structures.
Electroformed nickel foil using LIGA process seetm$e the most appropriate solution
and is used in most cases [68, 69].

Embossing on LTCC

Embossing can be done on a single green tape tay@n laminated layers. However,
once embossed, it is difficult to laminate addiéiblayers on top of the structures: the
structure collapses under the lamination pressi@f The temperature of reference for

embossing ranges from 70 to 80 °C, which is alsddmination temperature range of
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LTCC. A lower temperature would result in a loweaterial flow making it difficult for
the tape to conform to the mould. A higher tempemtvould increase the difficulty in
removing the tape from its mould, especially forainstructures, after the cool-down
period [71]. An anti-sticking coating can be usedréduce this phenomenon. The
holding time depends on the experiment and rangesrglly from 1 to 3 minutes [68,
71], longer dwell affecting not significantly theagpe of the structure [22]. Recent work
has demonstrated the possibility of embossing gresgye ceramic at ambient
temperature [72, 73]. However, in each test, tipegavere specifically fabricated for
this purpose and had a higher flexibility than coencralized tape. Embossing in itself
IS not capable of creating apertures. Vias andtieavifabrication has to rely on

conventional machining techniques, mostly mechapieaching.

Embossed structures are only limited by the moaltiepns capability and the ability of
the material to flow inside the recessed structBerause the base of the structure is
attached to the layer surface, complex shapes ea@asily created in the LTCC surface
with stand alone patterns possible, examples df stractures are given in Figure 2.23
[68]. Sharpness and resolution of the structurdsdepend on the ability of the material

to fill the mould.

Figure 2.23Examples of patterns embossed in LTCC [68]

Uniaxial or isostatic pressing are used to createh sstructures. However, roller
embossing machines have been also successfully. &eth machines offer the
advantage of a small contact surface between the tad the roller and quick
embossing can be realised. Although the maskpeimanent contact with the tape, the
pressure is only exerted during a few seconds atrdler position. Demoulding is

therefore facilitated. Fine 50um width embossednok&s were created on Heraeus
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HL2000 [69]. However, the process limitation liesthe structure depth: only 20pum
depth was achieved for 40um thick patterns. Thectire edges exhibit also large
round corners that decrease significantly theioltgsn. Finer, sharper and deeper
structures can be fabricated using uniaxial pr&Sksannels with width/lines of
100pum/100um and 50um/100um were successfully peat[i€l]. Figure 2.24a shows
an embossed 4n deep channel with an end smaller than 5um. Intetefilling of
the mould, seen for large channels and small presylted in structures having round
edges and inadequate depth. It is thus suggesaé@ribossing works better for small
channels and large pitch than large channels amdl pitch [74]. Channels as small as
25um wide were fabricated. They are shown in Figugb. Embossing can also be
used to improve tracks system inside the LTCC pgeKd5, 76]. Thin channels were
embossed and filled with conductive paste in ontdemcrease the thickness of the

tracks and lower the sheet resistivity of the caroliu

50 UM

100 pm

(a) (b)

Figure 2.24Photograph of (a) tapered beam and (b) 25um chapaekd by 100pum in
HL2000 [74]

Combination of punching and embossing has also deemonstrated by [77, 78]. An

embossing tool formed by a series of spikes witblen base was used to create U
shaped apertures in the LTCC green tape as iltestia Figure2.25. This structure was
realised on a stack of 8 to 12 layers that wasrated at the same time than being

punched-embossed.
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Figure 2.25CCombined punching-embossing technique: The LTQ@eced and the
aperture walls shaped by spikes [77, 78]

Combining lamination and embossing techniques tsaskeeen employed to pattern the
ceramic tape in the hope of reducing the numbenachining steps [79]. Structured
metal sheet were inserted directly during the stackorocess between the large
stacking plates and the green tape (Heraeus HL289®hown in Figure 2.26. The
lamination of the stack and the embossing were dmeltaneously in an isostatic
press at 70°C for 8-10 minutes and at a pressut@MPa, which are the recommended
lamination parameters of the ceramic tape. The dore@mbossing time and higher
pressure did not pose any problems with channelsngpasimilar properties than
observed in [74].

Figure 2.261Layers setup in the stacker for combined laminagmbossing [79]

34



The same paper also reported the fabrication skdastructures using a mould with
only recesses. Unlike traditional embossing whére material is squeezed in the
substrate, the structures are “raised” by squeethiagmaterial in the mask openings.
Tests were done with 10fh and 50um thick mask on HL2000 using the lamimatio
parameters of the tape. Results are displayed gur&€s 2.27a&b. The structures
conformed to the 100um mask thickness, even fombealy 90um in width. 50pm
thick pillars of 160um in diameter were also crdateith the 50um thick mask.
However, the structure analysis revealed smallksraround the raised LTCC base.
Shrinkage of the structures in the z-direction waadified for the structures with
100pum heights, not for the 50pum heights.

Figure 2.27(a) 100pm height raised beam (cofired) and (b) b6@gameter dots
raised with a 50um thick mask (cofired) [79]

2.7 Conclusion

In this chapter, an overview of the LTCC materiatl dabrication process has been
presented. The composition of the green tape wasrided and its advantages
compared to other substrates were identified. Thierent steps needed for the

fabrication of an LTCC package were laid down.

Three methods of machining the green tape wereridesc Two of these methods,
punching and lasering, were shown to be the masinoanly used methods to pierce
the tape and achieve sub 100um structures. Thegfaceent and fast ways of cutting
green tapes, but create remelts, burrs and slagscém impede the use of the smaller
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structures. Debris of PET foil can also be foundtmnstructures edges which can have
the undesired effect of delaminating the stackgeérkaduring the sintering. The third
technigue, embossing, was shown to be dedicatslape the surface of the tape rather

than pierce it.
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Chapter 3 Powder Blasting Apparatus and Preliminay Experiments

3.1 Introduction

An essential part of the work reported in this ihés to characterize the equipment to
distinguish controllable from uncontrollable paraens. Similarly, the understanding of
the abrasion process on the ceramic material maignbwn to reduce the number of

parameter to use.

This chapter aims to provide a first approach am utilisation and interaction of the

powder blasting process on the green tape cer#&ingt, issues related to the adaptation
of the powder machine setup for the machining ofaméc tape are addressed.
Secondly, the behaviour of the green tape cerandemuparticles bombardment without

mask is investigated.

3.2 Experimental setup
3.2.1Powder blasting apparatus

A powder blasting unit can be broken down into ¢hcentral parts: the high pressure
unit, the sealed enclosure box in which the abragmcess takes place and the
aspiration unit. Those three units are the badia mowder blasting setup and ensure
the handling, containment and extraction of therejgarticles. The setup owned by

Heriot-Watt University and used in this work is shmoin Figure 3.1.

The powder blasting machine has been acquired fihencompany Texas Airsonic [80].
Two units, shown in yellow in Figure 3.1, have bdmught and are connected to a
single control panel. The latter controls the pues&xerted inside the reservoirs and the
intensity of the flow. The intensity can be defiresithe quantity of powder expelled at
the nozzle tip. In other words, the intensity colstrthe flow rate of the particles. It
ranges from 0 to 9, from no flow to maximum flowegossible. These numbers are,
however, not present in the original setup and Hmeaen added arbitrarily. The optimal
operating pressure range of the system is comphbistdeen 85psi (586kPa) and 195psi
(1344kPa). Compressed air or nitrogen gas can bd, usit the maximum pressure
available for both gases is around 100psi (689kFPhe reservoirs have a 3 litres

capacity and can handle particles size ranging fsgm to 350um. The nozzle tips are
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made from titanium/tungsten carbide. The nozzlehtig a cylindrical aperture with a

diameter of 0.8mm.

Aspiration
unit

Control panel \]

Powder blasting
unit with

s - _ 1 Nitrogen
- ' : cylinder

Enclosed
Plexiglas box

Linear
stages

Figure 3.1:Powder blasting setup with the powder reservoe,ghclosed box and the

extractor

Each unit can be broken down into two element&samvoir on the upper part and the
feeding chamber in the bottom part. A detailed scitec of the unit can be seen in
Figure 3.2. The reservoir contains the powder. gtvwder gradually passes through to
the feeding chamber at the same rate as the pawdlee feeding chamber is emptied,;
there are no mechanical movements involved in phtcess. Once in the feeding
chamber, the particles are transported to the mot&nks to a vibrating mechanism
[81].

The feeding chamber consists of a vibratory systatha spiral chamber containing the
powder from the reservoir. The vibrations generdigdhe system create a rotational
movement that drags the particles along a spitaltamp placed on the wall of the
feeding spiral chamber. This ramp has a 5° anglectihation and ends at the top of the
chamber with a tube leading the particles to thezl®o This process allows the particles
to be skimmed from the agglomerated particles eictiramber bed and creates a steady
stream of powder ready to be expelled at the ekie.tBy varying the intensity of the
vibrations, the quantity of particles reaching &xit tube, and thus the flow rate at the

nozzle, can be changed.
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Figure 3.2:Schematic of a powder blasting unit and photo efgpiral chamber

The enclosed box has been fabricated at Heriot-Wattersity from Plexiglas sheet

6mm thick with an aluminium framework. A removalftent panel is used as a door
and allows easy access to the samples. In the ladrge opening connects the
enclosed box to the extractor unit. The latteraestantly recycling the air inside the
box during the powder blasting process, removinghatsame time the particles and
chipped substrate. Small apertures in the Plexigidsallow fresh air to be injected in.

After the powder blasting process, an air dust bpw is used to force the static
powder left in the box out to the recycling unit.
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The nozzles are placed onto an arc holder attashedmotorized axis (y axis) fixed on
the ceiling of the enclosed box. The arc holder @ao be orientated to vary the angle
of the nozzle compared to the normal. The stagevioich samples sit is fixed onto
another motorized axis (x axis) placed at the ottd the box (Figure 3.3). Both axis
are at 90°C to each other, enabling scanning im&k ya A VXM Stepping Motor
Controller (Velmex.inc) operated from a computentcols the two independent linear
stages. The maximum speed for the stages is 152rtiva/default speed set at 40mm/s.
The minimum increment that the motors can prodwceheoretically 2.54m. The

dimension of the working area is 200x200mm.

The controller cannot operate both stages at thee stame. This particularity only
allows the nozzle to scan the samples in x, thenigversely, one axis at the time. It is
then impossible to follow circular geometries. Rermore, as the controller changes
endlessly from one axis to the other, it introdupasises between each swap lasting

around 0.1 of a second and leading to overexpasgertain parts of the substrate.

Nozzle and

arc holder

Figure 3.3:Enclosed box with the 2 stages

The variation of the mass of powder during the expent is recorded by measuring the
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mass of the entire system. The balance is placeéruime powder blasting unit and
measures the mass of the powder blasting machohéhanpowder inside the reservoir.
Fully charged, the total mass of the system is 8Bdikg. Thus the scale must be able
to measure such a high mass. To achieve this,amdmlfrom Radwag (model WLC
10/A2) was employed. The disadvantage of such setupe low accuracy of the
balance (~0.2g) and 3 seconds stability requireceézh measurement. However, this
prevents powder being lost during potential trangfem the reservoir to a more
accurate balance. Furthermore, the balance is @bleeed a computer with live
measurements every 0.5 of a second thanks to aigay program which records the

data and compiles them into an .xls files. Frorth, flow rate can be calculated.

This method provides a more accurate measuremantttie calculation of the mass
loss obtained by subtracting the mass of powdéhetstart of the experiment to the
mass of powder at the end. Plotting the time depeindurve of the lost mass allows
indeed the detection and correction of any abnoealations that would change the
total mass of powder used during the test. Theesispalso computed automatically
from the trend line of the plot, thus providing average of the flow rate which takes
into account the variations of the flow during tlest. It is, however, not possible with
this program, to see the live flow rate during ¢éixperiment.

The computer interface which is used to controllihear stages is presented in Figure
3.4. It is a custom made program based on C-slagubge. It was written by Stefan
Wilhelm, a PhD student also studying at Heriot-Wativersity. This interface is based
on a graphical user interface which allows simplepes such as squares and rectangles
to be drawn to define the surface to be scannedP@rameters such as speed, rastering
pitch and number of passes can be set for eachobrteese areas in the process
sequence (2). Up to 10 surfaces can be set. Thaisgasequence is controlled with the

“play”, “pause” and “stop” buttons (3). In additiothe software provides real time

feedback positioning of the nozzle in both workarga and machine position (4).
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File Controller View 7

Process sequence Work area
Area 1 |
| Meander x+ - 1
Left -33.5 mm _
Bottom -24.6 mm ;
2 Right 26.8 mm :
Top 33.2 mm __
Raster 5.0 mm
Speed 10.9 mmls 4
Loops 1 I
3 6 €y 6=
Frocess time: 00:07:30

Machine position
4 X 26. 8 mm
W 33. 2 mm
Ready

Figure 3.4:Diagram showing the graphical user interface cdlivigpthe linear stages

3.2.2Powder characteristics

The powder used with the powder blaster is compo$stiarp 99.5% aluminium oxide
(alumina) particles. Heriot-Watt possesses padigletwo average sizes: 9 and 30um.
The latter size will not be used in this thesis duehe particles’ higher erosion rate
which will abrade the ceramic, but also the maghkdig. In addition, smaller particles
have other benefits that can be used to an advamathis thesis. Firstly, 30um size
particles will reduce the resolution of the patiegncompared to 9um particles as
demonstrated by Anne-Gabrielle Pawlowski in hesith§82]. And secondly, 9um have
been shown to reduce blast lag (eroded depth lag)hwoccurs between cavities with
different widths [83, 84]. This means that the @wdlepth is less dependent on the
mask aperture dimensions with smaller particles #w@dsame particles will produce

more consistent results with different aperturetiagd

The alumina particles were supplied by Guyson hagonal Ltd (through ETC
limited). This type of powder belongs to the lowntdaange with a bag of 25kg costing
about £185. The drawback of such powder is theigbest size distribution: the
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deviation can be large as evidenced in Figure 3/%#h an average size of 9um,
particles as large as 35um and sub micron can ur&lf¢the same can be said for the
30um patrticles). This increases the erratic behaoabthe particles during the process.
In comparison with a top of the range 9um alumiaager from Comco, the variation
of the particles diameter is smaller (Figure 3.9H)e particles are however expensive
with a bag of similar size (25kg) being priced eduend £1589. As the focus of this
thesis is to benchmark this process to the lasgépanching processes, cost is here an
important factor. Thus the powder selected to agtm the experiment work of this
thesis will be the powder bought from ETC limited.

X 0.0308Y O .030%D O .042C X 0.0304Y O .030dD 0O _042C

(@) (b)

Figure 3.5:Photograph taken with an optical microscope oEBE powder and (b)
Comco powder. The white round circle representarigbe with a diameter of 9um

3.2.3LTCC material

The materials used in this thesis are the DuPofit@®&en ceramic manufactured by
DuPont.

These tapes were selected because they are widéedgg for their global properties i.e.
low x&y shrinkage (12.7%), relatively good dielactconstant (7.8), low loss tangent
(at 3GHz: 0.006). They are readily available ingérquantity and at different
thicknesses: 5im (C2), 114m (PT), 165%m (P2) and 254m (A2) in 152x152mm
square sheets. Furthermore, the industry extelysiveés DuPont ceramic tape for
package fabrication, especially in electronics afidrofluidics. Only the 165um P2
layers will be however used as they fit both thecpss characterisation and the package
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fabrication.

Furthermore, the shrinkage of the tape can alsesbd as an advantage. It is very well
controlled within a given set of parameters (adarpd in Chapter 2). This allows the
fabrication of larger structures in the green taghejctures which will shrunk by ~12%

after firing. However, this does not fit all ap@tons (free standing single layers for
example) as shrinkage also induce warpage whiclbeatetrimental to package.

3.3 Setup adaptation

The powder blasting unit used in this thesis i®@mercial unit designed to undertake
heavy duties such as deburring, paint and rust valmon metal, glass and ceramic
cutting. The high kinetic energy of the particles dan important parameter and is
obtained through high pressure applied in the veserThis explains why the Texas
Airsonic unit was built to sustain a minimum pragsaf 80psi (586kPa). However, as
it will be explained later in this chapter (andGhapter 4), the machine needs to be used

at lower pressure.

3.3.10riginal setup flow rate characterisation
Flow rate

The tests were conducted at the pressure of 5@344kPa), with fim particles size, for
different intensities ranging from 5 (I5) to 9 (I9his series was repeated 5 times, no
powder being added between each one. Two difféndrdal quantities of powder were
tested: 2300g of powder which corresponds to theimman capacity of the reservoir
and 800g of powder (reservoir 2/3 empty). The flate is then recorded over a period
of 60 seconds. The flow is calculated at the endawh experiment once the excel file

that has been created can be opened.

This experimental procedure was selected to simwdapractical use of the machine
with changing intensities and decreasing powdersiriBise results are shown in Figure
3.6. Each point on this graph is the average vafube 5 measurements recorded with
the same parameters. Six measurements were Witiaile to calculate the mean and
standard deviation. But the flow rates obtainedmduthe first series were so different

from the rest that it was decided not to take tlivim account. This is detailed later.
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Figure 3.6:Variation of the particles flow rate at 50 psi asiaction of measurement

series and intensity

The results in Figure 3.6 highlight some of the hiiae characteristics such as the flow
rate values for each intensity which will be ussdoanchmark for future experiments.
There is no flow at 15 and intensities below. Thisdespite a jet of powder being
visible. The flow at these intensities is too wéake measured by the balance over the
length of a minute. Erosion still occurs but isthuio mass change recorded, unusable
for the experiment. The flow is very weak at 16. fdlover, Figure 3.6 also clearly
shows that the mass of powder contained in theveisdas an impact on the flow rate:
at all intensities, the flow rate is higher whem ttmass of powder contained in the
reservoir is large. The pressure exerted by thecpes own weight feeds more powder

to the spiral chamber than when the powder massvis

However, the impact of the powder mass on the floesreases when the flow rate
increases (intensity): the difference between W ftows drops from around 35 % for
I7 to 14% for 19. In addition, when sampled ovesmaall quantity of powder loss, the
impact of the powder mass on the flow is very leditas evidenced in Figure 3.7. The
data shown are from the flow rate recorded in Fegli6 for each intensity before the 5
series of tests were averaged. As mentioned bedaxd) series were composed by the
measurement on the flow rate at intensity I5 téol960 seconds, and the 5 series were

recorded in a row. The flow shows no real depenglener the mass change during
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each series as the curves are fairly flat, desp@anass varying between the start of the
series and the end of the series of about 120théofull reservoir and 96g for the 2/3

empty reservoir powder mass.
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Figure 3.7:Evolution of the particles flow rate at 50 psi asiiaction of the intensity
Flow variations

From the average flow recorded in Figure 3.6, taadard deviation was calculated and
represented by the vertical black lines at eachtpm the graph. However, to interpret
correctly the variations of the flow, the coefficieof variation (CV) is used. It is
defined as the standard deviationdivided by the mean A, and multiplied by 100
(equation 3.1).

cv =Z+100 3.1
= — % .
a

The coefficient of variation is a useful tool topeass the variation. Standard deviation
(SD) alone is only relevant in the context of theam it is calculated from and cannot
be compared with another mean. For example, twatsesf a population average, let
say 10 and 100, can have the same standard deviatiblowever, the amplitude of the
variations is extremely different as it represemts/5 of the value of the former and a
1/98 of the value of the second. On the other h&\,compares the ratio of the
standard deviation and the mean. Thus it offerptssibility to compare different sets
of SD and their means. In this example with a pajoh average of 10 and 100, the

variation is 20% and 2% respectively.
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The coefficient of variation of Figure 3.6 is shownTable 3.1 for each intensity. It
shows a clear increase in the repeatability offtn when the latter increases. The
variations at 16 are very high, but can be partlg tb the low accuracy of the balance as
the flow rate measured oscillates between 0 angl€.®verall, without taking 16 into

account, the repeatability is better when the resers fully loaded with powder.

Table 3.1:Evolution of the coefficient of variation calculdt&om data obtained in

Figure 3.6
Intensity 16 17 18 19
CV (800g) 81% 29% 17% 8%
CV (23309) 117% 14% 10% 10%

As mentioned before, the series 1 was not takenaotount in Figure 3.6 and Table 3.1
but was left voluntarily in the graph in Figure 3As it can be seen, there is a large
discrepancy between the flow rate of the seriesdlthe rest of the series. This can be
explained by the powder organisation inside therkasr after refilling. Before both
tests (at different powder masses), the reservais wmptied to remove moisture
contaminated powder and refilled with freshly drpalvder. The powder, poured from
the top of the reservoir, falls all the way dowr tBOcm height reservoir, filling the
latter and the spiral chamber at the same times @lmaotic powder organisation, hardly
reproducible, introduces huge variations in thewfleate which continue until the
powder settles in both the spiral chamber and &servoir. As a proof, taking the
coefficient of variations of series 3 to 6 (Table2)3shows that the repeatability
increases even further (except at 16 for the fldpded reservoir where the flow rate of
series 5&6 was 0).

Table 3.2:Coefficient of variation calculated with serieso36tfrom data obtained in

Figure 3.6
Intensity 16 17 18 19
CV (800g) 54% 12% 13% 3
CV (2330g) 158% 6 3 12%
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Clearly the repeatability of the machine is poolGtnd this intensity should not be

used. For a good repeatability, it was considehedvariations should not exceed 10%.
To some extent, 17 can be used, but only I8 andcléieve this target. Moreover, the

random organisation of the particles after fillimg reservoir pushes the user to wait for
a settling period for the powder to increase tipeatability of the flow.

Clogging

Another typical problem with powder blasting maasns the “clogging” of particles
inside the reservoir. The term clogging is usec: herdesignate a discontinuation of the
flow of particles at the nozzle. It originates nipdtom a lack of powder inside the
spiral chamber due to cavities formed inside tteemeoir (Figure 3.8). These cavities
forms naturally due to the particles cohesive gitiefil4]. They are solid structures that
prevent the powder from flowing from the reservoithe particle feeding system. The
phenomenon is accentuated by the presence of mmistside the powder and affects
mostly small particles. Larger particles, suchhes30um alumina used mostly for glass
and silicon cutting at Heriot Watt University, hbratlog: the mass of each particle is
large enough to overcome forces applied to eacivichahl particle and prevents the
cavity formation.

With the 9um powder, clogging happens frequentspite powder being dried at
150°C for a few hours before each test. Collapsingcthaty by shaking the reservoir is
then the only alternative to restart the flow, this has the effect of filling the chamber
erratically, changing the flow rate to the sames@fbut to a lesser extent as in series
1&2 shown in Figure 3.7.

Figure 3.8:Typical example of a cavity formed inside the ponidethe reservoir
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Flow fluctuations are then increased by factorshsas a forming cavity collapsing
before the stop of the flow or decrease in the mowehen the powder is about to run
out in the spiral chamber (when cavity is formdt)s however important to note that
clogging occurs more frequently when high intenditys high flow rate, is used (I8 or

19) and the cavity has less time to collapse.

In its current state, and due to the low pressaeal dor these tests, the variations of the
flow render the process difficult to use in a repble manner. Although the structuring
characterisation of the green tape would not beagtgal, it is important to have a
repeatable and uniform process to define processndi according to certain
parameters. This prevents uneven piercing of thieréaand reduces (if any) clogging
occurrences frequency and ensures durability of efehing process over extended
machining time. The impossibility to correct thewvil during the experiment increases
the risks of high structure erosion variations.ohder to overcome those difficulties,
modifications of the setup had to be implemented.

3.3.2lmprovements

Flow issues are a well known phenomenon in the powaasting industry. Flow

fluctuations come from a large number of factorshsas moisture content inside the
powder, storage time, compaction of the partiahssdie the reservoir [13, 14], but also
on the particles' properties such as size, textirape etc. All these factors are difficult
to control and variation of the flow is at bestynéduced, but never suppressed. To
improve the operation of a powder blasting mach@®leobeity et al. [13] successfully

introduced a vibrating tool or mixer in the reservio limit powder stagnation and

reduce clogging. On the other hand, work has beee dn the nozzle shape to improve
the uniformity of the erosion line shaped (linegh&éaval nozzle, Karpuschewski et al.
[85, 86]). In regards to the system used in thesigy such modifications would require
a considerable amount of time and involve a lotesiources which cannot be spared.

Thus the improvements had to be kept simple anelsasdestructive as possible.

Reservoir re-dimensioning

A simple modification proposed in this thesis issdéh on the modifications of the
reservoir dimensions. A plastic tube with a diamefé&s2mm was introduced inside the
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original reservoir as shown in Figure 3.9a. The meservoir has a diameter half the
size of the original reservoir (102mm). With equehgth, the maximum powder
capacity has then been reduced by a third to aB@@g. The smaller reservoir allows
the same pressure to apply on the powder as reervoir was filled with about 2300g
of powder. And the large space available betweentwo reservoirs can be used to
house desiccant stones on a rack design spegificalthis new reservoir as illustrated
in Figure 3.9b. The stones prevent moisture frotererg the reservoir when the system
is not pressurised. It allows the powder to beeduss the experiments realised for this
work do not use the entire reservoir. Moreover, itggervoir should at least have a

certain amount of powder so variation between lguggmntities of powder is minimised.

-

(@ (b)

Figure 3.9:(a) The new reservoir; (b) placed inside the oagneservoir with desiccant

porous stones

The new reservoir has been tested following theesaxperimental procedure described
earlier. The tests started with the reservoirsatutl capacity (800g) and no powder was
added between tests. The results are comparedheitbriginal setup and are displayed
in Figure 3.10. The first series was not includethis graph.

50



0.225 -
—e— Central tube 800g T
0.2

—&— Orignal setup 800g

—aA— Orignal setup 2330g /

S A
| . &
s
s

0.025 / /(

0.175

o
=
wv

Flow rate (g/s)
o

17 .
Intensity

Figure 3.10Comparison between the original setup flow ratethednodified setup

The graph clearly shows an increase in the flow sateach intensity, except at 19. The
curve obtained with the new reservoir has a sinslape to the original reservoir, but
shifted to the lower intensity. The flow rate i®thhigher at lower intensity: 16 can then
be used, and has roughly the same flow than I'hebtiginal reservoir, 17 of the new

reservoir has the same flow rate than the origesegrvoir at 18, etc...

Although the use of intensity 6 is an advantagettiernew reservoir, the limitation at

the intensity 19 to a value of 0.175+0.02g/s doesanable the use of higher flow rate
as it could be suggested by the shift of the curdesvever, with the new reservoir, the

variations of the flow rate have substantially beeduced, as shown in the updated
coefficient of variation Table 3.3. The variatica® now well below 10% of the mean

value for intensity 6 and 7 and match the variaicecorded with the original setup for
I8 and 19.

Table 3.3:Coefficient of variation calculated from the Figudd.0

Intensity 16 17 18 19
CV (2330g) 117% 14% 10% 10%
CV (800g) 81% 2% 17 8%
CV new setup (8009) 8% 5% 11% 11%

In addition to the flow rate improvement, the powdan be left overnight and be used
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the next day thanks to the desiccant stones. Tests actually shown that powder left
for one month inside the tube was usable althobhghrépeatability was then not as
good as with fresh powder. The clogging of theiplat has also been reduced. It has
not been entirely eliminated, but significantly beeduced as cavities are less likely to
form, or their formation and their collapse hapmeore often, reducing the flow stop

and particles flooding.

Reservoir temperature at 50°C

A flexible heater was also added to the outsidéhefreservoir. This heater was installed
to maintain a temperature of around 50°C inside rédservoir to prevent overnight
moisture contamination. However, in addition toag moisture out, it appeared that
the higher temperature also increased the flow fMteassess the improvement, tests
were done with the original reservoir setup fillwdh 2,300g of powder and the new
modified reservoir, both with and without the flela heater at 50°C. The results are
displayed in the Figure 3.11.

It shows that the heat increases the flow ratafgiven intensity. The original reservoir
flow is even higher than the flow of the modifiezkervoir without heater. But the flow
with the new reservoir combined with the heateeven higher. Again, a limit after
intensity 8 can be seen where the flow rate deeseas 9. Flow rate at 15, albeit very
small, could be recorded with both reservoirs wita heater, but with large variation
amplitude ranging from 30 to 60%. Except at 15, thdations shown in Table 3.4 have
similar amplitude than the test of the new reserwoaihout the heater. Clogging was
slightly improved, although this is difficult to rasure due to the only slight

improvement of the results with the heater.

52



0.25

- - - Mod. reservoir; Heater on '|'
0.225

— - - Ori. reservoir; Heater on A < - =
0.2 - =

—a&—— Mod. reservoir; Heater off L7 //’ =~
- 0.175 =
~ —— Ori. reservoir; Heater off
)
&8 15 X
[
L o
© 0.125
2 /
2 0.1
[ 7 .7

0.075 P
- /I/
0.05

0.0.25 /
0 I/ 4"/

I5 17 18 19
Intensity

Figure 3.11Flow rate of the original and new reservoirs witid avithout the heater

Table 3.4:.Coefficient of variation expressed in percentagthefmean for the 4

different setups

Intensity 15 16 17 18 19

Ori. reservoir, heater off 117% 14% 10% 10%

Ori. reservoir, heater on 58% 14% 14% 12% 3%

Mod. reservoir, heater off 8.6% 4% 11% 11%

Mod. reservoir, heateron| 32% 13% 6% 7% 13%

One noticeable improvement with the heating resc@aconcerns the consistency of the
jet. At ambient temperature, it is frequent to see powder being pulsed from the
nozzle i.e. the powder seems to be delivered inlgmaakets instead of a continuous
flow. In fact, the jet is always pulsing, but atbua high frequency that a continuous
flow of particles seems to be exiting the nozzlat,Bor reasons which have not been
fully identified (this is in relation with the poved feeding mechanism), the frequency
of pulses does sometimes slow down to a level wharsts of powder can clearly be
seen. With the temperature at about 50°C, thegeims to be more continuous and
uniform. Although the heater does not remove egtitbe pulsing, it reduces the
chances of seeing the jet pulsing with a low freqye
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Reducing flow spikes and flow control during thpezkment

There are external factors in the lab that canrtmrie to sudden and brief spikes in the
recorded mass during the process. The blastingamditthe balance were first placed
onto the same table which host the powder blagtmdosed box and the cyclone unit.
The latter releases every five minutes a shortpavderful burst of pressured air which

can temper the mass loss records. In additione thex shocks coming from the linear
stages which can potentially also disrupt the mmegsents, not to mention

unintentional shocks coming from the operator. ideo to suppress such factors and
reduce measurement "noise"”, the balance was idotatea shelf attached to a wall as
shown in Figure 3.12. The hanging hoses feedingthssure gas to the reservoir and
the powder to the nozzle were tidied and fixedn® wall to prevent any movements.
Nitrogen gas is also used instead of pressurizetb girevent any moisture coming in

the reservoir.

Reservoir

Shelf attached Scale

to the wall

Figure 3.12Powder blasting unit isolated from the rest ofsb&up on the shelf

To further reduce the impact of the variations loé flow during an experiment, a
program was written (Stefan Wilhelm's work) to takdvantage of the feed of the
balance and calculate the live flow rate (an optmch is not available with the
proprietary program). To do so, the program takesmeasurements of the mass of the
system (over a period of five seconds) and calesl#the flow. The flow can only be

known after the first five seconds following therstof the recording, but is then
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repeated every second using the last ten measutemeue to the three seconds
stability required by the balance, this calculatismot very precise but gives a good
indication of the flow value. Moreover, large chaagn the flow can be spotted and

controlled by modifying the flow during the expegnt.

3.3.3Conclusion

Thanks to the reduction of the size of the resentbe variations of the flow rate and
the clogging frequency have been significantly el The repeatability of the
machine has been improved without the use of a mpe-engineering of the
machine. Thanks to the desiccant stones and therhélae new reservoir keeps the
moisture out for longer and enables the re-us@@fpbwder. Furthermore, the addition
of a flexible heater reduces pulses occurring enplrticles jet. These improvements do
not, however, totally suppress the problem. Thiwger blasting machine can then be
used more efficiently at pressure as low as 50p$1 & maximum flow rate is about
0.2g/s.

3.4 Powder blasting green tape ceramic

The erosion of the green tape is investigated is ¢hapter in order to understand the
behaviour of the tape under the bombardment op#récles. The results will help to

narrow down the usable range of each modifiablarpater to the best efficiency value.

3.4.1Experimental approach

The experiments are kept simple and consist of ngpthe nozzle over the ceramic
surface in the absence of a mask. The tests aneedefs “dynamic mode” tests in

opposition to “static mode” for which the nozzleedanot move. The dynamic mode is a
more realistic approach to study the erosion natéhe static mode, the thin green tape
Is pierced quickly and no substantial data betwiberflow rate and the mass loss of the

green tape can be extracted.

Erosion rate
The erosion rate is defined as the amount of nateemoved per unit of mass of

impinging particles and is expressed in equati@n 3.
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mgt

Erosionrate E = 3.2

my
where ng; is simply the mass lost by the green tape layenduhe powder blasting and
m, the mass of powder used. The mass of powderngsiiuring the test is calculated
from the flow rateu of the powder, obtained in g/s, and the lengttiroé of the erosion

of the green tape as equation 3.3 shows:

my, =t*p 3.3

The mass of green tape loss is measured with apnegiision scale manufactured from
Denver Instrument. It has an accuracy of 0.1mg. theea large difference (in the order
of 1000) between the mass loss of green tape awdgromass loss, the erosion rate
will be expressed in milligrams of green tape pangs of powder (mg/g). The erosion
rate is a good indicator of the efficiency of thetles etching the substrate.

Scanning definition

The powder blasting of the samples is done by nagtehe surface. The rastering is
done as follows: the nozzle moves along the x axexr the sample in one direction,
performing what is defined as a "pass”. The noppl&tion is then incremented along
the y axis so that the nozzle performs another pmsy the x axis in the opposite
direction. The increment prevents the nozzles aagrput the pass from eroding the
same part of the samples. A scan is defined asehef passes needed to cover the
entire sample (Figure 3.13). Depending on certairameters, several scans might be
needed to pierce the layer of green ceramic. Ttod jif the scan is the space between

the passes which make up the scan.

In this work, the erosion was measured for a domatf 60 seconds. However, the
pauses of the nozzle after each axis swap (dunicrgiments) are equivalent to the static
mode in which the tape can be pierced quickly. Tiiguld impede with the

measurement of the mass of the tape. To preves)ttlie axis swaps are carried out
over a metallic frame (protected with sticky tap&gced beforehand on the green tape.

The frame leaves an area of 50x30mm of green tgpesed to the particles. The frame
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is clamped magnetically and the protected greem $apup can be seen in Figure 3.13.

To ensure the tape is only exposed to 60 secondidasfing material, the passes are

carried out along the width of the frame (30mmaapeed of 5mm/s. Then one single

pass erodes the sample for a total duration ofcéreks. Ten passes are necessary to
erode the green tape for a timing of 60 secondstlaese 10 passes make up for one
scan. However, one scan lasts about 90 second3 secB8nds is the necessary time to

have the axis swapped 10 times.

Figure 3.13Nozzle path over the scanning area. The green(ligpéblue) is
maintained clamped down by the surrounding framvecm red and white sticky tape

The pitch between passes is selected accordinwetavidth of the blasted channel and
must be as large as possible to avoid passes pparta This ensures the consistency of
the measurements and that the particles only dre@leubstrate at "normal” incidence.
With a pitch smaller than the channel width, theges would overlap the slope of the
channels blasted with the previous pass and pestiwbuld not erode the substrate at

normal incidence. However, the width of the blastdéénnel can become too large
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compared with the metallic frame that the lattecdmees too small. In that case, the

pitch would be set at its maximum to fit the area.

3.4.2 Erosion behaviour

In this section, the erosion behaviour of the LT@@terial under powder blasting
process is characterised. The erosion profile uglistl as well as its dependence to
parameters such as flow rate, distance betweendhele and the substrate, pressure

and angle of impact of the particles.

Erosion profile of the jet

With ten microns particles and a nozzle openinground 0.8mm, the distribution of
the particles in the jet has been shown to followeibull distribution [87]: particles are
highly concentrated in the centre of the jet witbl@av decrease in the particles density
the further away from its centre. Particles on ¢dge of the jet have a lower velocity
which reduces the erosive power [4]. This Jet'spshe directly reproduced in the
erosion profile of the green tape once powder éthsthe typical profile of a powder
blasted channel in green tape ceramic is displaydéigure 3.14. The erosion profile
was measured with a Zygo Viewmeter 6020 phaseirgifthite light interferometer.
This profile was obtained at 50 psi and a distade® of 20mm. One single pass was
done on the green tape with a flow rate of 0.19fe total depth measured was 56pum

for a total width of 4.2mm.

1.000 2.000
Gistance {mm)

Figure 3.14Surface profile of green tape channel at N-S=20mm
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At 20mm, the width of the channel blasted was gif@mn4.1+0.05mm. It is, however,
difficult to assess correctly the eroded area diamespecially at distances N-S above
30mm. The smooth edges blur the boundaries betweles eroded and eroded surface.
Precise measurements of the area diameter canmuniae To remedy to this problem,
some literature have defined the core of the jethasimpacted area which depth is
within 90% of the main depth [85]. This enablesamoval of the smooth edges on the
top of the channel which impact are negligible ba étching rate. The width becomes
3.1+0.05mm.

In addition, phenomenon such as interactions betvpegticles inside the nozzle and
turbulences outside the nozzle created by the medair) scatters the particles and
give the jet a conic shape [88] which changes amditer depending on the distance N-
S. The calculation of the eroded area with a ronodzle can be done following

equation 3.4 to 3.7:

Nozzle
L A . 3.4
1 1 blasted — Tt *T '
o
1 |
1 |
D
o r=—+a 3.5
. o 2
Distance 1 | .
N-S | | Particles
- Lo jet a=tané6 (N —5) 3.6
o
1 |
o P
: : blasted 2 3.7
1 |
Lo +tan§ (N — 5))?
L
v : : 5=t -1
a D a = tan 3.8

. . . (N-15)
Diagram of the jet of particles

with N-S the distance Nozzle-Substraiethe angle and D the diameter of the nozzle
(0.8mm). The area profile was mapped on a glasstigub (static mode) at 50 psi with
a flow rate of 0.1g/s. The distance N-S was vahetiveen 5mm to 50mm. Although
the erosion rate obtained on this substrate wiltlifferent than on green tape ceramic,

the erosion profiles will be similar. The main irgst in using glass is that it is easier for
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the white light interferometer to detect the ligigtterns than on green tape ceramic.
The Zygo was used in Stitching mode in which aeseof pictures are taken and

assemble together. This enables large area to ppada

Table 3.5:Dimensions of the eroded area on glass dependitigeotistance nozzle-

substrate

Distance N-S (mm) 5 10 15 20 3( 40 50

Eroded surface diameter (mm 1.95 | 253 | 3.85 | 435 | 5.88 | 85 10

Eroded surface area (Mm 2.98 5 11.7| 14.8527.14| 56.72| 78.50

Calculated jet anglé (°) 6.56 | 4.94 | 5.82 5 484 | 55 | 5.26

Table 3.5 shows the increase of the eroded suffane2.98mni at a distance of 5mm
to 78.5mm at a distance of 50mm. It also shows that theeangithe particles at the
edges of the jet is relatively constant rangingnfrb to 6.5°. Thus particles have the

same angle at either a distance of 5mm or 50mm.

Planarity

It is important for the powder blasting processitiformly etch the substrate. In doing

S0, it ensures that the erosion rate is constahtlarefore that the piercing of the tape
occur simultaneously over a random surface arealsti helps to create flat etched
surface. The difficulty of uniformly exposing thargace to the same particle erosion
power comes from the shape of the jet, which ertliesubstrate with a similar erosion
profile: the erosion is the stronger in the ceiaind lower on the edges. In other words,
the planarity of the surface depends on the didiob of particles in the jet combined

with the pitch set between each passes.

To remedy to the issue, Ghobeity et al.[89] havecssfully implemented a target
oscillating mechanism perpendicular to the directiof the nozzle. By rapidly
oscillating the target with a very high speed ratszillation, the energy distribution of
the particles on the substrate becomes uniformir Tesults also showed that reducing
the distance between two passes increases thesyttnarity. And that the oscillation
frequency and scan speed must be selected accyrthritpe erosion rate. In this thesis,
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this system will not be used but instead a carsdtilof pitch depending on the erosion
profile will be used.

To select the right pitch for these experiments, ¢hannel shown in Figure 3.14 was
analysed and its depth recorded in a graph in Eiguk5 every 0.25mm.
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Figure 3.15Depth profile of a channel blasted at N-S=20mmrdftecan in green tape

To study the planarity that such profile would ¢eewith a set of different pitch, the

erosion profiles data of the single pass was a@dedrding to the pitch selected. The
pitches selected were 0.5, 1, 1.5, 2, 2.5 and 3mentlee results displayed in Figure
3.16. This is of course a simplified model whichegaot take into account the flow

fluctuations and the different erosion rate thaturs between a flat surface and an
angled wall (slopes).
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Figure 3.16Theoretical surface profile of multiple passesvaét different pitch
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As it could be expected, lower pitch length incesathe flatness of the eroded surface.
A very flat surface is obtained with pitch of 0.5mWhen the pitch doubles to 1mm,
there is a slight wavy pattern with amplitude ofn2jbut the surface can still be
considered flat. However, at larger pitches abawven] the amplitude of the waves are
too large and the surface cannot be consideredafigmore. From this theoretical
profile, it also seems that a single scan at ehpaticO.5mm would pierce the 165um
thick tape.

Similarly, the experiment was conducted at N-S=50niime weak erosion and the
larger eroded area showed that pitches smaller itarto 2mm produced an erosion
profile equivalent to the one recorded at N-S=20with a pitch of 0.5 and 1mm, but

with a lower etched depth.

Erosion rate vs. flow rate

This study was carried out for a flow rate rangiram 0.03g/s to 0.16g/s (intensity 15

to 19). The pressure was set at 50 psi, the disthh& set at 20mm. The pitch between
2 passes was set to 3mm and the heater tempetatb@€C. The results are displayed
in Figure 3.17.

At first glance, it can be seen that the mass e¢égtape etched increases as the quantity
of particles expelled increases (Figure 3.17a)aAtow of around 0.03g/s, the mass
eroded is about 19mg. When the flow increases 16dls, the mass eroded becomes
around 27.5mg. This increase was expected as naotieles hit the substrate when the
flow increases. This relation is however not linaad the erosion clearly diminishing
with increasing powder flow. This behaviour is damied by comparing the erosion
rate with the different flow rate (Figure 3.17b)hefe is a large decline where the
erosion rate drops from 9.38mg/g to 4.4mg/g whenflthw increases from 0.035 g/s to
0.085¢/s, and then a slower decrease from 4.4nagy8mg/g as the flow increases
from 0.085g/s to 0.16g/s.
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Figure 3.17(a) Mass of green tape eroded in 60 seconds iriitumef the powder

flow; (b) Graph of erosion rate obtained in funotf the flow rate

The drop in the erosion rate with increasing powttev underlines a clear decrease in
the patrticles erosion efficiency when the quantitypowder increases. This is a well
know phenomenon studied in the literature. The toeHiciency is not due to a
decrease in number of particles striking the sabestiout rather due to the loss of their
kinetic energy as the particles collide with thbaending particles from the substrate
[7, 90-93]. Experimental study have shown that é¢hesion rate increases when the
distance between particles increases: the partarkedess likely to interact with each
other and lose their kinetic energy [94]. At a aliste between particles 17 times the
particle diameter, the interaction is consideredligibble and the erosion becomes
independent of the flow. In addition, the increa$e¢he number of particles in the gas
reduces the gas flow speed thus reducing the kieetrgy that is given to the particles
[95].

From the literature and the present tests, it easetigat a low flow rate would then be
preferred to a have the highest particles effigjeidut there are a few reasons why a
higher flow rate is preferable. First, despite &dyeefficiency, a low flow increases the
machining time necessary to perforate the tapeetisea 50% increase in the tape mass
removal with a flow rate set at around 0.016g/deimad of 0.035g/s. Secondly, the
repeatability of the flow is better at flow rangifigm around 0.07 to 0.16g/s (Figure
3.11 and Table 3.3). Thus the flow rate of choareplowder blasting green tape ceramic
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lies around 0.1g/s

Pulsing jet:It is not rare, despite improvements conductedhenpowder machine, to

see the jet pulsing particles with a relatively hilgequency, but clearly visible. As

mentioned before, the reason for this is not cfelkrlown. This behaviour has been
shown to affect the erosion rate. The experimemidaoted with a pulsed flow was

compared with another experiment with constant flewd similar parameters

(Pressure=50 psi, distance N-S=10mm, pitch=3niFfhge flow rate ranged from

0.012g/s to 0.0168g/s. Results are displayed iarEi§.18 which shows the erosion rate
of green tape ceramic in function of the flow of {harticles
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Figure 3.18 Comparison of the erosion rate between a uniforchaapulsed jet

This experiment highlight the lower erosion ratetaiiied with a pulsed jet. For
equivalent flow rate, the erosion rate was arounuat fimes lower than the one obtained
with a constant flow, except with a very low flowte. This phenomenon can be
explained with the particle distribution affectitige erosion rate: during the entire test,
it was shown that the powder quantities are eqentabetween a pulsed and a constant
flow. It thus implies that, for the pulsed flow,rdge burst of powder expelled which
contains more particles which interact with eadtegtcollide, lose their kinetic energy

and finally reduce the erosion power.

Pulsed jet at low frequency should not be used @sanges the erosion rate and render
the comparison difficult with other experiments. shhould only be used when its

uniformity and consistency is satisfactory i.e. wtike frequency of the pulse is high
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enough and the jet looks continuous. As the jeteuguoks very frequent change in the
pulsing frequency from one experiment to anothelecting only constant flow from
use in experiments would imply discarding mosthd tests. Fortunately, the example

used in Figure 3.18 was easily identifiable from sart.

Erosion rate vs. distance nozzle-substrate

The erosion rate has been investigated at diffatisténces N-S. The variations of this
distance will, as mentioned earlier, affect the demblasted area and the speed of the
particles which will change the erosion rate. Thes®n rate was studied at 50psi and a
flow rate of about 0.11g/s. The pitch between tagsps was set to 3mm for the distance
N-S of 5 to 15mm, and then set at 4.5mm for 200m®m N-S. The results are displayed
in Figure 3.19.

An increase in the erosion rate can clearly be $@am 5mm to 10-15mm N-S, then a
decrease the further away the nozzle is from thstsate (from 15mm to 50mm). The
distance 10 and 15mm distance offer the highekirggaate with a flow of 0.11g/s and

the distances at 5 and 20mm have almost the sas®rIrate.
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Figure 3.19Erosion rate depending on the distance nozzle+aibst

This can be seen at first as a surprising result\@suld be expected that the closer to
the substrate to the nozzle the highest erosioa. Hdbwever, this result is well

explained in the literature. The speed of the pladivaries along the distance nozzle-
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substrate (N-S). In the vicinity of the nozzle tipe flow of air has a higher speed than
the particles. As a consequence, particles aleastielerated outside the nozzle by the
flow of air over a distance that can varied to abbd times the dimensions of the
nozzle aperture [84, 88]. After this point, the tiwdes start to slow down due to the
interactions with the medium (air). The kinetic BJy and thus the erosion power, of
the particles increases first over a short disteafter their exit and then decreases
gradually due to aerodynamic forces. This is eyaathat the graph in Figure 3.19

shows.

Erosion rate vs. pressure

In this section, the erosion rate of the green tamtudied as a function of the pressure
applied in the reservoir, thus as a function of kiveetic energy of the particles. On

other material such as glass, the erosion ratauisd to be linear after a 100kPa (14Psi)
[82]. To conduct this test, four pressures weraug6, 40, 60 and 80psi. The intensity
was fixed at 7 (about 0.15g/s). The distance nezuhstrate was fixed at 10mm. The

results are displayed in Figure 3.20.
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Figure 3.20(a) Flow rate dependence on pressure; (b) Erosienwvs. flow rate at

different pressures

The graph in 3.20 shows the erosion rate of thergtape ceramic is also linearly
proportional to the pressure applied: the highkstgressure, the highest the erosion

rate. A trend curve can be drawn with a slope adefft of 0.08: the erosion of the
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green tape increases by 0.08mg per gram of powdenwhe pressure increases by
10psi. However, it was noticed that the flow rdtectuations increases the lower the
pressure, with 20psi being not really reliable.88t psi, the flow rate was very good.
However, the high pressure exerted too much forcthe mask holding the tape down
and clear lift off could be seen. Additional clamgitool such as metallic bars could be
added to prevent such phenomenon. However, the etiadreld prevented to do so as
the bars were pushed in the centre of the fieldchvimeant that re-engineering of the

holder was required.

Erosion rate vs. particles impact angle

One of the interesting particularities of the powbksting technique is that the angle
of impact of the particles can be easily changedilbng the nozzle. Unlike other
machining techniques, the particles do not reqtorée positioned accurately at the
focus point or to use specific tools such as ahned die, which would be required for
punching machining. Using this process propertgpsaded structures have been made
in brittle material [10, 96] very easily. In thiedion, the tests will highlight the
behaviour of the green tape ceramic depending eratigle of impact of the particles.
For example, the erosion behaviour of ductile anttldo material will vary with the
angle of impact of the particles [97, 98]. Ductiteterials have their highest erosion
rate at around 15° from the normal while brittletengls have theirs at normal impact
90° (Figure 3.21).
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Figure 3.21Dependence of the erosion rate of ductile andéntiaterial on the impact

angle of the patrticles
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The angle of impact was varied from the normaldeoce (90°) to the lowest angle
possible with this setup, 30°. The pressure usesl sea at 50psi, flow rate of 0.16g/s
and a nozzle-substrate distance of 10mm. The péttveen passes is set at 3mm for
angles ranging from 90° to 60°, 3.5mm between 5@f 40° and 4mm for 30° angle.
The change of pitch is changed to compensate thedse in size of the machined area

when the impact angle is increases. The resultdigpéayed in Figure 3.22.

18

16 15.9

14 \

[
o N

5.8

[e)]

5.1
3.6

Erosion rate (mg/g)
(o]

o N b

30 40 50 60 70 80 90
Impact angle

Figure 3.22Effect of the angle of impact of the particles ba erosion rate

It clearly shows the dependence of the erosion tatéhe angle of impact of the
particles. The green tape exhibit a ductile behavidhis curve can be separated into
two parts: a first part from normal incidence to® &Ghere the erosion rate increases
slowly from 3.6mg/g to 5.8mg/g respectively andeasd part from 60° to 30° where
the erosion rate increases strongly from 5.8mg/gl5®mg/g respectively. It is
interesting to note that 15.9mg/g at 0.16g/s isualtwe same erosion rate obtained at

normal incidence at a flow rate of around 0.04g/s.

This is clearly following a ductile behaviour withigher erosion rate at low angle.
Unlike brittle materials which are cracked by tlatgles with high energy (obtained at
normal incidence), ductile materials are erodedkbao frictional wear better obtained
at low angle. In addition, the particles at low lengre less submitted to collisions than
at incident angle. First, the area eroded is laageshown in [94] which increases space
between particles. Secondly, the particles do nanbe back into the jet but are blown
away instead. This can definitely play a role oa lilgh erosion rate recorded at lower

angle.
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3.5Conclusion

This chapter gives a description of the setup wddderiot-Watt University during this
thesis. It also enlightened the problems encoudtesech as flow variations and
clogging. To improve the machine, a detailed charaation of the flow was done with
the original setup and a modified system. The nicatibn consisted in the addition of a
central tube to reduce the dimension of the reserivarthermore, a flexible heater was
added to keep the temperature to around 50C°.nMastigation demonstrated that they

reduced the variations of the flow rate and thggiog.

The characterisation of the erosion of the greee taithout mask was achieved based
on the erosion dependence on the flow rate, distanozzle-substrate, pressure and
angle of impact. It was found that the optimum fleate should be around 0.1g/s, and
that the pressure should be between 40 to 60pavéiad poor repeatability at low
pressure but also avoid mask lift off at highersptee. And the distance N-S should be
set around 15 to 20mm for best erosion rate aive @if 0.11g/s.
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Chapter 4 Powder blasting micromachining adaptedd LTCC

4.1 Introduction

Chapter 3 demonstrated that powder blasting coeldused to erode the green tape
ceramic. This chapter will now detail the investigas carried on in order to adapt the
process for LTCC. The first section provides anarsthnding on the type of material

and methods, which are used conventionally to niaslsubstrates in powder blasting.

Following this short review, this chapter then Higihts the constraints present and the
solution envisaged to adapt the process. The faiction characterises the mask for the
green tape while the last section focuses on thekri@dorication.

4.2 Masking LTCC
4.2.1Masks in powder blasting

Powder blasting is used widely on brittle matesath as glass, ceramic or silicon. It
has indeed a higher etching rate than conventietching processes. With it, very fine
features in the order of tens of microns can beidated. However, direct patterning of
microstructures is not possible with powder blagtis the area eroded by the particles
is very large. This technique requires the use afks to protect the substrate from
undesired erosion leading to the fabrication ofcgmestructures. The main features
required for a mask are low erosion rate compaoeithé substrate it is protecting and

high patterning resolution of the mask.

Material used

There are two types of material for these masksctildu (metals) and
elastomer/polymers materials [6]. These materiaseha low erosion rate with a
minimum at around 90° impact angle [83, 99]. Matalksks are frequently used and can
be patterned using laser cut, drilling or electrofimg process. The latter confers to the
mask better aperture resolution and smoother WHIB] but is more complex. Metals
such as laser cut stainless steel [12, 101, 10@]edectroplated copper are the most
used. Copper is softer than stainless steel, amsl whil resist better the blasting [5].
Metallic masks are subjected to the peening effBaé particles bombardment builds
up tensile stresses on the top surface, whichurnn, toends the mask upwards. This

process is shown diagrammatically in Figure 4.1e phening effect results in a loss of
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contact which allows the particles to penetratevben the mask and the substrate. This
deformation, if not controlled, results in lossméchining accuracy. This effect can be
compensated by increasing the thickness of the matskhe expense of the mask
quality.

Jet

— —

Substrate }

Deformation
upward

Substrate

Figure 4.1:Schematic of the peening effect on a metallic mask

Polymers mask used for powder blasting mostly nggrphotolithographic material

such as photoresists (dry film [103-105], SU-8 )08 flexopolymer LF55gn [107].

But polydimethylsiloxane (PDMS) which is patternesing a moulding technique is
also used [108, 109]. For the latter, an additios@p is required in which a
photoimageable sacrificial material is patternedtesubstrate on which the PDMS is
knife coated. Photoresists are easier to use tiiaver like polymers (LF55gn, PDMS)
but have a higher erosion rate: particles are @esbmore readily due to their rubber

like properties [99].

Metallic masks have the advantage of being morasitihan plastic masks. It has been
shown for example that particles can hit the sabstthrough the 30um thick polymer
layer without piercing it [82]. Similar metal sha®ickness would not let the substrate
be damaged by the particles, but will undergo ligformations after a short exposure
to the particles. Compared with dry film resiste thdge of the apertures in a metallic
mask and rubber like polymers are less vulnerablside etching. This results in an

increase of the inner diameter and loss accuratdyegbattern transfer [6, 99].
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Under etching

A very good pattern transfer accuracy between tasknand the substrate is guaranteed
by the perfect adhesion of the mask to the lattereduces under etching and also
prevents particles from travelling under the mask grinding the substrate surface.
Under etching is a common phenomenon in powdetibtadt arises through particles
impacting the walls of the substrate underneathntlagk at various angles due to the
non planarity of the surface or collision betweemntigles. The resulting structures are
larger than the original pattern featured in thesknaTwo types of under etching can be
distinguished:

- Wall under etching (Figure 4.2, marker a). P&ticerode the inside of the wall,
slowly increasing the width of the structure. lai:mecessary step to pierce the material
to the desired dimensions. However, as the procesginues, the width of the
structures can exceed the width of the aperturie witich they have been created.

- Edge under etching (Figure 4.2, marker b). Thmetof under etching occurs at the
boundary between the mask and the substrate. Thelgmbounce back from the back
side of the mask and etch the substrate undern€hait results in the smooth rounded
edge of the structures. This only happens at thestoface and is enhanced by poor

mask adhesion.

Particles o
trajectory PR

Mask —

Substrate

Figure 4.2:Schematic of trajectory of particles responsibletii@ under etching
underneath the mask
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Mask attachment

As powder blasting has been developed for britteemals, techniques to attach the
masks and reduce the under etching have been gedebrccordingly and depend on
the mask material. Wax is frequently used to fig-patterned masks. Wax is rendered
viscous by heating it to about @Mto 150C. The wax is then applied to the substrate
and the mask placed on top. The substrate is #ferol solidify to form the bond. To
release the mask, the wax has to be reheated. \Wabe abraded quickly by the
particles. This is an advantage as the particles ba pierce through the wax that has
inevitably clogged the apertures during the appboaof the mask onto the substrate.
The wax creates a strong bond and is easy to Use.\v@ll provide the same contact
characteristics than the wax, but is less senstbvéhe powder blasting and is more
difficult to remove. Metal masks are preferentiatiifosen with such an attaching
method [6, 11, 110].

Polymer masks create a strong bond through lanomédir dry films or spin coating for
photoimaging (LF55gn). They are laid down, expoared developed directly onto the
substrate. PDMS, on the other hand, is mouldedhersabstrates. This method requires
a sacrificial material such as SU-8 to be firstgraied onto the substrate.

Metal masks can be also directly electroplated @h&osubstrate following the LIGA
process developed in the late 1970 [6, 108]. Tiestsate is patterned with a sacrificial
layer and plunged into the electrolyte solutiongmw the metallic layer. As the
substrate needs to be conductive, a conductive lzg® to be deposited on the brittle
substrate prior to the electroplating. The contdahe mask with the substrate is very
good and its alignment with the substrate poteriéatures is excellent. The bonding
strength is good, but needs to be weak enoughdblernhe peeling of the mask after
powder blasting. Deformations occurring on the tdphe mask can delaminate the

metal sheet.

Finally a clamping method can be used in combimatigth metal masks fabricated
using LIGA process. The mask is then placed orsthstrate and is either side clamped
or magnetically clamped. The former applies thecdoon the edges of the mask.
Although efficient, side clamping introduces voidsthe centre of the mask due to the
lack of clamping force in. This allows the partgl® penetrate underneath the mask as

shown in Figure 4.3. Magnetic clamping, on the othand, applies a more uniform
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pressure over the entire surface of the mask. Fewiels are created preventing the
erosion of the substrate underneath the mask. [Bhgping force is however dependent
on the characteristics of the magnetic field ane mhask dimensions and patterns.
Indeed, the mask is not submitted to the same fofdée field throughout its entire
surface. This can create in certain points a ffiorce instead of clamping force. Thin
masks or masks with large apertures would not predinbe same clamping force than a
plain thick mask. Furthermore, it requires the mateavith which the mask is made to
be magnetic. This then excludes a large numberoténpially interesting material.
Alternatively, extra magnetic tools can be placaediee mask to either create (for non-

magnetic) or increase the clamping force.

Figure 4.3:Schematic of a mask clamped on its edges introdgumids underneath [6]

4.2.2Masking adaptation for LTCC substrate

As mentioned in Chapter 2, the green tape ceramicomposed of two inorganic
materials: aluminium oxide AD; and glass, usually S¥B,0Os. These two components
are present in a form of powder at a level of 21®% each depending on the tape
manufacturer. Organic materials are also presettiarslurry and include a binder for
good mechanical strength, a plasticizer, dispersiggnt, solvent and wetting agent.
These organic materials confer to the tape itsidlity and its softness for easy
machining by conventional tools (laser, mechanmaicher), as well as printing and

lamination with other layers.

Selecting the attaching method and the mask méateria

Due to the properties of the green tape, the commetihods employed to attach the

masks onto the substrate are not suitable on LT&Gwing a metal mask on the green
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tape ceramic is not possible. The deposited conaudayer (titanium) would be
impossible to remove and would prevent interlayemgtration during lamination. The
tape would also have to undergo the developmenhefsacrificial material and the
plunge into the electrolyte solution. The wholegass would destroy the green tape.
Glue or wax are neither usable. Upon mask remalalywax remaining on the substrate
needs to be cleaned using chloroform. Similarlppispanol or acetone are used to
remove glue. Solvents not only destroy the gluiggra but also destroy the organics
inside the tape. In fact, a small amount of solNeg been used to melt the green tape
material during cold lamination [111, 112]. Stripgiof glued masks using other means
is also not possible: the tape is too thin andilga@mall structures would be torn or
broken, and dimensional changes would be inducethgiuhe tape stretching. In
addition, tests carried out with this technique andlued mask with a low bonding
strength showed that, in addition to the tape de&tion after mask removal, glue was
left on the tape surface as evidenced in Figure s would result in delamination,
had the layer been fired.

2.5k oo

Figure 4.4:Green tape ceramic powder blasted with a gluederom@ask. After mask

removal, remains of glue could be observed on thergtape surface

Polymer masks are also impossible to apply coneeally. As the patterning occurs
onto the substrate itself, the green tape wouldresist the development process and
mask stripping steps of the solutions employed (K@ dry film, toluene for
photoimageable PDMS or water for (LF55gn). Simylathe use of sacrificial material
for the moulding process of PDMS is not compatibin the green tape.

Laminated dry film onto LTCC was demonstrated by.JSantiago-Aviles et al. [113,
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114]. Their process involved the use of HF (Hf©H.:4) to machine DuPont 951 green
tape ceramic layers. The issues of developingdhistronto the tape were bypassed by
semi-firing the individual layers just above thegg transition temperature (810°C) at
850°C for only 2 minutes. The glass flows for aiqubrof time short enough for the
grains of ceramic to be loosely attached togethiter cooling down, the dry film resist
(Riston) can be laminated onto the semi-fired layerd exposed to UV light (365nm).
They reported with this method a very strong bond the process offers a reasonable
resolution as Figure 4.5a demonstrates. Howevex, issues appeared during the
stacking of the layers. The layers are semi-fismdprganics are missing from the tape
composition and the lamination step cannot progertythe ceramic layers together. A
low temperature glaze layer, DuPont QQ550, hasetinberted between each one to
provide the bonding. According to their results tjlaze layer does not fire properly
and destroy the stack (Figure 4.5b).

(b)

Figure 4.5:Patterned LTCC with dry film resist [113]: (a) exalen of structured tape in
semi-fired state with HF, and (b) destroyed stdtdr diring

Currently, there is no gluing material that can washed off without chemical
compound. Thus the only option which is viabledigpattern the mask off the green tape

and use clamping method which does not requireghngig agent. Theoretically, it can
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be used either with polymer film or metallic magtor the former, however, this
involves fabricating the mask on a dummy substrat®oving the mask and applying it
onto the green tape. With rubber like material, stv@ping and handling steps induce
too much stresses and stretching which greatly namide the pattern dimensional
integrity. Dry films, on the other hand, are moigid (they come with two protective
foils, one of them can stay on during the blaspngcess) and can be transported after
patterning. Unfortunately, they must not be lamadadnto a support which makes the
development step difficult as the film is not atted on a hard surface. Tests have
nevertheless been conducted to verify the usalfityuch a technique. The resist is a
Quickmask 7pm thick from Mega Electronics and was exposed (igitlat 200mJ)
and developed in water with a simple brush. Theltieg sheet can be seen in Figure
4.6a. The supporting foil can be seen inside thtees, except for the bottom right
patterns, which were already powder blasted. Tihevias then clamped onto an LTCC
layer with stainless steel plate protected witbkstitape. To prevent the foil from lifting

off, clamps were placed very closely to the patdFfigure 4.6b).

(b)

Figure 4.6:(a): Quickmask resist film after development; tbe resist is tightly

clamped on the substrate

After powder blasting at 80psi, a distance nozmlestrate of 50mm and 7 scans, the
green tape was pierced and the film resisted tbeegs. However, the resist suffered
lateral erosion mentioned earlier, which increasigghificantly the dimensions of the
apertures by about 20t (Figure 4.7). These lateral changes are gradudlveere
transferred to the LTCC structures. Furthermorspie the proximity of the clamps,

the jet of particles was able to lift the foil dfie green tape, lowering the pattern
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transfer accuracy.

(@) (b)

Figure 4.7:Picture of a 100um channel patterned in the Quicknphiotoresist (a)

before powder blasting and (b) after powder blgstin

From these results, it is clear that dry film re@sot appropriate as a mask for powder
blasting green tape ceramic. It is etched too duiend the extra clamping tool
necessary to maintain a good contact is diffiauketup or impossible depending on the
complexity of the patterns. Metallic masks, whigk aore rigid and robust, are thus
more adapted with clamping method. However, caeth be taken with the peening
effect. To compensate this effect, thick masks learused [115] but this restricts the
quality and minimal dimensions of the apertures.athieve high quality sub 1Qth
aperture, thinner masks have to be used. To keelp sumask in contact with the
substrate during the process, magnetic clampingagerred to side clamping as the
entire metallic sheet is hold down and reducesvthds between the substrate and the
mask.

Nickel was selected as the material of choice tarhspurpose. Unlike copper, it is
magnetic and produces a stronger magnetic forae stamnless steel for similar sheet
thickness (experimentally, a @ thick nickel foil produced a clamping force stgen
than a 100m thick stainless steel sheet). Furthermore, it ben electroformed,
producing high resolution patterns [100], but ih @so be laser cut with resonable high
resolution features (sub-100um).
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Protective coating

As mentioned earlier, unprotected metal sheetsustain deformations attributed to the
peening effect. Powder blasting of au@® thick nickel mask was done at 50 psi, a
distance N-S of 20mm, a speed of 5mm/s and a nuafls®ans equal to 4. The result is
illustrated in Figure 4.8a. It clearly shows thepditade of the deformations. The mask
was only clamped magnetically. The latter is nokealo prevent the deformations

resulting in a lift off of the mask from the sulad# (Figure 4.8a&b)

) Mask lift off

(b)
Figure 4.8:Powder blasted 60um thick nickel mask: (a) clgaoff around the

apertures can be seen (circled in black) desp#tenéignet underneath, and (b) without

the magnet

To prevent deformation of the metal mask, a protedbil can be used as a shield from
the particles, keeping thereby the benefit of a tmask as far as resolution of the
machined patterns is concerned. Ideally, this ngatrould have to sustain the particles
bombardment long enough for the green tape ceramibe pierced, and then be
replaced if needed by a new coating which willalkthe same metal mask to be reused.
In consequence, the coatings should be fairly ¢agylace on and remove from the
mask and should have high erosion resistance eltight of these requirements and the
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specifications detailed in the first part of thisapter, polymers materials have been
trialled for protecting the metal mask. Indeed,ythesist well the process, do not
experience the peening effect and are easily paiedirectly onto the substrate
enabling high alignment accuracy with the apertunésthe metal mask. A good

patterning resolution is preferable but not essérdis the metal mask is solely
responsible for the transfer of the patterns. Irs tthesis, two polymers where

investigated: dry film resist Riston X930 and fi@olymer LF55gn.

Setup stage and clamping force

A good pattern transfer accuracy also depends @rdhtact between the mask and the
substrate. In this thesis, the magnetic field wasegated by two permanent dipoles
50*30mm in dimensions placed side to side creaimgquivalent surface of 50*60mm.
A stainless steel plate 0.8mm thick is attachethebomagnet to serve as a stage. The
setup can be seen in Figure 4.9.

0.8mm stainless steel plate

Figure 4.9:Magnetic stage setup

The clamping force exerted on the mask dependsedic parameters such as the
thickness of the mask and the complexity of theégpat but also on the pressure and the
distance N-S of the nozzle. The masks are held th@areen tape ceramic thanks to
sticky tapes placed on each side. Without theme dhe nozzle passes the edge of the
metal mask, the pressurized air can easily peeeb@teath the mask. This creates an
airbed between the substrate and the mask whicdisplace the mask. A similar effect
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can be seen over the mask: the gas high pressutdtadf the mask in locations where
the clamping force is weaker. This can be generayddrge or complex apertures or by
a high density where little surface of the maslefs

Tests have shown that, with a thick 100pm sheedrtayes larger than 0.5nfnare
subject to a slight lifting at N-S=20mm and 50 @i.N-S=50mm, no lifting was seen.
Higher pressures increase the lifting process amd tlaerefore not recommended.
Thinner mask generate less clamping force and abged to more lifting: at N-
S=20mm, a 20um thick mask lift off with aperturesger than 0.125mfm It thus
requires the addition of clamping equipment suckraall metallic tools to increase the
clamping force. However, due to the magnetic figldan be difficult to place the tools
at the desired location. Their addition could thwpede the blasting process as their
positioning can cover the mask apertures. On therdtand, tests have shown that, if
the clamping force is too strong, the green tape stk to the mask. Removing the
mask without destroying fragile structures undetimean then become difficult.

4.3 Masks behaviour under powder blasting
4.3.1 Nickel mask
Erosion rate

A nickel foil of thickness 40um was powder blaséd0 psi, a distance N-S of 20mm,
a scanning speed of 5mm/s with a pitch of 1mm. pbeder flow rate was kept at
0.110g/s. The foil was blasted over a surface ofird 350mrm However, the foil was
protected with sticky tape and only a square apemfi 100mm enabled the metal foil
to be eroded. This helps the calculation by praxjca precise eroded surface which is
impossible to have otherwise due to the distribubbthe particle in the jet. The nickel
foil mass was recorded before and after the proséhsan accuracy of 0.1mg. 19 scans
of 12 passes were done for a total experiment teoigf 90 seconds.

The quantity of powder expelled during this expenimis calculated from the amount
of time that the nozzle spent over the surfacesteroded and the flow of powder. From
the parameters above, the nozzle only spent 45fhdsmver the 100nfrarea which
gives a total mass of powder used of 50.16g (4564 kg/s). During this time, the mass
of nickel lost equal to 22.3mg. The erosion ratgiven in equation 4.1.:
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Myjckel _ 0.0223
Mpowder  50.16

Eerosion -

= 0.00044g 4.1

There is 0.4mg of nickel eroded per gram of powBeom the mass of nickel lost, the
total thickness of material removed can be knovwanikks to the density equation of a
material (Eq 4.2):

- - =2 4.2
TV T Lxlxnh '
_ m
T Lx1x p

With m the mass of the material and V its voluméie Tdensity of nickel is
p=8.908g.cm and the volume area is L=10mm and |1=10mm, thusttles| thickness
lost is 2um i.e. 1.3um per scan. Measured experimentally withickness gauge, the

eroded thickness was 27um, close to the calcutated

To confirm nickel as being an appropriate matefoal powder blasting green tape
ceramic, the selectivity between the two matemals be measured. The selectivity is a
dimensionless number indicating the erosion ratieréince between two materials: a
selectivity of 0 means that the two materials hidlneesame erosion rate; a selectivity of
ten signify that one material has an erosion ratetimes lower than the other. The
selectivity between the mask and the material shthdrefore be as high as possible in
favour of the mask. The selectivity is expressedtas ratio of the thickness h of
material etched and is shown in equation 4.3. Astliickness etched depends on the
scanning speed and pitch between passes, it isfoherbetter to use the mass eroded
and the density of the materials (Eq 4.4)

hgreen tape

S = 4.3

hmask
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In Chapter 3, the green tape erosion with similarapeters was about 3.9mg/g of
powder. Thus we can calculate the selectivity witle single gram of powder: the green
tape has lost 3.9mg and the nickel 0.4mg. Witheemtape has a density of 3.1gfcm
(DuPont 951), the selectivity is:

o 39x89 3471 _
T 04 x 31 124

Nickel has an erosion rate 28 times lower thangiteen tape. It is a confirmation that
nickel can be used as a mask for green tape cerdiméoretically, to pierce a green

tape layer of 165um, a nickel foil of about 6 nctkhis sufficient.

Edge erosion

In this section, attention will be focused on tmesen of the edges of the structures
patterned in the mask. Sharp edges are erodedeayulen a plain foil, and dimensional
changes in the structure shape have to be investigdhe edge deformations were
studied using an array of beams of length 2mm diffierent beam widths varying from

100um to 500um. The spacing between beams alsesviaom 100um to 300um. The
mask employed is a laser cut mask from Tannlin 1@um thick. The blasting

parameters are similar to the one used for thearaate. To identify the weaknesses of
the structure edges, the number of scans was véwed 1 to 30. The large space
between each set of beams was covered with stagey to reduce the deformations. A

photograph of powder blasted mask can be seemyurd-#.10.
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Figure 4.10Photograph of a 100um thick powder blasted madkifieg 6 sets of

rectangular apertures 2mm long

Figure 4.11 presents the evolution of the maskktigss through a study of a powder

blasted beam with a width of 400um cross sectioa famction of the number of scans.

The beam cross sections are displayed in Figuréa4dnd the beam thickness

measurements shown in Figure 4.11b. Then the wathis beam and of a 100um and

500um wide beams were measured and shown in FHgL2¢.
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Figure 4.111(a) Cross section of a 100um thick nickel beam déjpg on the number

of scans; (b) Thickness of nickel lost as a functbthe number of scans
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Figure 4.12Variations of the width of the beam of the maski0®, 400 and 500um

wide beam

From these results, nickel foil can be seen regjstvery well to the particle
bombardment. Despite a clear smoothing of the ®trecedges, the dimensional
changes of the width are limited over 30 scans.eltbeless, they are too important to
be left unnoticed. Taking into account measurementsr of about +-2m, the beam
width is reduced by aboupiih per 10 scans, which give aboup2®lost over 30 scans.
In the same way, the material thickness lost isstaomt and is about 18um for 10 scan,
or 1.8um per scan. The discrepancy with the results obtapreviously (1.4um per
scan) originate for the flow fluctuations and thedtion of the cross section which was
probably done on an area powder blasted by theeeftthe jet of particles. These
measurements set a limit in the re-usability ofrttesk and the latter will depend on the
patterning accuracy needed for a given powderdiastructures.

Henk Wensink [84] noticed that, at the beginninghed powder blasting process, the
apertures in their copper mask significantly reduicesize (about 6dm). He explained
this phenomenon by the compression exerted by dhcles on the top edges of the
aperture which “cave in” over the channel. Thistgsawth” is removed gradually, but
delays the machining of the substrate channeleas®s the blast lag. Unlike in copper
no noticeable outgrowth was found with the nickel. f
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4.3.2Mask coating
Polymer characteristics

LF55gn is a liquid photopolymer (MacDermid Inc) used hg industry for hand stamp
manufacturing. LF55gn is capable of high aspedb ittuctures over 10:1 to 27:1 used
in MEMS [116] and optical components [117] fabrioat Some examples are shown in
Figure 4.13. It is photo-sensible to UV light walmaximum absorption peak at 366nm
[116]. The polarity is negative (what is exposedys) and the crosslinked polymer
stays transparent to the visible spectrum afterogxqe. During the exposure, a
transparent PET foil has to be laid over the polytoeasolate it from oxygen to avoid
polymerisation. The high viscosity of the polym#éowas fabrication of thick structures
by spin coating (up to 1mm) or moulding. The fleatymer is developed in a water
based developer mixed with detergent. This is ntah developing step as the water
based solution does not dissolve the uncross ligagmer, but rather only helps to
push it away. Ultrasonic bath or stirred water banused to force out the unexposed
viscous polymer. However, these solutions only applstructures with large openings.
For smaller sub millimetre apertures, spay gunb wiessurised water up to a few bars
are more efficient. Post development exposure eaddme to emphasize cross linking
of the polymer left. To strip the polymer off thebstrate, it is plunged into its
developer and left in ultrasonic bath for one h@mce exposed, the flexopolymer has a
Shore A hardness of 55 and a Young's modulus ®iPa/[118]. The material is rubber
like and adheres extremely well to substrates sgoplass, silicon and metal. It surface
IS also sticky.

/
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(a) (b)

Figure 4.13Example of patterned LF55gn 1mm thick grid/mesthwitlmm thick

walls
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Dry film resist Riston X930 is manufactured by DuPont and has a thicknes9jof3

It is a negative resist and was selected as angpataterial for its ease of use and its
pattern resolution, which is of aboutulf for a single layer. Unlike LF55gn which
requires a protective foil, there is no additiostdp before exposure and the film is
simply laminated onto the metal mask. After expeswith a UV light, the film is
developed using MFS 1120 aqueous developer. Laiomaif multiple layers is
possible which can be used to increase the resestainthe protective foil. The film is
easily stripped using a solution of 10% MFS 110@&tdd in water. To catalyse the

reaction, the temperature is set at@0

Feature resolution

Dry film resist has a higher resolution than thesb§n and structures as small as 10th
of um can be made. This is however only possiblé &i single layer. With 3 to 4
laminated layers, it was very difficult to develsfructures smaller than 100um in
diameters. Similarly, the LF55gn can be easilygratd and sub 100um features can be
created. But the high viscosity of the LF55gn readke polymer extremely difficult to
remove inside tiny apertures. Tests have shown gbbt200pum via were extremely
difficult to clean. It was also found that unexpdg®lymer is difficult to flush from the
exposed structures and in sharp corners. As ancptr the nickel mask, this must be
removed prior to the blasting to prevent cloggimpis is shown in Figure 4.14 were
unexposed polymer almost clog after only one sbannetallic rectangular apertures.
More scans are able to remove the unexposed pglyouethe phenomenon introduces
a delay in the machining of the green tape. To dgnte this problem, over exposure of

the LF55gn is done to crosslink this unexposedmely

High resolution for coating purposes is not on d¢kiger hand very critical. Indeed, the
pattern resolution is passed on by the nickel maslerefore the apertures of the
coating have to be as good as the mask, which gerbg the dry film resist Riston

fx930. Furthermore, apertures of both polymersdasigned to be 150um larger than
the apertures of the nickel mask. This fulfils twbended purposes: compensate for
misalignment during the polymer exposure and pretremadded polymer thickness to

the already thick nickel mask to play a role in plosvder blasting process behaviour
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Figure 4.14Photograph of LF55gn: (a) before powder blastinipwnexposed

polymer surrounding the apertures and (b) afténglespowder blasting scan. The
viscous unexposed polymer can be seen in blueagieyr pushed toward the nickel

apertures

Erosion behaviour

Comparison of the erosion behaviour of LF55gn anyl fdm resist under powder
blasting has been conducted by Slikkerveer et H][1The dry film used is an Ordyl
BF410, a film very similar to Riston fx930. The fides used have an average diameter
of 23um, which give them a higher eroding power than3ue particles used in this
thesis. Nevertheless, it can be assumed that tfexettice in the erosion rate obtained
between the two polymers would lay similar diffeses with smaller powder. Both
materials were tested with a thickness of 100une pitedicted erosion profile of the

two materials was calculated analytically by théhauand illustrated in Figure 4.15.

Dry film is shown to be a lot less resistant thd&bbgn: the film is entirely etched after
being machined with about 12g/¢rof powder while only 10m were removed from

the flexopolymer for a similar powder exposure. sTlgives a selectivity ten times
higher for the LF55gn. Most importantly, the drinfiis highly eroded from its side
wall: this is the lateral wear seen previously his tchapter. The powder is not only
decreasing the film thickness, but is also redudig side of the structures. In
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comparison, the base of the LF55gn is not changall. a
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Figure 4.15Erosion profile of a 100 thick dry film resist Otd410 and 100um thick
flexopolymer LF55gn [119]. Each line representsshape of the beam after a powder

dosage of 2g/cfn

This behaviour was confirmed in tests carried ostdti fx930. Four layers were
laminated onto a glass wafer for a total thicknelsé2Qum. Rectangular beams were
patterned with an exposure dosage of 3000mj andlpoiasted at 50psi with a flow
rate of 0.08g/s, a distance nozzle-substrate ofn20amscanning speed of 5mm/s and a
pitch of Imm. The number of scans was set to 4,dhd 6. The results shown in Figure
4.16a&b confirm the very high lateral erosion ratehe dry film. The quick erosion of
the film which starts rapidly is clearly visibletaf only 2 scans. After 4 scans, the beam
has lost about 150um in lateral dimensions. Aftescéns, beam smaller than 300pum

have totally disappeared.

Similarly, and in agreement with [119], tests orbbEn spin coated with a thickness of
~55um onto a nickel mask have shown the low erosi@ of the material. Similar

parameters to the ones used for the dry film, thithexception of the flow rate (0.11g/s
instead of 0.08g/s) and the number of scans (o@lpsdns), were used. Figure 4.17
presents a photograph of the mask before and #hfteprocess. In the centre of the
picture, where the powder blasting was the stranglee polymer can be seen totally
etched. There the thickness of polymer removedaia50um. Thus, taking the latter
figure, a 120um thick layer of flexopolymer woulequire 50 scans to be completely
etched though. A quick approximation with the dilypnf(despite the lower flow rate)

shows that it is eroded about eight times quickantthe flexopolymer.
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Figure 4.16Powder blasting erosion profile of dry film resi&) Photograph of the
different erosion stage of the rectangular bearnes afseries of scans; (b) Graph
featuring the measurement of the width of rectasgikams as a function of the

number of scans

Non powder blasted coating Fully etched coating

!

&

@ (b)

Figure 4.17Photograph of the patterned 55um thick LF55gn amiackel mask (a)
before and (b) after powder blasting
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4.4 Mask process fabrication
4.4.1Electroformed nickel mask

LIGA is the German acronym for Llthographie, Galetormung, Abformung
respectively lithography, electroplating and montdi This technology is used in the
MEMS industry for the fabrication of high aspedi@amicrostructures. The UV-LIGA
process uses UV light source to expose a photdsensiaterial preliminary deposited
on a conductive surface to form a pattern on tlierlaUV lithography is the most
common light source. It is more affordable thanax-tithography, but creates lower
aspect ratio structures. After development, eleeposition of a metallic structure is
done onto the substrate. The plated metallic lessydren stripped off the substrate once
the desired thickness is achieved. A schemati©®fprocess steps is shown in Figure

4.18.
Substrate - Spin coating resist

UV exposure

Resist development

. . . Electroplating

Stripping from substrate

Figure 4.18LIGA process steps used for the mask fabrication

Photo resist patterning

The photosensitive material used for the fabricatd the mask is the same negative
dry film resist as described previously for the kasating: DuPont Riston fx930. The
film thickness is 30um and is protected by two H&ils. This material is becoming

increasingly popular in the industry: the resolatie lower than more traditional resist

91



such as SU-8, but is easier to use as there dvaacking steps and the film is capable of
high resolution of 10um. Furthermore, it allows tlse of only one resist, reducing the

overall cost.

The film is laminated with an Excelam plus 655RNhiaator machine manufactured
by GMP (Figure 4.19). The film is laminated at 1a%% about 0.6m/min and 2.5bar of
pressure. The substrate is a stainless steel Jotate thick. This plate has a large usable
area of 140*140mfy is conductive and bonds very well with the drimfi This
substrate has many advantages compared to a moventmnal glass coated wafer
substrate. There is no need to use an e-beam tlepasjstem to coat the glass wafer
with a conductive layer prior to resist depositidime plate will also not break under
lamination pressure and has a larger usable spag®sy masks can be made at once.
Unlike a coated wafer, the conductive layer doesawone off the substrate and the
plate can therefore be reused. Furthermore, the @doeld in the electroplating tank by
two hooks that can easily be mounted/ dismountedndnch also ensure the passing of
the current during plating. The only drawback a§ thlate is a roughness of the surface,
which scatters the reflected light and decreasesaipect ratio. However, the features

made in the mask are large enough and such accsraoy needed.

Figure 4.19Excelam plus 655RM laminator machine

The exposure is carried out with a collimated U\p@sure system from Tamarack
model 152. A single mercury arc lamp provides highnsity UV light at peak intensity
of 365nm. The collimation of the light ensures amiity of the illumination over the
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entire 300x300mMmexposure area. Dual CCD cameras can be used ¢selyeand
manually align mask and substrate, but they areneetled here. The exposure is done
in contact mode where the mask is in contact withdry film resist as the mask is an

emulsion. The photomask used is a high resolutionlgon mask from JD Photo-tools.

One to four layers of dry film are laminated orte stainless steel plate depending on
the final nickel thickness desired. The laminatadrthe first layer is the most critical
step as the other layers laminate very well onafogach other. One single layer of film
only requires 45mJ of energy to crosslink and #fglidHowever, with 3 to 4 layers of
film, most of the energy is absorbed by the fiestelrs, preventing the bottom layers to
be fully crosslinked. Exposure tests were carristiwith 2, 3 and 4 laminated layers
and the results of the best paramters are presentédure 4.20. It was found that the
relationship number of layer vs energy was notdirend that 800mJ were needed for a

three layer resist and 3000mJ for 4 layers.
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Figure 4.20Exposure energy depending on the number of landriateer

The resist is then developed with a spray gun usiagMFS 1120 developer. The spray
ensures that the non exposed resist is washed amifyymly. Furthermore, while one
layer can be easily developed in a stirred beakeh a large area and thick film would
require a considerable amount of time using thechn&ue. The unexposed film is
removed after a few minutes. The developed dry fdminated onto a stainless plate is
shown in Figure 4.21.
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Figure 4.21 Complex pattern design created with 4 laminatedfitirylayers exposed
at 3000mJ onto the stainless steel plate

Electrodeposition

Electroplating consist of depositing metal ions aronductive surface. The current
reduces metallic cations at the anode, passesgihrthe ionized solution and deposit
them on the cathode. The intensity of the currete¢mines the rate of deposition of the
ions. The cations move from the anode to the ca&hioadan electrolyte solution
containing metal salt and other ions allowing tleeteical current to flow.

The nickel electroplating bath at Heriot-Watt Unisiey (Figure 4.22) is a 20 litres
plating bath based on nickel sulphamate processhétanode, a basket filled with
99.99% pure nickel pallets serves as the nickebrgbrovider. At the cathode, the
target is the stainless steel plate with dry filattern. The agitation of the bath is done
by a jet, which pulses the electrolyte though aehtusvard the target. Fixation of
hydrogen bubbles due to hydrogen ion gain at tlileode is therefore reduced. The
electrolyte is also filtered upstream from the htseemove any particles in the bath.
The temperature is maintained at 54°C and the piiralled by the addition of
sulfamic acid, is kept between 2.8 to 3.9.
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ic bath

Figure 4.22Picture of the DC plating bath with cover opened

Nickel deposition is done with at a current densypging from 10 to 15mA/cth
giving a plating rate of around 10-15um per hounisTcurrent density is a good
compromise between time vs residual stresses. Halreent density will plate quicker,
but will generate too much stress on the depos#ger at the cathode, which will lift
the metal foil off from its substrate. Once platdte nickel mask is released from the
plate by plunging it into the dry film stripper. @texposed film reacts very well to the
stripper and is removed after a few minutes. Teelecate the process, the temperature
of the bath is set at 50°C. This step avoids stiegcthe mask when stripping it off from
the plate.

Setup issues and laser cut masks

Certain issues encountered during the metal mdsicéion could not be fixed before
the end of this work. Non-uniformity of the platéalyer is a recurrent problem in
electroplating. Current density is determined by shapes of the structures. The more
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complex shape with sharp edges will draw more ogrresulting in a faster deposition
rate. This effect is especially present on the sddgehe substrate. To reduce this effect,
current thief zone areas are created on the siddgeonain structure. Those lines are
2mm wide and will draw the most current. They cansieen in Figure 4.21. Despite
this, plating thickness uniformity is still a prebh with metal foil thickness varying
greatly. Figure 4.23 shows a photograph of a méateg at 12mA/crhfor 250mins.
The metal thickness was measured and marked ik:blaciation can be as high as
30um between the centre and the mask edges. Tlmis, metal in the centre can be
plated to the right thickness, metal close to ttiges can exceed the thickness of the

sacrificial material and grow over it, destroyig tdesigns.

With this setup and this material, it was also exiely difficult to fabricate sub-100um
features within the 2, 3 or 4 laminated layers. Mashe 80 or 100um pillars and thin

beams collapsed during the development step.

Figure 4.23Electroplated Nickel mask featuring beams and tarcapertures

In the light of these problems, it was decided fbathe time being, some masks would
be produced by Tannlin Ltd. This company is spesgdlin laser cutting of metal sheets

for stencil printing and can produce highly accenaatterns into thin metal sheets. They
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will supply nickel masks 100um patterned with ape$ as small as 80um. Those
masks have a better aperture dimensional uniformibych will enable a good
characterisation of the green tape ceramic. Howesterh requirement is not essential
for the LTCC package and electroplated masks williged.

4.4.2Coating preparation:

This step was carried out on both electroplatetatimask and laser cut masks. Two
coatings were used for protecting the mask: dmn filesist Riston fx930 and the
flexopolymer LF55gn. The technique employed is \&mgple, but will vary depending
on the polymer used. It consists of first coating tesist onto the nickel mask and then
exposing it to the UV light to reveal the apertuoéshe mask underneath. As both resist
are negative, the photomask used is the same emuighich has the opposite polarity

to the one used for the nickel electroplating.

Riston fx930 procedure The procedure is similar to the one describetlezdor the
metal electroplating. Lamination is done onto thetah mask at 115°C at a speed of
0.6m/min and 2.5bar. Three to 4 layers of dry fdre laminated to ensure the protective
coating can resist for 2 to 4 scans. The film msntldeveloped with a spray gun with
MFS 1120 developer. As the film is coated ontodpertures of the nickel mask, it can
be developed from both sides, increasing the dpwedmit speed.

LF55gn procedure The flexopolymer can either be spin coated oti® mask or
placed in a mould and knife coated using a rollerthis thesis, spin coating was the
preferred method. The masks are taped down onsa glafer and spin coated at 2500
rpm, 200rpm per second for 40 secondes. The thiéskabtained is around 60 tour.
The protective transparent film is then carefulbidl down manually. This foil,
manufactured by HiFi Industrial Film Ltd, has achized face which prevents it from
sticking to the polymer. It thickness is|i288. Knife coating was however also used as
the roller enables the polymer and the PET folbéorolled over at the same time. This
eliminates bubble formation that quite often ocalusing manual lay down of the foll
over the glass wafer. Bubbles trapped under tHeafei powder blasted through very
quickly, failing to protect the metal. The exposukethe polymer is done with an

emulsion mask and exposed at 250mJ. After expotheeRET foil is removed and the
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polymer is developed in a water base solution mixgd 4% detergent. A spray gun is
used to force the viscous liquid out. Similarlydity film resist, the development can be
done from both sides, which helps in clearing thaltest apertures.

Two samples of the mask coated with dry film rearsdl LF55gn can be seen in Figure
4.24.

(@) (b)

Figure 4.24Finished nickel mask coated with its coating:(a) film resist and (b)
LF55gn

4.5 Conclusion

This chapter has shown that the issues with cormalt masking techniques in
adapting powder blasting technique on green tapante can be solved using a
magnetically clamped nickel mask coated with a p@ysuch as dry film or LF55gn.
Nickel is the material of choice as a mask for pewhlasting green tape ceramic. It
combines excellent feature resolutions throughtedptating or laser cutting and a great
clamping strength compared to stainless steel. iékless of about 100pum with the
setup presented here is sufficient to keep the rimaplace for a distance N-S minimal
of 20mm and a pressure of 50psi. However, it datgprevent localised lift off around
the mask apertures. Additional clamping tools aexdfore required if thinner mask is

to be used. Lift off is prevented at N-S=50mm.

The protective coatings will protect the mask erpbsg deformations on the metal are

limited. With dry film resist, thicker coating calibe investigated at the expense of
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resolution. With 4 layers, the coating will haveli® changed after every 4 scans. The
LF55gn, on the other hand, will protect the nickelsk for a longer period, and a layer
of 70 to100um thick would ensure that the polymetgxts the mask until it has worn
off. But the development step and the use of a et &re problematic.

In this thesis, LF55gn will be preferred as a auatiDespite a more delicate
development step, it offers a stronger protectiotihe particles than the dry film resists.
Furthermore, it is a transparent coating that exgplecise alignment with the nickel

mask features during the photoimaging of the polyme
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Chapter 5 Fabrication and characterisation of micostructures

5.1 Introduction

Chapter 4 looked at different solutions to adaptgbwder blasting technique to LTCC.
A viable alternative to using glued mask on theanec was to pattern a sheet of nickel
which can then be magnetically clamped. In ordeptevent the bare mask from
deforming during the constant particle bombardmandpated polymer was applied on
its top surface. This solution offers both a veopd resistance to the particle erosion

power while providing high patterning transfer resion.

In this chapter, this type of mask will be used gattern microstructures. The
characteristics of the process such as erosionlgrafnder etching and structure
dimensions are detailed and correlated to the rapskture size and distances between
the nozzle and the substrate (distance N-S). Thsilpity of 3D erosion technique to

create angled walls is also investigated.

Most of the experiments have been carried out@easure of 50psi and the flow rate
fixed at 0.1g/s unless otherwise indicated. Twagalfor the distance nozzle-substrate
have been selected: 20mm and 50mm. The scannieg syes set at Smm/s as it does
not influence the erosion rate [82]. The 100um Khiickel masks used for this
characterisation have been laser cut and bought frannlin Ltd, Scotland. Thinner
mask of a thickness of 35um were electroplatedediiner fabricated at Heriot-Watt or
bought from Microstencil Ltd. The masks are coatath LF55gn polymer, unless
specified otherwise. As mentioned in Chapter 3, élxperiments will be done on

DuPont P2 165um thick green tape ceramic.

5.2 General erosion behaviour

A general characterisation of the micro structuhghe green tape sheets with powder
blasting is investigated in this section. The jetggure used for this first analysis is set
at 50psi for a distance N-S of 50mm. As a remindesgan is composed by an ensemble
of passes set with a defined constant pitch toga®@ certain area. Passes do not

powder blast the same area during the scan, batalescans do.
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Typical profile

The typical erosion profile of the powder blastédictures is simply shown in Figure
5.1a. Rectangular channels of about apbh@@vide can be seen from a cross sectioned
angle. The powder blasting was stopped before titi@ng particles pierced the tape.
Firstly, a clear rounded circular shape was formethe bottom of the aperture. This U
shape is typical of the powder blasting erosiorcess also obtained in brittle material
[120] and depends on parameters such as blastrgg width of the mask aperture and
the depth of the pattern to be implemented [12Q].7&/ith larger structures such as the
1mnf square shown in Figure 5.1b powder blasted instémee conditions, only the
intersections between the wall and the bottom @wed (circled in red) while the rest of
the bottom surface is flat.

The walls of the channels are inclined inwards sTikialso typical of powder blasting
as the process cannot produce highly vertical (uallike Dry Reactive lon Etching for

example). However, for deep structures, this anglé be closer to the normal

incidence in the upper part of the structure tharthie bottom part which is round.
Moreover, shallow structures will have highly sldpealls as the rounded bottom is
close to the surface of the tape.

100HM

v

400HM 3.1ED

(@) (b)

Figure 5.1:100um channels (a) and 1rheguare (b) powder blasted in DuPont P2 tape

The time evolution of the erosion can be seenguif@ 5.2a where the cross section of a

given section of ceramic green tape is powder &thstfiter 3, 6, 9 and 12 scans
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(pressure 80psi, M-= 50mm). The masused for these structures had circular apert
of 18Qum in diameter. The results show the gradual erosfdhe tape. The tape is or
just pierced after 6 scans, aa clear U shape profile can be seen after both 36
scans. After only 6 scans, tlU shape creates a “conic” via which has an exie
diameter about two fifth smaller than the entryesitiameter (1Sum entry/75um exit).
The gap betweetine entry and the exit side is about 118uHowever, this conic shaj
can be reduced by increasithe scanning and thus the erosion time: after 9ssc¢his
gap is reduced to aboutpum. The exit opening becomes 14@jin diameter while th
entry diameter remains at around pum. The verticality of th@ia walls has thus bee
increased. As suggested the Figure 5.2b, both sides will eventually apph a

similar diameter.

Wallls slope angles that can be calculated fromdiheensions of the openings are

really relevant for the structures powder blastitek 8@ and 6 scans due to their U she
But for 9 and 12 scan, the angle of the slopes caraloellated as the walls are more
less straight. After 9 scans, the slope angleasirad 8° and after 12 scans, the slic

angle is 85°.
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Figure 5.2: (a) SEM picture of cro-sectioned vias powder blasted at different len
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The fabricated structures do not exhibit any héfacted zone commonly found in the
laser ablation process and described in Chaptdh@.structures do not have remelt
glass on their edges as evidenced by Figure 5®isg@ close up cross section of a
via. A clear rounder smooth edge can be seen orenltry side, indicating that the

powder is being able to etch underneath the maskvé&sely the edges of the exit via
are sharp. Inside the vias, the walls are very s$madmost polished. The material is
not visibly shredded despite the presence of lpegécles in the powder, one of them

visible in the figure below.

mag M| tilt | det
10.4 mm| 500x |-3°|ETD| 298 ym side cantilever

Figure 5.3:Surface profile of a 120um powder blasted via. &A20um alumina
particle can be seen at the vias bottom. The skceddrface surrounding the vias is due
to the cross-section which was carried out usiagadpel

Surface roughness

The surface roughness of the green tape powdedetlaarface was measured by using
the Zygo. A single pass was done at a distance d-80mm and 50mm with 9um

particles. The reflectivity of the ceramic greepdavas enhanced by sputtering a few
tens of nanometres of gold. The Zygo imaged théreesf the pass over a surface of
0.35x0.26mm. The roughness number is obtained byaging the roughness value of
10 sample lines taken from the imaged area. Td lina effect of the particles erosion

pattern, in addition to the small dimensions of #anpled area, the lines are taken

along the direction of the pass. Three sampled LEG@aces were studied: one surface
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before the process and one after the powder bfpstinN-S=20mm and one at N-
S=50mm (Figure 5.4)

Oblique Plot =

Oblique Plot 4

+2.57918 +4.93440

pm um
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0.263

-5.67470
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Figure 5.4:(a) Surface roughness of the non machined green(kgf?owder blasted
with 9um at N-S=20mm

The virgin LTCC tape has a surface roughness Rabofit 0.320um. After powder
blasting with 9um alumina powder, the Ra is aroQrEd5um, almost twice as much.
The increase in the distance N-S to 50mm sliglgtjuces this number to 0.550um. In
contrast, the tape roughness of a tape powdereblagth 30pum powder was 1.8 um at
20mm and 1.19um at 50mm. To compare with powdestédaglass, the roughness

ranges from 0.8 to 6um with particle average siz@a 9 to 204um [99].

The particles do not impregnate the soft cerampe.t&Particles do not stick on the
surface. However, a very thin layer of powder carsben on the tape surface. Despite
the masks strong clamping, thin particles can sbieeneath the mask during the
blasting process and during the cleaning procesiseopowder inside the enclosed box

with the air gun.

The patrticles on the tape can easily be cleanddavsioft brush and/or with the air dust
blow gun directed directly to the layer. Extreme&ecahould however be considered
with highly complex and fragile patterns. Cleanth@n structures or small vias can be
problematic as a soft brush might not be able &chiehe particles. Too many particles

inside vias could induce open circuits during Viilsng or increase the surface contact
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resistance with the track underneath. Fortunawlgn the smallest clogged vias have
been successfully cleaned using compressed air.iffipact of the few remaining
particles hanging on the structure walls as ilktsd in Figure 5.3 can be considered
negligible.

If not cleaned, such layer of particles could redtie adhesion of the conductive tracks
during the printing step. But it would have a mialnmpact in the lamination step as
alumina particles are a prime component of the.t&msamination was not observed

during the firing of laminated powder blasted grésgre.

5.3 Characterisation of the apertures
5.3.1Methodology

The magnetic holder described in Chapter 4 was dsedhese experiments. The
ceramic green sheets were pre-cut into more coamel0*30mm pieces and placed
with their original backing foils on the holder,nteed over the two magnets. The nickel
masks were then applied on the LTCC. The edgebetask were duck taped and
powder blasted in the direction parallel to thesrof apertures (Figure 5.5). This limits
the number of stops that the nozzle performs betwassses with only 6 passes

necessary to scan the entire lines of apertures.

From the previous results, the pitch selected fih IN-S=20 and 50mm during these
experiments was set at 1Imm. This produces a vatysilrface for both distances and
ensures that the tape is not pierced too quickN-&=20mm with a tighter pitch. There
are not such requirements at N-S=50mm and the pvi chosen in order to have
matching scan areas between distances. The measuregpeatability with the optical

microscope focused on the surface was establighe@jam.

5.3.2Vias

Vias fabrication is one of the most important featuin LTCC. The need for small
diameter vias is increasing as electronic packaggsire denser wiring/routing and,
therefore, smaller tracks. In 3-D circuits, badhaged or partially clogged vias can
induce open circuits due to poor filling of the {@a#side the vias, provoking the
discard of an entire package. Conversely, the ¢d@ontrol of the vias’ dimensions can

create short circuits during track printing. Thealify of the powder blasted vias was
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assessed based on their dimensions, circularigeshnd propensity to clogging.

The masks used for this experiment (Mask A, Figufg are 55x35mm in dimension
with 7 sets of circular apertures organised in kdoof similar diameter (800, 400, 300,
200, 100 and 80um). Each block has four lines artapes, except for the 800um

apertures which only have three.

Figure 5.5:Nickel Mask A featuring circular apertures arrangredets

Erosion at a distance of 20mm

Mask A was scanned 1, 2, 3, 4 and 6 times with a pifchnam. The vias dimensions
resulting from powder blasting are displayed in [€ah1. The 165um thick tape was
pierced after only 2 scans. However, strangelys yiawder blasted with the largest
apertures (800 and 400um) were not entirely pieréedery thin layer of green tape
was left at the bottom. For the 100 and 80um diamagpertures, the vias were barely
pierced with exit diameter about half the sizeh# entry diameter. Three scans were
necessary to pierce the tape with the 800 and 40fppartures. Such a number of scans
gave the smallest vias a better verticality ofdperture walls. The exit diameter of the
vias reaches the dimensions of the mask apertéiezs3ato 4 scans. At this point, the
vias have an entry diameter about 20 to 40um lattggem the mask apertures. These
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results also show that the increase in the entigy diameter is more contained for small

apertures (around 20pum increase) than for largg3the 40um).

Table 5.1:Via dimensions (entry and exit diameters expregseacrons) obtained

after different scans and mask apertures. Theserdiions are displayed into

two graphs below representing entry and exit sides

2 scans 3 scans 4 scans 6 scans
Apertures| Entry | Exit | Entry | Exit | Entry | Exit | Entry [ Exit
800um 819 N/A 830 773 840 804 850 820
400pum 415 N/A 420 388 429 403 451 421
300pum 312 278 320 290 333 31 349 320
200pum 212 175 218 190 222 207 232 215
100pum 108 59 112 82 120 93 130 105
80um 88 36 94 60 96 73 108 86
Entry Exit
900 900
800 800 r "L
700 700 —=—800um
£ 600 600 —*—400um
~ 300um
§ 500 ) 500 e 200um
5 400 400 — [ |——100um
£ 300 300 — 80um
200 200 —
100 = 100 ——
0 | 0 | |
1 3 4 5 6 7 1 3 4 5 6 7
Scans Scans

The variations in the entry and the exit side dimmef vias blasted with the same
number of scans are different. Entry diameters oalgy in a range of 5% and are

constant with any number of scans. For the exindiar, the variations are important

after only two scans when the tape is just pierted,they then decrease after 3 to 4

scans. This is due to the U shape of the stru@ndethe thin layer which forms the
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bottom of the via. This layer is highly affected #light changes in powder flow. Thus,
after 2 scans, the variations between exit diaraat@n be as much as 30%, but decrease
to only 10% after 3 and 4 scans.

Erosion rate and apertures size: From the results displayed above in Table 5.1, the
erosion rate is lower for the large apertures 8@0400um which were not pierced after
2 scans, but also for small apertures, 80 and 10Qpose findings partially contradict
the results published in the literature, especitilyse of Anne-Gabrielle Pawlowski
[122]. It was shown that below the 100-16@ aperture diameter threshold, the erosion
rate decreases with decreasing aperture diambtemask acts as a filter and increased
collisions inside the apertures between particesices the erosion power [120]. Above
this threshold, the erosion rate is independenthef dimensions of the aperture.
However, the scanning method was different, thevflate was twice as high, the

apertures were rectangular and the mask thicknasonly 50um.

To confirm the results found in Table 5.1, addiéibtests were done with Mask A. One
single scan was done and the measurement of thile diefine powder blasted vias were
recorded using the Zygo white light interferomgter only one scan, the tape is not
pierced). Figure 5.6 illustrates the average depthined from a series of tests with two
different flow rates. The bottom surface being eefiive and not very flat, the
measurements were difficult and limited to the @s¢point in the vias.
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Figure 5.6:Graph of the depth of powder blasted vias withedéht mask aperture

measured after 1 scan
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The results show a similar erosion pattern to the drawn in Table 5.1. Lower erosion
rate was obtained with 80 and 100um aperture denmess well as with the largest 400
and 800um diameters. In addition, a peak of erosanbe seen for apertures in the
200pum diameter region. In light of these results&e scanning process was also
investigated. The pass direction was changed by tB@°lines were powder blasted
perpendicularly with a pitch of Imm. The erosioterpattern was similar to the one

exposed in Figure 5.6.

The thickness of the mask combined with the seaonéct effect of the particles can
partially provide an explanation for the changebihaviour compared with Anne-
Gabrielle Pawlowski’s findings. Particles’ secomapact is a well known phenomenon
and is created by particles bouncing from the neakies or the structure wall towards
the substrate [123]. In the substrate itself, tb@ytribute in giving high aspect ratio vias
their typical funnel or bottleneck shape. The laltave been used to an advantage for
microfluidics applications in glass substrate [Byr larger and shallow structures, the
effect is materialized by shallow trenches localize the vicinity of the mask edge
(Figure 5.7a). The width and depth of the trenathegzend on the mask thickness. The
thicker the mask, the more particles rebound [124d the deeper the trenches are.
These effects are clearly materialized in the lstrgéas that have been powder blasted

before they were pierced (Figure 5.7 b)

It is therefore possible that trenches created leyrailar aperture having a diameter
equal to the trench width increase the erosiorhefdubstrate as illustrated in Figure
5.8. It was however not possible to obtain an ateumeasurement of the width of the
trenches created in the circular apertures. Theae mo reliable explanation found
during this thesis for the lower erosion obtain@d400 and 800um apertures.
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Figure 5.7:(a) Drawing of mask and substrate detailing thenpheenon responsible fi
the creation of trenchq124]. (b) Goss section profile of 400 and 800um \in green

tape after a single sc showing the trenches created by the pari

Large aperture: two distinct trencl Smallaperture Combined
erosion effec
Figure 5.8:Schematic of the tren erosionwith large aperture arsmall apertures

Under etching: Under etching is di to particles impacting the substrate underneatl

mask. As detailed in Chapter 4, under etching (s on the wall of the substrat
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resulting in larger structures, and on the topaaefwhich gives smooth edges to the
structures. The under etching of the edges of teergtape ceramic can be seen in
Figure 5.9.

Figure 5.9:SEM picture of a cross section of a 200um viasiihting the smooth

rounded edges on the structure edges (circledd)n re

Under etching was simply measured by comparingdtameter of the powder blasted
vias and the diameter of the apertures of the métskwhich they have been fabricated.
Figure 5.10 compiles the under etching obtainedh whe entry side of the vias (top
surface) after 2, 3, 4 and 6 scans.
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Figure 5.10Under etching as a function of the number of paasdsmask apertures

The under etching seems to increase linearly frem tb six scans. Figure 5.10 also
shows clearly that the under etching for small apes is lower than for larger ones.

After 4 scans, the under etching is around 40urh 8@0um apertures and decreases to
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about 15um with 80um vias. This difference canXygagned by a lower lift-off of the

mask with smaller apertures. However, the ratioenretching/mask aperture diameter
(which compares the size of the under etching ¢osike of the aperture) is higher for
the small apertures: for 400um apertures, the uetbding (28um) is about 7% of the
mask aperture diameter. The under etching of amm8@perture (16um) represents 20%

of the apertures diameter.

Wallsinclination: As mentioned in the first part of this chapter, téygered shape of the
wall of the structures can be reduced by increagirghumber of scans. This increases
the verticality of the walls and therefore increasige diameter of the exit side of the
blasted vias. It is however difficult to measuregsely this inclination. The slope of
the wall cannot be calculated with the diametethefentry and the exit of the vias only
because of the under etching affecting the stratduop edges. Cross section of vias,
on the other hand, allows a better measuremenuaf slopes. Figure 5.11 shows a
cross section of the vias in Table 5.1 after 4 scaith a 400, 200 and 100pm mask
aperture diameters. It can clearly be seen thaivils are almost vertical after 4 scans
with an inclination angle ranging from 8® 90 with respect to the horizontal axis. It is
important to note that precise cuts of vias aréadit because they are done manually
with a scalpel: cuts performed off centred in theswvould result in slope seen more
inclined than they really are. In particular, sulOfim vias are extremely difficult to

process.

40Cum

Figure 5.11Cross section of vias showing the vertical walltaoted after 4 scans with
a 400, 200 and 100um apertures
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Erosion at a distance of 50mm

The DuPont green tape was here powder blasteddetance N-S of 50mm with the
same pitch of 1mm. The particles have a longeadcs to travel and lose their kinetic
energy by friction with the surrounding air. Theatls to a decrease in the erosion rate
as shown in Chapter 3. At this distance, the demdifparticles is also reduced as the
machinable area is increased from 15manN-S=20mm to 78mfm Due to the lower
erosion rate of the particles, the number of sceeexled to pierce the layers increases.

The results of the experiments are displayed irerai2.

Table 5.2:Diameters of different vias powder blasted afte8,610 and 12 scans

6 scans 8 scans 10 scans 12 scans

Entry | Exit | Entry | Exit | Entry | Exit | Entry | Exit

800 805 - 807 777 810 788 82( 81
400 403 - 406 376 412 384 420 400
300 307 240 307 280 310 29( 316 300

200 201 145 201 171 210 178 220 197

100 99 -- 102 40 107 55 116 88
80 81 -- 87 90 95 68
Entry Exit
900
800 —a0 IF__l,_J;
700
,g 600 —a— 800um
500 —+—400um
§ | 300um
: 400 ) —%—200um
5_ 300 —s%—100um
200 — 80um
© =T T | —t |
4 6 8 10 12 14 | 4 6 8 10 12 14
Scans Scans
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Two cases can be clearly distinguished:

» For large apertures diameter down to 200um, 8ssea® enough to pierce the tape
and obtain good vias with difference entry sidd/eixie of only 30pum. At this stage, the
vias entry diameters are very close to the dianadténe apertures of the mask. On the
other hand, the exit dimensions are smaller comjoatiee mask aperture by around 25-
30um. Walls are mostly vertical except at the buttehere a sharp curve indicates that
they have just been pierced through. Increasingntimeber of scans to 12 brings the
exit diameter of the vias to the same dimension tha aperture, but also increases the
under etching on the entry side to 10 to 15um.difierence entry side/exit side is then
only about 15-20um

» For sub 200um apertures, 12 scans are neededrt® phe vias. With circular mask
apertures of 100um, 8 scans result in vias hawingxéremely small exit hole (40um in

diameter). With 80um apertures, 12 scans are n&agess

Erosion rate and apertures size: The dependence of the erosion rate on the diarakter
the aperture is similar to the one observed at 208m. Thanks to the lower erosion
rate, a more precise mapping using the erosiorradedoafter 2, 4 and 6 scans can be
done and has been reported in Figure 5.12. A giritasion peak with apertures having
diameter of around 200um can be identified, buéss pronounced. Once again, with
the largest 400 and 800um aperture diameters,rtsoa is lower than with 200 or
300um aperture diameters. The tape was pierced &fscans only with vias powder
blasted with the 200 and 300pum apertures.

220 —&— 2 scans
-40 —&—4 scans
. -60 .\‘ 6 scans
£ %0 e
£ o0 |\
[}
e 120 L\

:140 \-/./F 1

-160

-180 | |
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Aperture Size (um)

Figure 5.12Depth of the openings measured after 2, 4 andrssedh different

aperture diameters
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Under etching: Table 5.2 clearly shows that under etching is los@mpare to the

distance N-S of 20mm, even after 12 scans. Thédtsasan be explained as follows:

* The lower power of the particles decreases thaargmwer of the second impact of

the particles (responsible for the under etching).

* The air pressure is weaker compared to the distdh8e20mm and reduces the lift

off of the mask.

* The higher number of scans needed to pierce tleedapbles a better control of the
piercing of the structure. The number of scans lmaradjusted to coincide with the

piercing of the tape, thus reducing unnecessarydpovblasting process. On the

contrary, at N-S =20mm, there is no such contral @re process can only be stopped
either after 2 scans (not enough) or 3 scans (Bliglo much for certain apertures).

Comparison between N-S=20mm and N-S=50mm

Apart from the obvious slower erosion rate, a camspa is needed to analyse the
benefits of one distance compared to the otheherdimensional characteristics of the
structure. A fair comparison is done by selectings with similar exit dimensions for

both distances, regardless of the number of scaededl to fabricate them. The under

etching is shown in Figure 5.13.
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Figure 5.13Under etching at N-S=20mm and N-S=50mm shows a aldzantage for
the distance N-S=50mm

There is clearly less under etching at N-S=50mmm thaS=20mm. Two distinct
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behaviours can be seen in Figure 5.13: for smatages, there is not much difference
in the under etching which is at around 16-20unr. Zadum apertures and above, the
under etching remains at around 4 to 8um for N&mm but steadily increases from

14pm to 3am for N-S=20mm.

The under etching is here only observed at theofae structure. Despite the higher
under etching at N-S=20mm, cross section of the faaboth N-S=20 and N-S=50mm

distances shows that their walls have similar galtslopes. However, the entry/exit

side comparison between Table 5.1 and Table 5.Xeggest otherwise with a larger

difference (thus lower slope angle) obtained at=3{Bnm. This is due to the sharper
edges of the structures (entry side only) at N-$#50 Thus both distances can be said
to fabricate similar structure walls except thatnmded edges are more important for N-
S=20mm.

Clamping strength effect

The adhesion of the mask onto the ceramic greendap influence the final diameter
and shape of the via as shown previously with tlaskniift off. To further investigate
this effect, the clamping force of the masks orite green tape was increased with
additional metallic clamps positioned onto the madke mask was powder blasted at
N-S=20mm and only the diameters of the vias obthimiger 4 scans were measured.
Table 5.3 compares the diameters of the vias withvéathout the extra metal clamp.

Although some of the entry side of the vias argdamith the additional clamping tools
(partially because of the variations in the flowerbetween the two experiments), table
5.3 clearly shows an improvement in the differebedween the entry and the exit
diameters. This difference is smaller and is reduie about 10 to 15um with vias
powder blasted with apertures ranging from 800ur8@um. Without extra clamping
tools, this difference is around 20 to 30um. Theaeretallic clamp did help to reduce
the under etching by limiting the mask lift off &@te the under etching still being at
around 30um). The improvement is however limiteth®apertures larger than 200pum.
Without additional clamping tools, smaller apertugaiffer less from lift off thanks to
their sizes as previously discussed in this chagmerin Chapter 4. The clamping tools
thus do little to change the under etching. Howgetres behaviour would change with a

higher density of such apertures.
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Table 5.3:Comparison between vias powder blasted after fcamswith and without

additional clamps

4 scans 4 scans + metallic pieces

Apertures| Entry | Exit Entry Exit
800um 840 804 826 811
400um 429 403 434 423
300pm 333 311 320 310
200um 222 207 230 217
100pm 120 93 116 100
80um 96 73 100 70

A look at the mask apertures back side helps tgéhe intensity of the under etching
at the structures top edges. Figure 5.14 displagspictures of two nickel masks back
side powder blasted at a distance N-S of 20mm @ndht The halos surrounding the
apertures results from particles hitting the swteton their way out from the powder
blasted vias. They are mainly due to the maslofit These halos are less pronounced
with smaller apertures and at 50mm than at 20mnthvieonfirms the lower under

etching in the apertures vicinity.

(b)
Figure 5.14Back side of nickel masks powder blasted at a niigtaf (a) 20mm and
(b) 50mm
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The non uniformity of the forces applied on the knean clearly be seen in Figure 5.14
at N-S=50mm. The non etched part was strongly cihgown by the field while the

rest of the mask was looser.

Smallest vias

The smallest vias were fabricated with a thin 35mask (from Microstencil Ltd) and

100, 80, 60 and 40um aperture diameters. Suchribsskis better suited to be used for
60 and 40um diameters. The wide distribution ofiplas size increases the chances of
oversized particles colliding with other particieside the small apertures. In order to
bring the under etching to a minimum (due to thedoclamping strength), the distance

N-S selected was 50mm and additional clamps wezé.us

The smallest opened vias that this process couwduse was obtained after 10-12
passes and apertures of 60um. The vias have tbwiiod dimensions: 60-65um for the
top entry and 20um for the exit side. The 40um tapes did not produce any opened
vias: the erosion is strongly reduced due to pagicollisions clogging the mask
apertures as well as the green tape vias. The ehthe unfinished vias had a diameter
of around 50um. Table 5.4 below resumes the reamllsFigure 5.15 shows a cross

section of a 90um entry/60um exit vias.

Table 5.4:Dimensions of the smallest vias achievable with ggwblasting in LTCC.

The structures were obtained at a distance N-®wind

Vias dimensions

Mask apertures 100 80 60 | 40

Entry diameter (um 112 93 62 51

Exit diameter (um)| 80 60 20
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100HM

Figure 5.15SEM cross section of a vias with 90um entry andné@xit

5.3.3Beams

The powder blasting of flat straight structures \abs® investigated. To do so, Mask B
shown in Figure 5.16 was used. Its dimensions @xd@mnm. It is composed of 8 sets
of rectangular apertures. Five groups can be djstsmed and characterised by the
width of the apertures: 300, 200, 100, 90 and 80lmneach groups, the apertures are
spaced by thin metal sheet which can be referred theams” with width ranging from

500 to 80um. The resulting powder blasted strustiumethe green tape resemble the

beams of the mask. The shapes of these beams harecterised in this part.

Figure 5.16Nickel mask B featuring rectangular apertures
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Erosion at a distance nozzle-substrate of 20mm

Similarly to the experiments realized on circulgedures, the characterisation of the
structures was first started at a distance Nozalestate of 20mm. The masks were

placed on the green tape without any extra metakimps. The pitch was set at 1mm.

Erosion rate vs aperture size: The dependence of the erosion rate on the apevidth
was obtained by measuring the depth of the powtsstdal structures after 1 and 2
scans. The depth was recorded from the photoseoértiss sectioned beam. Four mask
apertures were used: 80, 90, 200 and 300um. Thégeksplayed in Table 5.5 show a
higher erosion rate for smaller apertures (80 d@hh®) than for the large apertures (200
and 300um). In contrast with the circular apertuties erosion rate peak was not found
with the 200pum apertures but closer to the 90-10@perture. Three scans were needed

to pierce the tape, regardless of the apertureetiam

Table 5.5:Measured depth etched as a function of the apentigith after 1 and 2 scans

Depth (um)
Aperture width 1 scan 2 scans
80 (um) 80 163
90 (um) 90 162
200 (um) 65 145
300 (um) 68 140

Erosion behaviour: as the number of scans increases, the manufactofrithg beam is
monitored by measuring the beam at its top surfao@ halfway through the tape
thickness. The mask design used in this experifasta beam width of 100, 200, 300
and 500um. Each beam is separated by a fixed apenvidth of 300um, so that the
space between beams affects the erosion behawoarsimilar way. Measurements
were done with a digital microscope and resultsstu@wvn in Figure 5.17 and Figure
5.18.

120



550

500 474 463
__400
£ 350
23 N «—#— 100um beam
3 262 258
S > Sa1 . «—a— 200um beam
2 300um beam
§ 200 174 169 162 154 139 500um b

150 o

100 76 57 49

— 2 50
50 M =
0
0 1 2 3 4 > 6 ’
Number of scans

Figure 5.17Width at the top surface of the beam dependindhemtimber of scans

As expected, the walls of the powder blasted strestare gradually etched resulting in
the width of the beam gradually decreasing as timeler of scans increases. After the
first scan, the beam has lost 25um in width abjssurface. After 4 scans, about 45 to

55um have been eroded.
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Figure 5.18Width at the beam half thickness depending on theber of scans

On the other hand, at the half way section (Figue), the width of the beam only
becomes smaller than the mask width after 3 sa&inthis point, cross sections of the
beams show that the walls are vertical enough la@grtocess can be stopped. The four

curves, which are parallel, show the good repelittabif the process regardless of the
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beam size. Once the tape is pierced, the differddeteeen the top and half way

measurements is relatively steady and remains leetd@ to 50um.

The beam profile is obtained with a different mdskturing beam width/space of
200/200um and 80/80um. The mask was blasted wéahd34 scans with the resulting
cross sections displayed in Figure 5.19. The beasws round top edges with nearly
vertical walls. This round shape is accentuatedrigure 5.19 with the 80um mask

beam: the two sides of the beams almost joineetheg on the entry side.

Figure 5.19:SEM cross section of powder blasted beams with @08pd 80pum mask
beam respectively spaced by 200pum and 80um a#tearss (top line) and 4 scans

(bottom line)

Erosion at a distance nozzle-substrate of 50mm

Erosion rate vs aperture size: Table 5.6 summarises the depth measurement recorded
after 2, 4 and 6 scans of powder blasted chanmbiks.gradual erosion with a 200um

aperture/200um pitch is shown in Figure 5.20.
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Table 5.6:Depth etched in function of the apertures diamafter 1 and 2 scans

Depth (um)
Aperture width 2 scans 4 scans 6 scans
80 (um) 33 80 125
90 (um) 45 100 150
200 (um) 40 94 145
300 (um) 40 96 151

)| 1.48 mm E antilever

Figure 5.20Set of cross sectioned 200um beam powder blasted2ai4, 6 and 8 scans

This time, the erosion rate was found to be in egent with the theory and showed
that larger apertures enable the green tape taltmited to a higher erosion than the
smallest apertures. The threshold for which thesieropattern is independent of the

apertures is located around 90um apertures.

Erosion behaviour: In general, the tape was pierced after 8 scansls\Wwhthe beams

are almost vertical with a slight curved bottom .eddwever, for the smallest apertures,
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12 scans are an absolute necessity to obtain aewtialls. The measurements of the
beam top surface and half way thickness are predentFigure 5.21 and 5.22. After 8
scans, the beam width stays within +10um (for tpeside) and -10 pum (half width) of
the mask dimensions. Even after 14 scans, theudace beam width is 30um shorter
than the mask beam while the half way measuremehtsv similar dimensions

compared with the mask. The dimensions at the tap lalf thickness of the beam

evolve similarly with a difference between then26fim approximately.

600
>0 499
495

500 — P 473 762

450 —~ —e
g 400 —— 100um beam
Z 350 —a— 200um beam
% 300 299 286 ;g7 290
H 276 265 300um beam
g 250 191 —a— 500um beam
& 200 ol 184 189 o 172 166

150

100 87 88 g6 8! 74 &

50 - : —e
0
0 2 4 6 8 10 12 14 16 18 20
Number of scans

Figure 5.21Variation of the width at the top surface of thaimedepending on the

number of scans
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201 200
$ 200 —X —
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Figure 5.22Variation of the width at the half thickness of theam depending on the

number of scans
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Comparison between N-S=20mm and N-S=50mm

As mentioned for the circular apertures, the uretehing at a distance N-S=50mm is
smaller and results in sharper structures. Heresitoation is similar, but thanks to the
cross section of the beam, a more accurate anailf/srse structures can be done. To
better illustrate this, a direct comparison betwesss sectioned beams powder blasted
at N-S =20 and 50mm was carried out in Figure 5I2f&se beams have been powder
blasted with a similar mask and chosen so that laee the same width at the half way
mark (197-18@m for N-S=20mm and 2Q0n for N-S=50mm). It can clearly be seen
that the beam powder blasted at 20mm has a mor®pneed rounded edge at the top
surface than at 50mm. Measurements of the roundseslgow a radius of about 15 to
20pm at N-S=20mm while at 50mm, it is lower thapd0

N-S=20mm 3 scan N-S=50mm. | scan

Figure 5.23Cross section of two 2@@n beam at N-S =20mm and 50mm after 3 and 8

scans, respectively

Smallest structures

The smallest beam size were achieved at a distdrf8e50mm and a thin 35um mask
(fabricated by Microstencil Ltd). Extra metallicachps were used to maintain a very
good contact onto the green tape. The mask had hadtms of 100, 80, 60 and 40um
spaced by 100um. 10 scans were necessary to prddubeams shown in Figure 5.24.
The 60pum mask beam produced beams with a top widB3um and bottom width of
54um. Under etching is here in the similar rangentthe one found previously at N-
S=50mm. A measure of the beam thicknesses alsoeshtivat the beams kept their
original thickness and were not etched from the Tdpe beams produced in the green

tape powder blasted with the 40um beams were destrioecause of the under etching
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which eroded the beam from top to bottom.

46um width top, 70pum width bottom 23um width top, 54pum width botto

Figure 5.24Top view of green tape beams powder blasted witar@D6(m beams at

a distance nozzle-substrate of 50mm

5.3.4Complex geometry

Powder blasting technique has been used to patiera complex geometries in green
tape ceramic. This was demonstrated with the safidgzatterning of sharp triangles or
crosses. To achieve such structures, a nickel mvébkcross and triangle shapes were
used. Mask C has a total dimension of 55x35mm &l deven sets of crosses and

triangles with different dimensions (Figure 5.25).

Figure 5.25Nickel mask C featuring crosse and triangle shape
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Sharp isosceles triangle 950um height and a ba88G)fm were successfully powder
blasted at both N-S=20 and 4 scans (Figure 5.2@hNaS=50mm and 12 scans (Figure
5.26¢). Metallic clamps were used. The sharper eshaybtained at N-S=50mm are
clearly visible: there is less under etching ontitye edges, and corners are less round
than at N-S=20mm. There is a lower erosion ratheicorners of the triangles, which
result in the wall having a less vertical slopelaras emphasized by the darker shaded
area. This is caused by an increase in the padallesions inside the tighter space in
the corner. Not surprisingly, the smaller angletloé triangle (17°) has the lowest

erosion rate.

(b) ()

Figure 5.261(a) photograph of the mask back side featuringcisles triangle with a

height of ~960um and a base of 300um powder blagtBidS=50mm. Resulting green
tape at (b) N-S=20mm and (c) N-S=50mm.
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Complex cross shapes also can easily be powddedldsgure 5.27 shows the result of
powder blasted crosses in LTCC. The entire strectength is 900um across and is
composed of two central beams of 100um width wotlr 200x200um squares attached
at each end. Once again, a better and shapertaefioif the structures can be seen at
N-S=50mm.

(a) (b) (c)

Figure 5.27:Assemblage of photo of (a) back side mask powdestetl at N-S=20mm

of 900um tall cross and the resulting pattern it€CTat N-S=20mm (b) and N-
S=50mm (c)

Stand alone structures: Standalone structures are relatively easy to fateicNickel
foil can be electroplated or laser cut to form peledent complex shapes that can be
used as a mask. No additional clamping force othan the magnetic field of the
magnet can be used. Thus, a mask with a thickrfessleast 100pum can only be used
safely at a distance N-S of 50mm. Such masks shapesimple wheels or as a cog
wheel were easily fabricated and powder blasteadttition, no protective coating was
needed as the metallic surface under stress wal amdacompact enough to counter
the peening effect. Figure 5.28 shows the powdastétl nickel masks and the powder
blasted results in LTCC. Both simple wheel and wdgel were imaged by an SEM
microscope. The simple wheel was rastered at alspiegemm/s and pitch of 1Imm. The
small cog wheel, on the other end, had a diamétémon, so it was machined in static
mode (diameter of the machinable area at N-S=50nGmm).
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Nickel mask

1

400FM & . SEL . (u]n] =T 3 . uln gy & .4kl [ ]a]

Figure 5.28Cog wheel and simple wheel machined at 60 psi &nthd N-S

Pattern arrays. Powder blasting is a very efficient process to grattlarge arrays at
once thanks to the large machinable area (15mtrN-S=20mmand 78mrh at N-
S=50mm). However, cautions should be taken duen¢oenergy distribution of the
particle and pitches of 1mm should be used in otddrave uniform erosion over the
entire mask. This uniform erosion is evidenced iguFe 5.29a&b which shows SEM
photos of arrays of vias 200um diameter and 100jameter both spaced by 100um.
The blasting was done at N-S=50mm. The erosiorilerof the structures is similar to
the ones described in 5.3.2 with similar under iatghand dimensions obtained. As

clearly shown, the shape uniformity is very good.
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100HM 5.2KU o0 197

(a) (b)

Figure 5.29:Array of vias (a) 200um in diameter and (b) 100mrdiameter powder

blasted at 50psi and 50mm N-S. Also in (b),del@engn the vias are alumina particles
hanging on the back side of the tape

5.3.53D patterning

One of the advantages of powder blasting is thétyalbf the process to blast the
substrate at a certain angle to create 3D strugtlifee nozzles can be inclined to force
the particles to impact the green tape ceramic vathdefined angle. Detailed
investigations on this process on glass can bedfdweme [125, 126] and fabrication of
specific structures such as free standing cantdegan be found here [10, 11]. These
materials were thick enough and structures sucbaaslevers could be created. The
thin thickness of the ceramic tape would, howelrent the interest of this technology

for such structures.

Vias

In this thesis, the study of the erosion on theegrepe structures at different angles of
impact was studied and restricted between 20° &dThis range limitation comes
from two reasons. At an incidence closer to thenab(60 to 90°), the low inclination
achieves limited structural changes in the slopthefwalls. This is emphasized by the
thin thickness of the tape. Conversely, at angbeget than 20°, the area machined is
extremely large, rendering difficult the powderdilag of single structures. Moreover,
perspectives of the aperture dimension at suchalogle changes considerably. Indeed,
with a 50um thick mask, 200um circular aperturegmeble an oval 60x200um aperture
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at 20°. At 10°, 300um apertures look barely opened.

The process was carried out at N-S=20mm with thehget according to the angle of

inclination. This enables to reduce the erosioe tpending on the angle (the lower
the inclination is, the larger the area as illuslain Figure 5.30) and approaches it to
the erosion rate obtained at normal incidence réctice, however, the shape of the jet
combined with the decreasing apertures opening risrae (different perspectives at

lower angle) make this task difficult. In additicas mentioned in Chapter 3, the erosion
rate of the green tape increases when the angesion of the particles decreases. In a
general approximation, the pitch will be set at 1lranb0° and 40° 2mm at 30° and

3mm for 20°.

Particles jet
MNormal incidence 90*

50°

40°

30°

3.1mm

3.84mm 4.52Zmm

5.64mm ‘ ‘ 7.8mm ‘

Impacted area diameter

Figure 5.30Diagram describing the evolution of the surfac¢éhefarea submitted to

the particle’s jet according to the jet inclinatidrhe distance N-S is 20mm

Typical erosion shape:The typical erosion behaviour by angled particlegte green
tape is first described at a nozzle incident an§l@0°. The apertures used were circular
with a diameter of 300um. The numbers of scanseees were set as follows: 1, 2, 3,
4 and 5 scans. The masks were electroplated tmkn#ss of 40um and knife coating
technique was used to lay a protective layer of9g¥630 to 40um thick. Additional
metallic clamps were placed on the mask. The temssvvias fabricated in the tape

were measured with an optical microscope.
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Typical via entry and exit shapes are shown in fledgu31la. The graph in Figure 5.31b
plots the evolution of the entry and exit diametposvder blasted with the 300um
aperture in function of the number of scans. Tlaenditers of the vias on two directions
were measured: parallel to the particles directiabelled x) and perpendicularly to the
particles direction (labelled y).

= 4= Vias top side on x —— Vias top side ony
— A= Vias back side on x —&— Vias back side ony
500
450 = e
- 400 = —
E -
. S 350 & == ————4
Entry side - > ¢ — -
<) - -
2300 —— o
c ¥ Y
g 250 - —
a . //-/
200 /
150 —
, 5l
100
1 2 3 4 5
Passes

Exit side

(a) (b)

Figure 5.311(a) Typical entry and exit side of transverse Vawicated after 4 passes

with a 300um aperture. (b) Graph of the entry attddemension of powder blasted
vias with the same mask after 1, 2, 3, 4 and 5sscan

The tape was pierced after only two scans but xiitesgles are small (~100um). Four
scans are needed to pierce the tape and obtairsidgitdimension equivalent to the
mask apertures (~250pum). However, the entry side micreased with the diameter
parallel to the particles direction reaching ~400®m the other hand, the diameter
along the y axis stayed steady at around 330unghainansformed the entry into an
oval shape. Although powder blasted with a circalaerture, this oval shape is due to
the perspective at 30° and the under etching doguander the aperture side facing or
opposing the particles. Under etching was also recegth by the mask lift off as air can
penetrate more easily under the mask. Converdaydiameter measured along the y-
direction is not submitted to this type of undesh@tg as it would require the particles
to turn 90°, but is rather submitted to the undehiag described in section 5.3.2. The
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oval shape is gradually reached by the exit sidb@gntry side changes.

Cross sections of the transverse vias powder lolastEigure 5.31 are showed in Figure
5.32. The transverse vias walls, or channel wadlspme parallel after 3 to 4 scans. The
channels are gradually etched as it was the casthdovias at the normal incidence.

Due to the variation of perspective of the apedwempares to the normal incidence,
300um circular apertures produce a channel widthl@jum after 3 scans and 150um

after 4 scans on x and about 330-340um ony.
1 scan
2 scans |

3 scans , ' ’ ’ 2

o
-

4 scans i - i I-

Figure 5.32Cross section of vias powder blasted with an ingidagle of 30° after 1,
2, 3 and 4 scans. Different mask were used witliairapertures diameter (300um) but

different spacing

Aperture size limit: The process was repeated for circular apertuee rsimging from
500um to 200um at incident angle varying betwee¢ha?@ 50°. The mask employed
has a thickness of 75um and had additional clai@pannel widths obtained after 4
scans were measured and displayed in Figure 5.3@&nr@ls were all pierced
successfully with inclination ranging from 50° t@°3except at 30° and the 200um
aperture. As mentioned earlier in this section,dhange in perspective introduced by
the particle inclination reduces the openings efabpertures. Thus, at 20°, no apertures
were pierced. As expected, the channel width deseseaas the incidence angle
decreases. The smallest channels were fabricathdand00um aperture at an incident
angle of 40°. They had a width of around 125um.
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The measurement of the entry of these channelsexhtivat the oval shape found at 30°
on was lower for the angle of impact 50° and 40fe difference between the diameter
measured in X and y was only about 10 to 20um.Q&t the difference reached 50 to
60um. This is mainly due to the higher under etghamd the mask lift off at lower

angle.

400

350

300 )
—&— 500um vias
250 / / —#— 400um vias
/ ___—

~—a——300um vias

200 ://‘/'; —&— 200um vias
150 p—— /.’/,
100

Channel width (um)

\
\

25 30 35 40 45 50 55
Incident angle

Figure 5.33Channel width powder blasted at different incidemgles and different

apertures size

Channels

Channels can also be fabricated at an incideneamghg rectangular beams, or blades.
Such structures were powder blasted at 45° andug§@8® a thin nickel mask (20um
thick + additional metallic clamps). The distanceSNvas set at 50mm to limit the
impact of the air flow on the mask, as those tesge done at ~80psi. Figure 5.34
illustrates some examples of 3D structures falettatith different mask apertures in a
single layer of green tape ceramic. Successfuldsiggbwder blasted with 100pm and
150pm mask beams were achieved with the followiegpective beam width
dimensions: 70um top/160um bottom (a) and 110un25@um bottom (b). However,
beams smaller than 50um could not produce strigtwigh good quality. Blades
fabricated with these masks had their top surfagelyrunder etched (c). Similar under
etching also happens when the incident anglesrislow. Interesting results are shown
in (d) of very thin blades over exposed at an iagstdangle of 30° with 100pum mask
beam. However, low incident angle can be used imbioation with larger apertures to

create a single sloped wall as shown in (e).

134



$00FN 308 100FM 5. 1KU

=UOFM 200HM 5. 1KU 00 31
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Figure 5.34Beam cross section powder blasted at: (a) 45° 1@0um mask
beam/200um openings; (b) 45° with 150pum beam/208paning; (c) 45°, with 50um
mask beam/200um opening; (d) 30°, 100um beam adywimB®@pening; (e) Single slope

blasted at 30°

As confirmed by these SEM photos, the substratsi@mnois limited to the direction
parallel to the particles direction. The side walighe structures adjacent to the slopes
are flat and sharp as they would be if powder btast a normal angle. In addition, it is

clear that the slopes fabricated have the sameatidn as the particles with which
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they have been powder blasted. Due to the higtree fof the jet of particles, metallic
clamps had to be used. However, this could noterethe lift-off in the vicinity of the
mask apertures. Furthermore, because of the jé,ahg difficult to place these clamp

closer as their thickness can obstruct the pastioéth.

5.4 Conclusion

A characterisation of the fabrication of microstures using powder blasting process
on green tape ceramic has successfully been ddreDtiPont P2 tape 165um thick
was easily pierced at distance nozzle-substraB®@im and 50mm. Vias, channels and
complex structures such as crosses and wheelsecagalised. The typical U shape is
present and can be suppressed by increasing thesumep of the substrate to the
particles. The resulting structures are smooth withmelted edges. Debris such as

particles can be easily cleaned and no PET faillues were found in the apertures.

Powder blasting enables high fidelity between thatgon of the mask and the
structures. Almost vertical walls can be achieveohferring the structure uniform
dimensions between the entry side and the exit diles can be obtained with this
setup after 3 to 4 scans at N-S=20mm and 8 to afssat N-S=50mm. However,
because of the under etching, the structures egerléhan the patterns with which they
have been fabricated. Under etching is larger &=80mm because of the higher
power of the particles and is around 30-40um. Boain be reduced by increasing the
distance N-S to 50mm at which its value diminisk@slO-20pum. Under etching is

constant, allowing patterns reverse engineerirgptopensate for its effects.

It has been shown that this technique can produoel gatterns. The smallest vias

achievable with this technique had a diameter @f62or the entry side and 20um for

the exit side. Similarly, the smallest beam hadaneter of 23um for the entry side and
54um for the exit side. The process excels in tiwidation of large area where

hundreds of structures can be fabricated at onaekthto the large jet of powder.

However, the fabrication of fewer structures spreaer a large area can considerably
increase the processing time and also waste movdgyanaterial.
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Chapter 6 Fabrication of a LTCC package for an opb-electronic

device using powder blasting

6.1 Introduction

The optical encoder to be packaged using LTCC wwolgy belongs to Renishaw Plc.
Following a design created by Dr John P. Carr [12[@é prototype is an improved
version of the commercial encoder illustrated igufe 6.1. In this sample, the photo
detector chip of overall dimension of 4 x 3.5 xirh is placed underneath the analyser
grating and wire bonded onto a PCB board. A LED,s&®n in the picture and serving
as a light source, lies behind the reference anéxingratings. The circuit is then

packaged with the rest of the electronics insideetallic case.

Reference |
grating | f Analyser
Index B grating
grating ‘| .— PCB

Metallic case

(a) (b)

Figure 6.1:Photograph of the encoder with its package (coué&fenishaw)

The purpose of this chapter is to demonstrate batder blasting can be used with
LTCC as a packaging technology for the encoder. Neacess conditions such as
longer exposure time, larger areas to pattern ah@ ¢éape handling, which were not
encountered during the green tape characterisdésaribed in Chapter 5, are addressed

here.

In this Chapter, a quick overview of optical encoehnology is carried out alongside
a description of the new encoder design. Secornldéypackage features are detailed,
which include the cavities and vias dimensions,rthing of the conductive tracks and
number of layers needed. Finally the fabricationtttéd package and its testing are
described.
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6.2 Optical encoder characteristics
6.2.10verview
Principle

Optical encoders are transducers that convert @anézal position into an electrical
signal thanks to a linear scale (linear displacdin@na disc (angular displacement). If
light interferometry is used, the encoder compresdéight source, a gratings system and
a photodetector. The transduction principle issitated in Figure 6.2: a light source
illuminates a scale grating fixed onto the systehmose position is to be measured
through a periodic patterned scale (index gratingjle of transparent and opaque lines.
The superposition of the index and the scale gyatieates Moiré fringes patterns in the
light. The variations of the light intensity arecoeded by the photo-detectors placed
opposite to the light source (transmission modejrothe same side (reflection mode).

The intensity variations are converted by electsmto readable/ square waveform.

Photo detector

| /

/LN

|ndexgrating| EEEE NSNS EEEEEEEEEEEEEREESR

N\

Scale grating

Figure 6.2:0Optical encoder principle operating in reflectionade

Two different techniques can be used to measupadisment: incremental encoding
and absolute encoding. The former measures theveeldisplacement from a single
track of evenly spaced opaque and transmissive eflective gradations. The
displacement is known by counting the pulses geeéray the photodetected light.
These types of scale are simple and thus eas\btwdite. However, as the gradations
on the scale grating are identical, there are dacations on the precise location the
measurement started. A reference marker is needeéeérntify a starting point or known

location. Absolute encoders provide such absolutsitipning thanks to a complex
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patterning of the scale. Several photo-detectove @ be used, each one designated to
record a specific pattern on the scale at the obséa more complicated system
integration. Such encoders do not require howegtrence marker and do not lose

position location during power failure or misreaglin

Renishaw encoder

Renishaw optical encoder is an incremental encasdielg reflective scales. It is based

on a slightly more complex grating system than dhe presented above in the sense
that an additional grating (analyser grating) igcpld in front of the photo detectors as
showed in Figure 6.3. The index and scale gratmay® the same gradation pattern. The
analyser grating has a different pitch than theotivo gratings. The analyser converts
these fringes into light modulation and, couplea fghoto-detector with a specific array
structure, generates four phase shifted cyclicalgctrical signals combined in

guadrature fashion. These phase-shifted signale ties advantages of increasing the

signal amplitude and cancelling out common modsenoi

S

Photodetector

Index grating Analyser

|
|
i

I‘fp
M\

I

| Scale

Figure 6.3:Three grating system used in the Renishaw optioabder (courtesy of
Renishaw)

The LED, photo-detector and gratings are assembittdsome electronics processing
on PCB boards mounted inside a rectangular metabe. A window is inserted in the

case to enable reading of the scale graduationoVérll assembly is called readhead.

6.2.20ptical encoder prototype
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Fabrication

The optical encoder chip replacing the originalaeter is based on an InP substrate on
which the LED, optical gratings and photo detectes monolithically integrated. This
method of fabrication reduces the cost and sizthefdevice, and enables rapid and
precise alignment of the grating with the LED ahd photodiodes, a critical step for
the detection of the fringes. The schematic ofghdace emitting chip can be seen in
Figure 6.4. The structure is deposited on the satestising metal organic phase vapour
epitaxy (MOPVE) technique. A more detailed fabiimatprocess can be found in [127].
Index and analyser gratings are added later dyrextlthe top of the LED and photo
detector arrays by standard lithographic procesHas.chip is fabricated at Compound
Semiconductor Technologies Ltd (CST), Hamilton, ticwl.

/NN

Photo-detector

n-InP, InGaAs, p-InGafs,
p-InP epitaxial layers

—

n-InP, InGafAs, p-InGahs,
p-InP epitaxial layers

Figure 6.4:Monolithically integrated surface emitting chip (ztesy of Renishaw)

Chip layout

The chip layout, seen in Figure 6.5, is symmetriEate LEDs, lined up in the middle,

split in half the chip layout. On each side lie tarways of incremental photo-detectors.
Each array is composed of diagonal photo-detetittes, each one detecting one of the
four phase shifted signals (0°, 90°, 180° and 2R¥¥)jerence markers are placed along
two of the chip edges parallel to the LEDs whilédgoond pads are located on the two
remaining edges (perpendicular to the LEDs). Theralllayout fits on a rectangular

InP substrate of dimension 3.2x2.9x0.53mm. Theeelérchips outputs, but due to the
chip layout symmetry, some contacts are doubldies@& contacts are shown in Figure

6.5 and are labelled as follow: four doublets cle®A\, B, C and D corresponding to
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the 4 phase shifted signals, one doublets grourdi, @vo doublets reference marker
Ref I/O (input/output) and the LED power supply.

DCB A Gnd Gnd ABCD

BEER

ot |
LV

Reference S ﬁ }Qﬂ . ‘*1"11"! Reference
markers i i h o | N\ i '!' markers
. Ei i - Photode'tec_:___t"_ili E -
ol i NN (FEE
{1 i fitl |
e jm i L
i l' ii " ) I -
| | _ 1
Refo . _'- .'.. o -r—rs"’ -':ﬂ 57 | Refo
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Refi LEDN LEDP Refi

Figure 6.5:Top view photograph of the optical encoder layout

Glass window

The chip has been designed to be attached face tioarglass window: the bonding
pads are on the same side as the encoder comporidr@swindow ensures the
protection of the chip against the external enviment. A bonded chip onto its glass
substrate can be seen in Figure 6.6. The glasbasasilicate glass with dimensions of
6.5x6x0.5mm. Ti/Au tacks were deposited by physiabour deposition (PVD) to
ensure the chip attachment and redistribution efittterconnects to the glass edges.
Chip to glass bonding is done using is thermo-cesgon: heat and pressure are
applied simultaneously to create atomic diffusidretween two metallic surfaces.
Twenty micron gold bumps electroplated on the gtads were utilised. The chips were
bonded at Heriot-Watt University at 300°C with aanimg force ranging from 35 to 45¢g
per pad.

The glass is meant to be flip chip bonded ontolLfh€C substrate. Flip chip bonding
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reduces the circuit footprint, cost and improvdsabdity. Furthermore, it is the only
viable option as the bonding pads of both glass ladC must face each other. The
pads at the end of the gold tracks are large withr@ular dimension of 500um in
diameter with a spacing of 1mm. Two extra pads wibhconnection to the chip are
present to increase the strength and stabilityhef iond between the glass and the
LTCC package.

5.2 i N

Figure 6.6:Photograph of an encoder chip flip chip bonded dméoglass window. The
glass is on top, the encoder LED and photodiodsega through the glass

6.3LTCC Package

The package to be fabricated has to house the glasow on which the chip is
bonded and a flexible connector which connectsltig to the external electronics. The
connector is a 10-way connector FH19C-10S-0.5SHheowor (Figure 6.7) fabricated
by Hirose and has overall dimensions of 7 x 3.5%0n. In order to reduce the circuit
foot print and allow access to the 10-way connestute the LTCC package is attached
to its metallic case, the connector and the glaaglaw are placed on opposite side on
the package. Thanks to the 3D circuitry capabilify the LTCC, the electrical
connection between the chip on the glass and éxébfe connector takes place inside
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the package. Furthermore, the doublets preserteonhip will also be joined inside the
package. This enables the reduction of the cifooitprint compare to PCB. LTCC also
offers a better CTE match with the glass windower&fore, dimensions of the LTCC
package are directly dependant on the dimensionbese two components and the

internal circuitry.
6.3.1Package shape

The design retained for the package is illustrateBigure 6.7a with a cross section of

the package in Figure 6.7b.

Glass windoy

Flexible
connecta

Figure 6.7:(a) Final fired package with glass and flexible mectors. (b) Package

(b)

cross-section with the glass window, chip and k&elble connector mounted inside
their respective cavity
The glass seats on top of the package surroundddlr6¢. Underneath, the chip is
embedded into a smaller cavity. The flexible commeés placed at the back of the
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package opened in the opposite side compared hatlother two cavities. The flexible
connector is mounted upside down with the contadspfacing the LTCC back side.
The dimensions of the final package are 14 x 11.6moh a thickness of 2.24mm. In
addition to the insertion of the glass and flexibtanector, two screw holes will be

pierced on each side of the package to attachitt toetallic case

The package can be broken down into three seppsate. Dimensions of each cavity
are given after shrinkage and with a 0.2mm margimed at ensuring the cavities are

large enough to fit the components.

Glass cavity

This part simply consists of a cavity to house dgless window. The glass dimensions
being 6.5x6mm, the cavity’'s dimensions are 6.7x6&m2nThe number of layer
composing this cavity is dependent on the glaskti@ss (0.5mm) but also on the bump
height that will be used to bond the glass to taekpge. The aim is to have the top
surface of the glass levelled with the package. $bleler bump height was set to
0.15mm, which brings the cavity depth to 0.65mmth/ine single layer of green tape
ceramic being 0.14mm after firing, five layers needbe used for a total cavity
thickness is 700um.

Chip cavity

This part is the most complex part of this packéigs.composed by the chip cavity and
the 3-D circuitry that connects the chip to theitide connector. It is also on this part
that both glass and flexible connector are attaché@ tracks layout are organized
around the chip cavity. The chip dimensions ar&a2mm, the cavity dimensions are
3.4x3.1mm. The chip thickness is 0.56mm. The anlditif the thermocompressed gold
bumps (20um in height) brings the total thicknes®.68mm. To facilitate the layers’

design, the chip thickness will be considered t@tanm. Therefore, the depth of the
chip cavity should be at least 0.6mm. However,tasan be seen in Figure 6.7b, the
glass window on which the chip is attached is natantact with the chip cavity but is

placed at about 0.15mm above it. In consequeneechipp does not need a cavity
0.6mm deep but only 0.45mm deep. The chip cavitiybei made with 5 layers of green

tape.
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Flexible connector cavity

As seen in the diagram in Figure 6.7, the flexibdity is off centred and has the
following dimensions: 7.2x3.7mm. With a flexiblersgector thickness of 0.9mm, eight
layers of green tape ceramic are used for an dwerekness of 1.12mm. Two of these
layers are patterned with the chip cavity to inseethe latter to 0.7mm to ensure that

the chip fits into the cavity.

6.3.23D circuitry layout

The track layout is based on the pads of the glasdow. Figure 6.8 illustrates the
package with the mounted glass window. Seen irspramency is the track layout in
grey which has been selected. As the package s fseen above, conductive tracks
from different layers can be seen overlapping. THy®ut must ensure the connection
from the chip to the 10-way connector and join doeiblets. For this thesis, the foot
print of the circuitry and the structures shapeasind to the guideline edited by VTT
Technical Research Centre of Finland [128]. Thiglgiine shows the recommended
minimal features in LTCC that is achievable witloguction type LTCC equipment.
The Table 6.1 compares the features size from uidelne and the ones fabricated for

this package.

Table 6.1: Recommended and fabricated featuresmdiimres in LTCC. The numbers

highlighted in red are features smaller than ticememended dimension

Features Recommended Fabricated
Minimum Conductor Width 150um 150um
Minimum Conductor Spacing 150um 250um
Minimum Conductor Clearance with Edge 250um 250um
Catch pad size for sub 200pm @ Vias 50um larger
Minimum Vias Pitch 25xVia@ 2xVia@
Minimum Vias diameter vs Tape Thicknegss 1:1 Asjatio 1:2 Aspect Ratio
Minimum distance between Vias and Edges 2xVia@ x Via @

All tracks join at an intermediate zone (rectanglth red dot line) located between the
chip and the flexible cavity. In this zone, theclts are connected through filled vias to

another set of tracks printed on the back of teel&yer to the flexible connector. From
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the chip's 16 inputs, there are only 9 outputsr aftaiblets connections. The 10-way

connector was chosen due to the extreme diffiaflgbtaining 9-ways connectors.

10-way flexible
connector

Refo

Gnd

A Refi
Refi

LEDN LEDN

Refo
LEDP LEDP
D
B Refi
C
Ref o

Intermediate zone

Figure 6.8:Top view of the tracks layout inside the LTCC pagka

The track layout is shown in more detail in Fig6r8. The design fits into only three
green tape layers. The design also features 300atch gpads printed at every
intersection between the tracks and vias to premesalignment. Layer 1 features the
520um catch pads for the glass window and the wraerneath connecting to the
second layer. Catch pads are printed, which enspeeectly circular pad for the
bonding. Layer 2 track layout connects the doubdeted C and Reference out and link
them with the LED to the intermediate zone from eblhihey are connected to layer 3.
The other inputs are directly connected to layeftse last layer, layer 3, connects the
doublets B and D, which join the Ground and Refeeem the intermediary zone. All
connections are present in the intermediate zodeaga connected to the back of layer
3 through filled vias. From there, they are linkedhe flexible connector.
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Intermediate zone Back printed tracks

Laver ] Laver 2 Laver &

Figure 6.9:Diagram of the three printed layers
Table 6.2 summarizes the dimensions of the cauibid® created inside the package. In
addition, the two holes for the screws needed tachtthe overall system have a

diameter of 1.3mm and a distance to the edgesl&fim.

Table 6.2: Cavity dimensions required to accomnmmédach component in the LTCC

package
Glass cavity Chip cavity Flexible connector avity
Dimensions (mm) 6.7 x 6.2 x 0.65 3.4x3.1x0.7 2%3.7x1.12

6.4 Fabrication process

This part describes the different processes ineblvethe fabrication of the LTCC
package. Here, dimensions have been scaled up .®01® compensate for the
shrinkage of the tape in X&Y. The 15% shrinkagehe Z-direction does not matter
anymore as the number of layer was determined quesiy.
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6.4.1Layout design

The design of the layer layout is based on the dgiea of the stacking device that was
used for this experiment. The stacker has a tetdace of 45x45mm but has only a
maximum usable area of about 31x31mm. Four packemeshus be fitted in the green
tape and use a combined space of 32x27mm. Theatypiout for the package layers is
illustrated in Figure 6.10 with, as an examplegla$. Only the printed tracks and the
cavity position and size would change accordinthélayer number. Not represented in
this diagram are the cavities for the glass windohe four stacking pins and fiducials

for track printing are present on each corner eflétyer.

The fictitious dashed lines in orange delimit epelckage but are not used during the
layer fabrication as the singulation of the paclsagél be implemented with a diamond
saw. Not seen in the single package design, lustiddited here in black in Figure 6.10,
are the additional connections from the 10-way eators tracks to two large 5x2mm
pads outside the packages area (hence the lengtie dfacks). These connections are
temporary connection and will be cut off during thiegulation process. Their sole
purpose is to connect the catching pads to theodatthrough the package to enable the

electroplating of the glass window bonding padstilgh the package circuitry.

The four different packages present on one sirgglers all feature vias with different
diameters. Starting from the top left and goingcklmise, their diameter is 400, 300,
200 and 100pum. Although their purpose can be deszufor layer 1 due to the presence
of large 500um catching pad over the top, they lenalfeasibility study for powder
blasted packages with vias as small as 100um, Ibatoam the printing and alignment

reliability.
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Figure 6.10LTCC package with the integrated glass

6.4.2Mask fabrication

Despite the issues encountered with the fabricaifaihe electroplated mask discussed
in Chapter 4, the masks used for the powder blastihthe LTCC package were

electroplated. This was possible thanks to themunn features being only 100pum vias,
a thinner plated thickness of 70-80um and highleraaces for dimensional variation

of the mask features that wasn't possible durirggiteen tape characterisation.

The number of layers to be fabricated for this pagekis 16 but there are only 6

different designs. The fabrication will require tire 6 different masks for the powder
blasting process as the same masks can be usedldaues, as described in Chapter 4.

The mask layers are labelled as follows with tispiecificity. The number of layer to
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produce is indicated in brackets:

- Layer 0: Cavity protecting glass window (5)

- Layer 1: Chip cavity + bonding pads for the glassdow (1)

- Layer 2: Chip cavity + intermediate printed tragi)

- Layer 3: Chip cavity + printed tracks with contien to the flexible connector (1)
- Layer 4: Chip cavity + flexible connector (2)

- Layer 5: Flexible connector cavity (6)

The masks were fabricated following the processcrilesd in Chapter 4. Their
dimension is 45x45mm, similar to the stacker dinmms The usable area being about
90x120mm on the stainless steel plate, four maaksbe plated at the same time at
10mA/cnt with timing depending on the thickness desiredc@®plated, the masks are
spin coated with flexopolymer LF55gn at 2500rpmjclihgives a coating thickness of
60pum. The result of the electroplated nickel maskiuring Layer 2 and coated with
LF55gn can be seen in Figure 6.11a with a closmithe apertures (Figure 6.11b).

(b)

Figure 6.11(a) Nickel mask coated with its protective layeayker 2) with black

rectangle representing the zones to powder blas{@rclose up on 200um mask

apertures

6.4.3Powder blasting

The powder blasting of the masks is split into @emarked by black rectangles as
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shown in Figure 6.11a. These zones delimit the atgah needs to be powder basted.
Each zone is set manually with the computer interfaresented in Chapter 3. The
zones are blasted one after the other in orderinomze the time that the nozzle has to
travel from one zone to the other. The procesdsstdockwise from the top left. This

procedure is utilised for the 6 different Layerides.

The masks are placed on the magnetic clampingmystethe green tape layer and its
backing PET foil. Extra metallic tools were placadthe top of the mask to strengthen
the clamping force and compensate for the thinnetaliic foil. There were placed in
the centre of the mask and on each side. The p&snased for powder blasting are
showed in Table 6.3.

Table 6.3: Powder blasting parameters

Pressure 50 psi
Particles 9um average size
Flow rate 0.1g/s
Distance N-S 20mm
Scanning speed 5mm
Pitch 1mm
Scans number 4

The resulting LTCC layer can be seen in Figure .6B\2ry vias of the four in the

package were pierced, even the ones machined kgth@QOum circular apertures. The
dimensions of the vias and the cavities manufadtagrespond to the one reported in
Chapter 5 with similar under etching. A faint darkeloration can be seen around the
vias and cavities edges. In total, it took 14 masuio powder blast the entire layer. For
a single package which contains 16 layers, thadation time is close to 240 minutes,
which does not take into account the time to seeagh layer. After powder blasting,

the layers are gently cleaned with the help of ashhrand compressed air to remove

alumina particles left on the top and back surface.
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The PET foil underneath the green tape was noteierThe fabrication of almost
vertical walls only requires four scans, but a lengxposure to the particles would
eventually pierce it. However, this would also gase significantly the under etching of

the tape and the erosion of the mask.

Figure 6.12Green tape Layer 2 after powder blasting. The dipsef the package with
the 300um vias shows the quality of the structures

6.4.4Screen printing
Vias filling

Each layer is printed using a 50um thick PET ftile same type of backing foil
provided with the green tape. The foil is patternsthg a 30W COCNC laser cutter
from the company Epilog. The mask is aligned onpbwder blasted green tape on the
same stacker that will be used for the stackinggss. A flat blade is used as squeegee
to squeeze the paste into the mask apertures. thigeprinting, the pins are carefully

removed and the mask lifted. This process works weell but is limited by the
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dimensions of the mask apertures: it was not plessd laser cut circular apertures
smaller than ~280um. Thus the apertures of the rfasklling 100 and 200pum vias
have a diameter of ~280um. Moreover, the lasemgutf the foil creates melted rims
on the edge of the apertures that raise the magkntss to around 110um. This thicker
deposit must therefore be removed. Fortunatelysehexcess can be easily scrapped
with a sharp flat blade before the paste is dried28°C for 5 minutes. The backing
PET foil protecting the green tape is then remaweeallow back side inspection.

Figure 6.13a&b show the 100um filled vias from tbp and back side. Only the top
side needed to be scrapped. It can be seen ineFggLBa that thin remains of the paste
still surround the vias. Short circuits were avadidieanks to the designs of the circuitry
that ensured that potential tracks passes away fhenpaste remains. Two types of
paste were used: DuPont Ag 6141 for internal viliag and DuPont AgPd 6138 for
the external vias (only for Layer 1). This lattessfe is a transition paste for the

printings of AgPd catching pads.

(a) (b)

Figure 6.13100um filled vias of the layer 1 (glass window padswed from (a) the

top surface after the excess paste has been sdrapgdb) the back side

Conductor printing

The printing of the conductive tracks is done withbnventional screen printing
techniques. A Horizon 03i screen printing equipmmanufactured by DEK was used
in combination with an emulsion screen recommendgdthe paste manufacturer
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DuPont (325 stainless steel mesh of 14um emulsimkrtess). The emulsion screen

and the green tape are aligned thanks to a dulal sgmera with shape recognition

software, which recognizes the 1.6mm circular fidlsc The layers are printed with a

rubber squeegee at a pressure of 4.4kg and a gpesdim/s. The gap between the

emulsion screen and the layer is set at 1.5mm. Gmdypass is necessary with an offset
of +0.240mm in the X-direction, Omm in the Y-dinect and +100 for the angular

angle is needed.

In order to successfully print and align the corithéctracks onto the powder blasted
layer, the powder blasted fiducials marks must tmeectly recognized by the printer
recognition system. The system is set in autonfaticcials recognition mode, which
lets the system decide the shape of the fiducelgme, triangle, and circle) depending
on the image it sees. The printer recognizes theular fiducials very easily with
precision score of 989 out of 1000 thanks to thghhprecision of the fiducials

machining.

Following the fiducials recognition, the tracks weprinted and their integrity and
alignment to the vias were checked. Internal trdokd.ayers 2&3 were printed with
DuPont silver paste Ag 6142 while the catching padd.ayer 1 and the tracks on the
back of Layer 3 were printed with DuPont silverl&adium AgPd 6146. The AgPd paste
is more suited for solder attachment than silvestgga The tracks are also dried at
120°C for 5 minutes.

Compared to conventional machining methods, dinoerasichanges can be enhanced
by the different unavoidable steps during the pawdlasting process such as the
placement and removal of the mask onto the tapetdpe cleaning with brush and
compressed air to remove patrticles inside the iasevidenced by Figure 6.14, which
shows two printed packages (300 and 100um viashersame layer, there was no
particular problem in the alignment with similarsuéts obtained with laser cut

prototypes.
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(a) (b)

Figure 6.14Printed tracks aligned with (a) 300um vias diamatet (b) 100um vias

diameter
6.4.5Stacking

The stacker used consists of two thick aluminiuratgd which have a surface of
45x45mm. The layers are stacked on the four pinBEA foil is placed on the top and
bottom of the ceramic stack to prevent any corttativeen the metal and the tape. Care
Is taken to place the anti-sticky side of the @il the ceramic side (this side has a thin
release layer that is originally used to easedpe separation from the foil). During the
stacking, the cavities are filled with cut out®iline sheet 0.5mm thick (Figure 6.15a) to
avoid their collapse during lamination. Silicongdes are cut to the right size and
thinned down to the right thickness with the g@aser. Silicone is a good material as it
is easily machinable and does not stick to thetiesvior to the metallic tracks. All

cavities are opened cavities and the siliconensoxeed before firing.

The staking is done as follow: the design layergl B8e stacked first, and the flexible
cavity is filled with the silicone. Then layers 2&1 are placed and the chip cavity
filled. The screw holes are also filled as they rap be crushed by the high pressure.
Figure 6.15b shows the stack sandwiched betweenmwbestacking plate. Thglass
cavity Layers 0 are stacked and fired independersilyg the same stacker and the same

methods.
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(b)

Figure 6.15Photograph of (a) flexible connector cavity Lay&45and (b) glass cavity
Layer O stacked and cavities filled with silicon): (Package stacked and ready to be
laminated

6.4.6Lamination and firing

The stack was then placed into sealing bag andvaasum sealed. Standard isostatic
lamination process were done with an isostaticgpfiesn Keko equipment Ltd, model
ILS-4, at a pressure of 15MPa and a temperatur@s.

The firing profile used is also a standard profilanping up slowly to 850°C in 150min.
The fired stack is shown in Figure 6.16. The foackages can be seen with the chip
cavities (front side) and the flexible connectoawities (back side). There were no

delaminations in the package after firing.
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The view from the package front side clearly shewdace deformation of the flexible
cavity despite the use of the silicon filler. Thvarpage is caused by the AgPd paste,
behaviour which was studied by H.Birol et al [129]he difference in shrinkage
between the paste and the tape create this degmehsiing firing. This is enhanced by
either a large printed area or the thin thicknebghe substrate, which are both
characteristics of the flexible connector cavitys Auch deformations impede the
flexible connector attachment. The solution progosetheir study required to mix the
paste with silica (Sig). This was not employed and the paste was simgplaced by
the sliver paste Dupont Ag 6142 (the bonding metioodhe flexible connector, based
ICA silver paste, does enable the use of the Ag&ll2r pastes [105]), which did not

create any warpage post firing.

(@) (b)

(c)
Figure 6.16:Sintered package (Layer 5 to 1) (a) front and @xkiside. (c) Sintered
Layer O for the glass window
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6.4.7Post-processing

The post processing of the package relates todhdibg of the glass window and the
bonding of the flexible connector.

Under Bump Metallisation (UBM)

As mentioned in this chapter, the glass window nhestflip chip bonded onto the

LTCC. The paste selected for the attachment wasad free solder paste. It is the
preferred attachment medium in the industry, wathd free SnAgCu solders becoming
today the most favoured solder [130]. It has advged compared to silver epoxy
conductive paste, in particular it creates a steotpnd with the metalized surface and
allows reflow processes (details later in this ¢égp

However, lead free solders require an extra praugsstep called Under Bump
Metallisation. Solder pastes have been utiliseth wie original metallisation Ag/Pt and
Ag/Pd that LTCC offers [131] with relative succeB®wever, higher failure rate were
noticed with the Ag/Pd metallisation layer. Thisswattributed to the formation of
excessive intermetallic compounds ;89 and PdSnbetween the AgPd and Sn. The
consequence is a hardening of the solder at thisdsry region which facilitates the

formation of cracks.

Under Bump metallisation consists in the successigposition of metallic layers

selected accordingly to the type of solder emploged on the type of pads it is
deposited onto. Its main purpose is to enhancadhesion of the solder on the metallic
pads, to act as an effective diffusion barrier emdmprove the pad’s wettability. The

most common UBM method for lead free solder is eidjold metallisation used on

aluminium and copper. This type of metallisationsvedso used for the UBM of the

package. Electroless Nickel Immersion Gold (ENI&aiwidely used technique for the
UBM process, but is not available at Heriot-Wattwénsity. Thus the plating was done
using DC plating bath.

The UBM is done on the silver-palladium catchinglgalhe connection to the cathode
to the two large pads present at the back of tlkkgme (seen in Figure 6.10 and 6.16b)

was done thanks to temporary attached conductivesvand silver epoxy paste. These
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temporary wires are used for both nickel and gdiatimy processes. The plating
thickness for each layer was done according to [X¥auircuits corporation guideline
[132]: a few microns of nickel (2 to 5um) materake enough to prevent the silver
migration while 0.05 to 0.1um of gold prevents tixédation of the nickel.

Nickel plating: the packages are placed on a holder (Figure 6.&fd) plated at
10mA/cnf in the plating bath showed in Chapter 4. Due &dimall area formed by the
catching pads (15 nfirfor 72 catch pads), the current required wouldLiEnA, too
low for the power supply. An additional 800rhmf platable area was added on the
holder to raise the current to about 81mA. At ttusrent density, the deposition rate is
about 10um per hour. Three to 6um were plated thet@atching pads.

Gold plating: The gold plating bath was custom made in [127] isrghown in Figure
6.17b. The beaker contains 1.5 litres ECF60 golating solution from Metalor
Technologies. The solution is brought to a tempeeabf 50°C and stirred to about
250rpm. Gold deposition is very quick and only 83ands are needed to achieve tens

of nanometers of gold. The UBM on the LTCC padshiswn in Figure 6.17c.

After the electroplating, the samples are singdlatgo four single packages and
inspected for open circuits. Open circuits are lgasecognizable as the lack of
connection will prevent the pad from being platéde packages with at least one non

plated pad are discarded.
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Figure 6.17(a) LTCC package placed on the holder ready fdtatiplating. (b)
Custom DC gold electroplating bath. (c) Catchindggfor the glass window before and
after electroplating with the gold finish

Flexible connector attachment

The flexible connector is bonded using a pick amace method. The attachment
medium is the silver epoxy paste: the paste cancured at different range of
temperatures from 80°C in three hours to 175°@erhinutes. Most importantly, once
cured, the paste does not “reflow” when broughtkbtc high temperature. It then

prevents the connector to unbound from the packiageg the reflowing of the solder
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(240°C) used for the flip chip bonding. The flexdltonnector contact pads are dipped
in the ICA paste and aligned to the LTCC contaaspd his is done manually and,
fortunately, the alignment is facilitated by thevity walls which guide the connector
into the right position. The ICA paste is then cliaé 150C for Smins.

The resulting bond is very fragile due to the smallume of the paste used. To
strengthen the bond, an encapsulant (HYSOL® EOl1@8@oured in the interstice

between the connector and the cavity and cured2@onins at 150°C. With it, the

flexible cable can be inserted and removed withiongaking the connections. An
attached flexible connector with its cable and eneapsulant is shown in Figure 6.18.
The pads of the flexible cable are probed to reyedéntial short circuit: only the

packages without short circuits are kept for tigedhip bonding.

Figure 6.18:10-way connector fixed on the LTCC package withgéheapsulant (black)
and the flexible cable

Glass flip-chip bonding

The solder paste used is to attach the glass batbTCC package is the Pb-Free solder
paste Indium8.9HF composed by 96.5Sn/3Ag/0.5Cu. TFhé&der melting point
temperature is 217°C, but a temperature of 240%€gsired to ensure good wetting.
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The process for flip chip bonding was done as fadlo

The solder paste was printed directly onto the LT€fch pads using the laser cut
110um thick PET foil as mask with apertures 650mntiameter. After printing, the
paste was melted at 240°C to form spherical buntpshawet on the pads’ surface. The
height of the bump obtained was around 150um caraloeilated thanks to the quantity
of paste deposited and the dimensions of the gads (Appendix A). The flux which
has surrounded the bumps was then cleaned by inmgdfse LTCC packages in DI
water with cleaning agent (Vigon A250) and put mudtrasonic bath at 50°C for 10-
20mins. Flux aims to remove oxides and preventhdéuroxidation of the solder [133].
Oxides have a poor thermal conduction and preveathieat transfer, delaying the
fusion of the latter with the metal pads. The fligxthen an important component.
However, it outgases during the reflow process leagtes unwanted residues; gases
which can be potentially damaging for the encodep.cThe transition of the printed
solder before and after reflow on the LTCC catctispean be seen in Figure 6.19 a&b.

@ (b)

Figure 6.191(a) Printed solder on metalized pads. (b) Reflos@der before the flux

cleaning

The flip chip bonding was carried out using thelkaarss machine model FC-6. It has
an X&Y stage resolution of 0.5um and a camera nimgiion of 400. The mode used
is the reflow mode and the basic process paramaterdetailed in Figure 6.20. During
the process, the glass window is first put in contath the package solder bumps
thanks to the automated arms to define the zentigpobetween the two parts. The
glass part is then separated and stationned 40pay famm the bumps. The latter are
then heated to 240°C to be reflowed. At this pdh#,glass window is brought to a
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distance of -80um in order to fully wet the metapiads of the glass. After 10 seconds,
the window is moved back up to 0 and kept at tloattipn until the solder is solidified
once again has after cooling down to ambient teatpex. The finished package can be
seen in Figure 6.21.
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Figure 6.20Photograph of the FC6 flip chip bonder and tempeeaaind distance
profile utilised during the flip chip bonding

Figure 6.21Final package with glass window bonded and the ehgoder
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6.5 Package characterisation and limitations
6.5.1Package integrity
Open circuits

In order to respond rapidly to the growing interselsbwed by Renishaw for this new
technology, the fabrication of the optical encodackages was first executed with the
CO; laser mentioned previously in this thesis. A aartaumber of packages were made
and the printing and stacking technique finely thmeth this process. Via filling was
done manually with and without the PET foil on. Whie latter was removed, the
LTCC layer was supported by a plain PET layer. f#st conducted clearly showed that
leaving the backing foil during the filling proces$ the vias reduces the chances of
open circuits. The package yield went from 40% @&6%y leaving the foil attached to

the tape until the stacking steps.

It is not very clear why such a high success rats abtained with the foil on. One
hypothesis can be made on the filing of the PEW Was. Indeed, one of the
possibilities offered by conventional machining lsuas laser cutting or punching
machining is to pierce both ceramic and PET foith&t same time. Thus, during vias
filling, the conductive paste is squeezed bothhim tape vias and in backing foil vias.
On the contrary, if the PET foil is not piercede thaste is squeezed in the green tape
vias but is stopped against a flat surface at thioim of the tape vias. This must
promote the formation of voids or air bubbles whidn then create open circuits
(despite the visual checking of each layers aftrkimg foil removal and the high
lamination pressure that should crush the air gap).

As the yield of LTCC package produced with powdksting came close to 50%, it
was assumed that similar problems occurred. Dileetmon piercing of the backing foil
by the particles, the paste is blocked by the PRiTsurface and creates open circuits.
Furthermore, in these conditions, the visual chegkif the filled vias through the PET
foil cannot be done and has to wait after the samlnting and the removal of the foil.
This non piercing of the PET foil by the powderdtiag process is here certainly a
problem.
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Mask clamping and duration of the process

As mentioned previously, the clamping force wageased by adding pieces of metal
onto the mask. This ensured a very good contastdmet the tape and the mask,
reducing the under etching. However, due to thenetg field and the large area to
powder blast, these pieces cannot always be plabede desired to prevent the mask
from lifting up. Furthermore, once placed, they chide due to the vibrations of the
stage and the pressurized air, despite the stgiobthe polymer. Their movement can

damage the coating as illustrated in Figure 6.2Riampede the machining process.

Figure 6.22Photograph of the nickel mask clamped down withtaudl tool after
powder blasting. The tools movement during the @sedred arrows) damaged the
protective coating and also impede the machiniterkarrow)

The duration of the process can be also questi@#iinins to powder blast 16 layers is
a very long time, especially considering that th@, Gaser cutting duration for similar
design would be approximately ten times shorteis Thwithout taking into account the
extra steps for the mask fabrication. The quasithiowever on the powder blasting side
as 100um vias are achievable while the minimumiliéasia diameter is 250um with

poor circular edges. Bringing this down to the fedition of 1 single package (taking
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into account that each layer needs four stackimg gind 2 printing fiducials, so 5

minutes), it will still require 114mins.

6.5.2Glass — LTCC Package conductivity tests

The packages were connected with a flexible cabéedpecifically designed PCB board
which can be plugged onto the testing rig. Thishagises an ASIC and electronics to
power up the LED and produce the phase and quadritam the four channel signals.
The setup can be seen in Figure 6.23. The metaéite used is placed underneath the
package on a set of stages allowing translatiory @nd z axis) and rotational (pitch,
roll and yaw) movements. Test of the encoder clip®t the purpose of this work and
only the functioning of the chip on the packagd i tested here.

| Package

Figure 6.23From top left anticlockwise: LTCC package attachatb the PCB board,
PCB board connected to the rig and flipped to theescale; Translation and rotational

stages on which the scale faces the encoder chip

The packages were tested with a linear scale wath Bitch. The LED was successfully
powered up with a drive current of about 25mA. Bignals recorded showed that the

chip performed according to its specification. groental graduation and reference

166



marker could be recorded adequately meaning tleaaltithe channels performed well.
Figure 6.24 shows the signal oscillation of theremgental (bottom row) matching
perfectly the scale graduations. Similarly, theerefce marker could be easily

identified thanks to large amplitude of the sigreadeived.

63 dia scale reference marker 4 at 25mA IRED current
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Figure 6.241Incremental (bottom) and the reference marker ($apjal recorded on the
oscilloscope. The reference signal is clearly Wsfbr a 1Volt peak to peak of the

incremental signal

6.6 Conclusions

The fabrication of a package in LTCC for an optieatoder using powder blasting was
demonstrated. Each layer of the package was aetyraachined thanks to the nickel
mask being magnetically clamped. The powder blastieattures dimensions and shape
matched similar features fabricated during the myre@e characterisation in Chapter 5
with similar parameters. The full package took 2ahutes to produce with nickel
masks being re-used for certain layers. After paittg of the layers, the fabrication
steps for LTCC package could be followed normal filling of apertures as small as
100pum was successful and fiducials detection tat pinie tracks was better than the one
obtained with Epilog C®laser cutting. No delamination of the layer cokdseen after
firing. However, the package yield was only aro®&o, probably due to the via filling
and the lack of apertures in the PET foll.

The glass and the flexible connector were bonded the package and every bonded
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package passed successfully the connectivity pstang that both solder and epoxy
pastes were a good choice. The LTCC package entigeathip to perform as expected:
the LED was powdered and the incrementals andeamter marker were recorded from

the different photodiode channels signals.
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Chapter 7 Conclusion and future work

7.1 Conclusion

An overview of the LTCC process was presented esith The interest that such
technology can confer for packaging devices residélse low CTE of the material, 3-

D circuit capability, low tangent loss and highatete permittivity. The conventional

techniques utilised to machine the green tape deramere described and their
limitations highlighted. Notably, the burrs and delirequent in punching machining,
the melted edges and lack of uniformity for smalictures for the laser cutting and the
lack of movement freedom and expensive price foin lobthem were emphasized.

The adaptation of the powder blasting process t€CTmachining was demonstrated
through the preparation and improvement of the mowdlasting setup owned by
Heriot-Watt University. Flow variations and cloggirwere reduced thanks to the
addition of a smaller reservoir and a heater wkisbps the temperature at aroun8&0
The characterisation of the erosion rate of themtape has allowed the optimisation of
process parameters such as pressure, and flowtoagmable the efficient use of the
machine. According to these results, the optim@esgsure was 50 psi for a flow rate of
~0.1g/s. The distance N-S should not be lower #@mm as the erosion rate becomes

too strong below that distance.

The novel stencil mask introduced in this work @&sdd on a metallic foil fabricated
using UV-LIGA process or laser cutting on whichaating made of a photoimageable
polymer was laid down. The mask is magneticallyngad down. The two materials
have different purposes: the metallic layer ensuineshigh transfer accuracy of the
pattern of the mask to the green tape ceramiclang@dlymer protects the metallic layer
from deformations. It was demonstrated that thpetgf mask combined with magnetic
clamping was the only masking method usable as glustandard polymer mask
destroy the LTCC tape. Nickel was selected as thtmnal of choice for the work as it
has very good feature size resolution and geneeatgagher magnetic clamping force
than other metals such as stainless steel. At b@mb a minimal distance N-S of
20mm, a thickness of 100um is sufficient to hole thask in place with the magnetic
setup. Additional clamping tools can be added tensithen the clamping force and

enable the use of thinner mask. The erosion ragenaizzle speed of 5mm/s and pitch of
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1mm is around 1.8um vertically and 0.7um laterpy scan. The mask can then be re-
used several times. Two coatings were investigadeprevent deformation: dry film
resist and flexopolymer LF55gn. The results showed dry film is easier to use but
suffers a higher erosion rate than the LF55gn winiak recommended as the coating of
choice for such a purpose. A thin layer of 100um geotect the metal foil until lateral

erosion of the later induces a loss in the pattgraccuracy.

A characterisation of the erosion process on tleemtape was conducted using the
novel stencil mask. Micro patterned structures sashvias and channels were
successfully blasted at 50 psi, proving that tlvhrielogy works. Structured walls bear
the typical U shape found in brittle material; tlssape can be minimised by over
exposing the substrate to the powder. Powder hilattactures have smooth edges and
do not have the melted glass encountered with @agéng. There is also a lack of burrs
seen with other techniques. Almost vertical wals de achieved repeatedly for any
type of structures. This can be obtained after fmans at a distance N-S 20mm and or
ten scans at N-S 50mm. Due to the higher energgeruatching is stronger at N-S
20mm and is about 30-40um after 4 scans. At N-Sma0inis only 10-20um after 10
scans.

Vias as small as 62um in diameter for the entrg sidd 20um for the exit side were
successfully fabricated with a mask aperture ofr@0plowever, to achieve repeatable
vias shape, mask apertures for vias should noimadles than 80-100um. Similarly, the
smallest beam had a width of 23um for the entrg sidd 54um for the exit side with
mask beam 60um in width. But for repeatable resthis mask should not be smaller

than 80um.

Following the green tape characterisation, a LT@Ckpge for an optical encoder was
successfully fabricated. It featured sixteen layeith six different designs. 45x45mm
nickel masks coated with LF55gn flexopolymer weredpiced featuring 3mm stacking
pins, 1.5mm fiducials mark, cavities and circulgeures ranging from 1Q@n to

400um diameters for interconnections. Each maskpeagler blasted at 50 psi with a
flow rate of about 0.1g/s, a distance N-S of 20mmd a speed of 5mm/s. The optical
encoder was attached on the package by flip chipdibg and successfully tested

electrically.
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A low device yield of around 50% was obtained asiesgackages had at least one or
two open circuits. This was be attributed to the-peercing of the PET foil by the
powder blasting which impeded the filling of theasj especially for the smallest 100
and 200pum vias. The duration of the process was lalsg (240 minutes) where

conventional techniques would only require arou@ari2nutes.

7.2 Future work

The successful powder blasting of green tape cerbayers showed the viability of the

project. However, improvements can be made to aseréts usability.

First, investigation on another type of mask cdagdcarried out. They could be made,
for instance, out of solid plastic such as PMMAs&acut PMMA can have pretty good
resolution and is inexpensive. Thin sheets of a ffiesmvdred microns could resist the
blast enough to pattern the ceramic layers. The&kwasild be clamp magnetically with

magnetic tools attached to the PMMA sheet thanksatbway through recessed cavity

laser cut in the mask.

Improvement on the magnetic field could be donatoease its strength or reduce the
non uniformity of the forces applied the metal shekypically, an assembly of

hundreds of smaller magnets could have a bettergiay filled than the two large ones
that have been used in this work. Electromagnetddcbe used so mask, and the

additional tooling clamps, can be placed and rem@asily from the green tape.

An investigation should also be done on the coatihgF55gn. The dimensions of the
apertures of the coating could be patterned to Imtiee ones of the nickel mask. With a
thickness to about %n, this should reduce their impact on the erosmmafpertures

smaller than 200pum. Such thin coatings would havgetchanged more frequently. The

lateral erosion of the nickel mask should alsorvestigated.

Research could also be orientated toward the usepafsitive dry film resist. Such a
resist does not exist anymore and therefore coald@ found during the time length of
this project. The impact of such a resist for thiscess could be enormous. Indeed,

here, the metal mask on which dry film would beilzated onto would also serve as the
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photomask for the positive dry film. Placed meta¢et face up, the UV light would
enter the metal mask apertures and expose the filmvould provide a perfect
alignment, therefore would not require buying aditnal photo mask, and will ease
the process. However, unless a stronger film isidated, the resist would be etched

quickly and would need to be changed frequently.

Further study on the package reliability, not acéd during the time scale of this
project, should be done. X-ray analysis and cressians of interconnection should
confirm the reasons for the low vyield with the opeircuit locations. Thus

improvements on the via filling could be implemehtdhe duration of the process
could also be improved. Modification of the blagtsetup to allow vectorisation of the
nozzle instead of rasterisation would reduce camalgly the machining time. Parallel
processing can be thought as one option to decthaskbrication time, but it would

require a stronger clamping system capable of evungf the lifting forces generated by

several nozzles.

There is a niche of application that can benefirfrthe powder blasting machining
which would require small vias with perfect cirauhape and not melted edges. In
addition, complex design such as large arrays giftlif spaced vias can be quickly
machined thanks to the large machining area. Horvélies niche could be broadened
using the machining characteristics of the striasuin microfluidics or optical
applications. The typical U shape of vias couldused in electronics to reach thin
tracks underneath the vias or as thin ball valvehsas the one introduced in [8].
Similarly, round bottom channels can be used forefialignment for example. Tapered
vias can also be more easily coated or electraplakgnally, the possibility of
machining the tape with an angle can also operatigted sidewall reflectors in LTCC
demonstrated with embossing technique in [78].
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Appendix A:

Paste volume calculation

The height and diameter expected of the solderdaallbe predicted using the truncated
sphere theory based on the volume of paste depd4i84]. With the final bump height
of the reflowed solder and catch pads area detednitne volume of paste needed can
be calculated and modified thanks to the mask apertand thickness. However, care
should be taken when the mask apertures dimensiomschanged. Indeed, during
reflow, the solder ball only wet on the catch paalkich means that print deposit can
exceed the catch pad area. This characteristicsesl s an advantage to deposit a
volume of solder larger than what would be alloweth the pad area. But as the solder
collapses slightly after printing, enough spaceusthde left between two deposits to

prevent bridging.

Before printing, a few rules have to be considered:

- The aperture should not be smaller than 5 tirhessize of the solder beads. With
Indium 9.8 HF, the beads are 20-25um, so the mimraperture size th25um

- The solder paste undergoes high volume variadimmg reflow as the flux which it
contains disappeared. This Pb-free solder contbs in volume of flux, meaning that
the reflowed solder bumps are only 55% of the ahitiolume of printed solder. To
calculate the initial volume of the paste, the reflowed volume is simply divided by
0.55.

- 10-20% of the paste is assumed lost during mgnais the solder adheres to the screen

during the printing process. It is assumed here 3%es in the PET mask.

Two coefficients can be calculated to ensure thlet printing conditions:

- Area ratio A. This is the ratio between the surface of the taperand the surface of
the aperture walls in the stencil and is given/Bj where r is the radius of the via and
h is its thickness. This ratio provides an empinedue of how much the paste sticks to
the aperture. A commonly accepted value shouldviee @.66.

- Aspect ratio This is the ratio of the aperture diameter to stencil thickness. For
chemically etched stencils, this value should &t than 1.5, for laser cut stencils it
should be greater than 1.2 and for electroformedciis which has the best solder paste

release characteristics this should be greaterltan
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The volume of a truncated sphere is known by tHeving equation:
/A
V= z* (h® + 3ha?) Al

Where h is the height of the solder ball, and #hes pad radius. Assuming a given

volume, the height h can be determined by equai@n

h = \3/((_V -ZI_ \/Z)) A.2

However h is predetermined; there is no need toutate it.

The catch pads of Layer 1 have a diameter of 52Gtama final ball height of 150um,
the volume of reflowed solder is 0.017rhfollowing equation A.1. Therefore, after a
45% volume loss from the flux and a 10% volume ldgsng printing, the volume of
solder needed to be deposited is 0.038nihis volume can be obtained with a mask
thickness of 110um (50um PET foil plus melted efigesl an aperture diameter of
643um. The aspect ratio and area ratio are 5.85Latt] respectively, well above the

threshold (although thresholds are not specifiedshfask apertures made in PET foil).
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