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SUMMARY

OWER electronics demand miniaturization, integration, higher electrical and ther-

mal conductivities. However, the traditional electronic packaging materials and tech-
nology have limitations to meet these requirements. Conventional lead-free die attach
materials, like Sn-Ag-Cu solders, can not satisfy high power electronics application, due
to their low operating temperatures and intermetallic defects. Therefore, material in-
novation has attracted much attention in this field. Metallic particle sintering of silver
nanoparticle (Ag NP) has become one of the most applied technologies in power elec-
tronics industry. Furthermore, to achieve "all copper interconnect" in packaging system,
and to reduce the cost further, copper nanoparticle(Cu NP)-based paste has been ex-
plored recently in both material synthesis and process development. However, since Cu
NPs are reactive and easy to be oxidized, it is challenging to achieve a compatible pro-
cess, with profound bonding properties. In this thesis, both fundamental understanding
of Cu NP-based paste sintering process and die attach process development in power
electronics applications are conducted. These two important parts of research works
give insight to Cu NP-based paste sintering from various aspects, but on the same physi-
cal scale. In this thesis, these knowledge and experience obtained with deep understand-
ing of the material and process can be transferred as one of the significant information
to push Cu NP-based paste into industrial application, with deep understanding of the
material and processes.

First, to obtain a deeply fundamental knowledge about sintering process, both static
and time-dependent characterizations need to be performed, at similar scale as in real
application. X-ray diffraction (XRD) is selected due to its large detection volume and
valuable material information, both qualitative and quantitive. To enable a dynamic
time-resolved X-ray diffraction (TRXRD) study and in-situ sample monitoring, a MEMS-
based TRXRD nanomaterial platform is firstly designed and fabricated. It contains an
embedded micro-hotplate (MHP) for temperature control and four-point electrical mea-
surement electrodes for sample property monitoring. A gas cell is designed and fabri-
cated to provide an environmental experimental condition, without interference with
XRD measurements. To achieve the optimum temperature fast switch and mechanical
stability, two designs with different lateral thermal isolation structures, Si,O and sus-
pended Si membrane with beams, are proposed and fabricated. With these designs, 60
ms and 50 ms minimum heat pulse widths and uniform temperature distribution are
achieved. Combined with gas cell and power supply, this set up can enable TRXRD char-
acterization of nanomaterial, with large flexibility of temperature control and gas envi-
ronment.

Next, with the developed characterization platform, both static and time-dependent
investigations on the sintering process of a commercial Cu NPs-based paste are per-
formed under different conditions. Series of XRD patterns and in-situ electrical resis-
tance measurement are collected, followed with detailed XRD analysis and microstruc-
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ture observation. The sintering process can be determined as three stages during the
process: organic solvents evaporation, surface oxides reduction, and NP sintering. In
static study, temperature ranges for each stages can be determined, with crystallogra-
phy and in-situ electrical resistance data. From time-dependent experiment, the sin-
tering process is evaluated from a different perspective. Three sintering stages are also
found in the same order from time-dependent study, but in various time frame. These
results and insights are on the one hand, a validation of the function of the developed
nanomaterials characterization method and platform. On the other hand, they can be
transferred to improve and guide process development and material optimization of Cu
NPs-based paste.

Last but not least, the in-air pressure assisted sintering behaviors of Cu NP-based
paste under various process conditions are investigated and analyzed. Based on the
paste characterization results, the in-air sintering temperature range is determined and
multiple pressure-assisted sintering experiments in the air are performed. As tempera-
ture and pressure increase, Cu NPs form more condensed structures with neighboring
particles. Both of these parameters can accelerate the neck formation and inter-particle
connection inside Cu joints. The maximum shear strength of 41.63 + 4.35 M Pa is finally
obtained under the sintering condition of 240 °C, 25 MPa for 3 min. It is also discov-
ered that the highest shear strength improvement can be achieved at 240 °C, 10 M Pa,
to 28.1 + 8.47 M Pa, which already meets the requirements for die attach in power elec-
tronics applications. Considering the process cost and the risk of the die damaged at
high pressure, the optimal sintering condition can be determined. Based on the experi-
ments and characterization analysis, it can be concluded that in-air sintering with pres-
sure assistance of Cu NP-based paste can be applied in die attach for power electronics
applications.



SAMENVATTING

ERMOGENSELEKTRONICA vereist miniaturisatie, integratie, hogere elektrische en ther-

mische geleidbaarheid. De traditionele elektronische verpakkingsmaterialen en tech-
nologie hebben echter beperkingen om aan deze vereisten te voldoen. Conventionele
loodvrije matrijsbevestigingsmaterialen, zoals Sn-Ag-Cu-soldeers, kunnen niet voldoen
aan hoogvermogen elektronische toepassingen vanwege hun lage bedrijfstemperaturen
en intermetallische defecten. Daarom heeft materiéle innovatie op dit gebied veel aan-
dacht getrokken. Sinteren van metallische deeltjes van zilveren nanodeeltjes (Ag NP) is
een van de meest toegepaste technologieén in de vermogenselektronica-industrie ge-
worden. Om bovendien “alle koperverbindingen” in het verpakkingssysteem te berei-
ken en de kosten verder te verlagen, is pasta op basis van koper nanodeeltjes (Cu NP)
recentelijk onderzocht in zowel materiaalsynthese als procesontwikkeling. Omdat Cu
NP’s echter reactief zijn en gemakkelijk kunnen worden geoxideerd, is het een uitda-
ging om een compatibel proces te bereiken met diepgaande bindingseigenschappen.
In dit proefschrift worden zowel fundamenteel begrip van het op Cu NP gebaseerde
pasta-sinterproces als matrijsbevestigingsprocesontwikkeling in vermogenselektronica-
toepassingen uitgevoerd. Deze twee belangrijke delen van onderzoekswerk geven in-
zicht in het op sinter NP gebaseerde pastasinteren vanuit verschillende aspecten, maar
op dezelfde fysieke schaal. In dit proefschrift kan deze kennis en ervaring die is verkre-
gen met diep begrip van het materiaal en proces worden overgedragen als een van de
belangrijke informatie om Cu NP-gebaseerde pasta in industriéle toepassing te brengen,
met diep begrip van het materiaal en de processen.

Ten eerste moeten, om een diepgaande fundamentele kennis over het sinterproces
te verkrijgen, zowel statische als tijdsafhankelijke karakteriseringen worden uitgevoerd,
op dezelfde schaal als in echte toepassing. Rontgendiffractie (XRD) is geselecteerd van-
wege het grote detectievolume en waardevolle materiaalinformatie, zowel kwalitatief
als kwantitatief. Om een dynamisch tijdopgelost rontgendiffractieonderzoek (TRXRD)
en in-situ monsterbewaking mogelijk te maken, is eerst een MEMS-gebaseerd TRXRD-
nanomateriaalplatform ontworpen en gefabriceerd. Het bevat een ingebedde micro-
kookplaat (MHP) voor temperatuurregeling en vierpunts elektrische meetelektroden voor
monstereigenschapscontrole. Een gascel is ontworpen en vervaardigd om een expe-
rimentele omgevingstoestand te bieden, zonder interferentie met XRD-metingen. Om
de optimale temperatuur snelle schakelaar en mechanische stabiliteit te bereiken, wor-
den twee ontwerpen met verschillende laterale thermische isolatiestructuren, Si,O en
zwevend Si-membraan met balken voorgesteld en gefabriceerd. Met deze ontwerpen
worden 60 ms en 50 ms minimale warmtepulsbreedtes en een uniforme temperatuur-
verdeling bereikt. Gecombineerd met gascel en voeding, kan deze opstelling TRXRD-
karakterisering van nanomateriaal mogelijk maken, met een grote flexibiliteit van tem-
peratuurregeling en gasomgeving.

Vervolgens worden met het ontwikkelde karakterisatieplatform zowel statische als
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tijdsafthankelijke onderzoeken naar het sinterproces van een commerciéle pasta op ba-
sis van Cu NP’s onder verschillende omstandigheden uitgevoerd. Serie XRD-patronen
en in-situ elektrische weerstandsmeting worden verzameld, gevolgd door gedetailleerde
XRD-analyse en observatie van de microstructuur. Het sinterproces kan tijdens het pro-
ces worden bepaald als drie fasen: verdamping van organische oplosmiddelen, reductie
van oppervlakte-oxiden en NP-sintering. In statische studie kunnen temperatuurberei-
ken voor elke fase worden bepaald, met kristallografie en in-situ elektrische weerstands-
gegevens. Vanuit een tijdsathankelijk experiment wordt het sinterproces vanuit een an-
der perspectief geévalueerd. Drie sinterfasen worden ook gevonden in dezelfde volg-
orde uit tijdsathankelijke studie, maar in verschillende tijdsbestekken. Deze resultaten
en inzichten zijn enerzijds een validatie van de functie van de ontwikkelde karakteri-
seringsmethode en het platform voor nanomaterialen. Aan de andere kant kunnen ze
worden overgedragen om procesontwikkeling en materiaaloptimalisatie van op Cu NP’s
gebaseerde pasta te verbeteren en te begeleiden.

Last but not least worden de in de lucht ondersteunde sintergedragingen van op Cu
NP gebaseerde pasta onder verschillende procesomstandigheden onderzocht en geana-
lyseerd. Op basis van de pastakarakterisatieresultaten wordt het sintertemperatuurbe-
reik in de lucht bepaald en worden meerdere drukondersteunde sinterexperimenten in
deluchtuitgevoerd. Naarmate de temperatuur en druk toenemen, vormen Cu NP’s meer
gecondenseerde structuren met aangrenzende deeltjes. Beide parameters kunnen de
nekvorming en verbinding tussen deeltjes in Cu-gewrichten versnellen. De maximale af-
schuifsterkte van 41,63 + 4,35 M Pa wordt uiteindelijk verkregen onder de sinterconditie
van 240 °C, 25 MPa voor 3 min. Er is ook ontdekt dat de hoogste afschuifsterkteverbe-
tering kan worden bereikt bij 240 °C, 10 M Pa, tot 28,1 + 8,47 M Pa, die al voldoet aan de
vereisten voor die attach in power elektronische toepassingen. Gezien de proceskosten
en het risico dat de matrijs bij hoge druk beschadigd raakt, kan de optimale sintercondi-
tie worden bepaald. Op basis van de experimenten en karakterisatieanalyse kan worden
geconcludeerd dat sinteren in de lucht met drukondersteuning van Cu NP-gebaseerde
pasta kan worden toegepast in de matrijs voor toepassingen in vermogenselektronica.
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2 1. INTRODUCTION

1.1. METALLIC NP SINTERING FOR POWER ELECTRONICS AP-
PLICATION

ITH the demand for miniaturization, multifunction, high operation temperature
Wand frequency in power electronics, conventional die attachment materials, such
as lead-free solders, are facing challenges [1-3]. As shown in Fig. 1.1, for high power elec-
tronics packaging, material innovation is one of the key features to boost its growth. With
the environmental restriction, lead-free die-attach materials are required. Conventional
lead-free solders, like Sn-Ag-Cu (SAC) alloys, which can be melted at their reflow temper-
atures (200 - 260 °C) [3], can lead to failure when devices operate at a temperature of 300
°C or above. Au-Sn solders have higher reflow temperatures, but it is not cost-effective
for high-volume mass production. Furthermore, intermetallic compounds’ growth and
Kirkendall void formations inside the solder bonding layer can also cause cracks and
delamination during device operation. To avoid these problems, metallic nanoparticle
(NP) sintering is selected to be the potential solution for future high power electronics
packaging. Besides having alloys in the bonding layer, sintered metallic NPs has only one
material. This feature can prevent bonding layers or interconnects from failure caused
by alloys.

Encapsulation with parylene

Ribbon bonding
Silver (Ag) sintering for die
attach
Pin-fin baseplate
Mitsubishi example _—
*  Six Pack IGBT/Dinde Package 2020 r
Cooling fin [
Thick capper layer for thermal Odu\es f
spreading Owe\" m
Direct substrate cocling n - on —
High P qls evolut 2025
Mater!
Die on heatsink
* Die attach; film
i ? Gold
2018 . X s!nter\rng
Design evolution sintering? Glue?
= Silver oxalate?
Die + Ceramic heatsink?
e Ball bonding?
/
Ll < tL Li' ¥ !
Irwar )
Ag sintering -] T . ﬂ[‘ Top connection sintered
IL l ||  Sintered Diode!Sintered IGBT
Bosch example *  Wide use of leadframe
*  Molded package +  Over-molded package
*  Double side soldering = Top interconnections
»  Lowinductance = Agsintering for die attach Cutab
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Figure 1.1: Technology roadmap of power electronics packaging.

Metallic NP-based paste sintering becomes the emerging technology in power elec-
tronics, especially for die-attach, due to its benefit on material properties and process
compatibility. Sintering, which is fundamentally different from soldering, is defined as a
densification process that happened far below material melting temperatures. As shown
in Figure 1.2, there are several stages involved in the sintering process. Particles start
sintering at separated status. In the mediate status, with supplied energy, normally heat
or pressure, particles could form connections, which are sintering necks. At this stage,
there are still many voids remained between particles. As the sintering process contin-
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(a) Voids

00—
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kot 4

Neck formation

Initial state Intermediate state Final state

Figure 1.2: (a) Schematic sintering process of metallic NPs. SEM images of microstructures of Ag paste
sintered at (b) 200 °C, (c) 230 °C, (d) 265 °C and (e) 300 °C [4].

ues further or supplied with more energy, materials can eventually achieve high-density,
with reduced porosity.

In metallic NP-based pastes, there are mostly metallic NPs, and a small volume of
multiple types of organic solvents and additives. These organic additives can usually
keep metallic NPs from oxidation, modify paste viscosity and bind them together. Thus,
NP-based paste can be dispensed, patterned and processed with existing equipment in
the packaging industry. As a metal material with high electrical and thermal conductiv-
ity, and strong resistance to oxidation, Ag NP-based paste it attracts considerable atten-
tion. It has been successfully studied and developed as a bonding material for die attach-
ment in high power electronics applications [5-7]. There are a considerable number of
reports explored and studied both on material and on the process, trying to optimize its
properties and reveal the fundamental knowledge beneath it [4, 8-11]. Even Ag NP paste
sintering has success in die-attach of some high power electronics die attach, this mate-
rial has difficulty to be applied in wider application range, due to its relatively high price.
Thus, researchers continuously seek for alternative materials, with similar performance
as Ag but more cost-effective.




4 1. INTRODUCTION

1.2. COPPER NP-BASED PASTE

U, as one of the most abundant materials used in electronics packaging, has bene-

fits in cost and compatibility. Thus, Cu NP-based paste attracts more attention as an
emerging material. Cu has also high electrical and thermal conductivity, with only 14%
of Ag price. In the power electronics packaging application, copper is already widely
used in various levels, including bonding substrate, heat sinks, interconnections and
wire bonds. Its superior properties and material abundance make it highly promising to
be used as a novel die attach material. Thus, an “all copper connection” system, from
interconnection inside the device to bonding substrate can be formed by introducing
Cu paste into sintering technology [12], as shown in Figure 1.3a. Not only in power-
electronics, but also 3D integration, wafer-to-wafer, chip-to-wafer packaging can also
benefit from this technology (Figure 1.2b). Therefore, a more reliable, low-cost and high-
performance packaging system can be achieved.

(b)

(@)

B BN ¥ EX EX EY A EE B e

CuTSV  Ball grid array (BGA)

Sintered ¢ replaced by Cu pillars

Ht sink + sintered Cu
() _ : _
il 1

Figure 1.3: Schematic of proposed (a) powerelectronics packaging and (b)3D integration using Cu sintering
technology. (c) An example of "all copper interconnect" using Cu pillars and Cu sintering [12, 13].

To understand the state-of-art of Cu NP paste sintering technology, a brief review of
the current research works is given as following. Firstly, it starts with material synthesis,
which includes variant reports with promising results. Second, several sintering pro-
cesses related to electronics applications are summarized, Third, to understand the fun-
damental knowledge of sintering, some mechanism studies are presented in this section,
with both experimental and simulation approaches. Last but not least, performance
evaluations of sintered joints are also summarized, with some representative research
works published previously.

1.2.1. MATERIAL SYNTHESIS

Similar to the method to synthesize other metallic NPs, reduction in precursor solution
is often employed in Cu NP paste synthesis. There are three main steps of synthesis,
including dissolving or dispersing precursors, reductants and capping agents, reacting
and concentrate reacted solution, as in Figure 1.4. To achieve profound performance,
more additives can be included in the system. In this chapter, only main materials, pre-
cursors, reductants and capping agents, are discussed. Since Cu is not noble metal as
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Ag, it is much more reactive with both oxygen and moisture. With large surface energy
of Cu NPs, they are tentative to be oxidized and form hydroxide compounds at room
temperature. Thus, capping agents are preferred to be introduced in the system. They
can form protection or passivation layers, which will improve the particle dispersion,
enhance surface stability and prevent oxidation. In Table 1.1, a summary of current syn-
thesis methods is listed, since 2008. Various materials are evaluated and optimized to
achieve stable paste, with higher electrical conductivity. The precursors are often copper
salts. Combined with corresponding reductants and capping agents, Cu NPs with passi-
vation layers can be synthesized. Researchers investigated capping agents from several
categories, including polymers, organic compounds, and acids. Organic compounds
and polymers can isolate Cu NPs from oxidation and agglomeration, by forming con-
densed passivation layers. Acids are proven to have a good reductive function to remove
potential or existence copper oxides. Furthermore, most of the capping agents used in
the paste have relative low evaporation temperatures. Thus, there is hardly residues left
after sintering.

Precursors Reductants Capping
agents

Stir and heat Centrifuge

-
Q"

Cu NPs with
Synthesis solution Cu NPs in solution passivation layers

Figure 1.4: Main steps of synthesis of Cu NP paste.

Table 1.1: Cu NP synthesis material and related properties

Year Precursor Reductant Capping agent  Particle size (nm) Reference
2007 CuSOy4 NaH,PO, H,O PVP 40-50 [14]
2008 CuSO4 NaHPO4 PVP 30-65 [15]
2012 Cuyp(OH),CO3 Oleyl acid Oleylamine 25-30 [16]
2012 Cu salts NaBH4 N/A 5-25 [17]
2013 Cu(OAc), Hydrazine Lactic acid 10 [18]
2013 Cu(NO3)2 NaBH,4 Tergitol 10-15 [19]
2013 Cu(OH), L-ascorbic acid PEG-2000 135 [20]
2014 Cu(acac); Oleylamine Oleylamine 10 [21, 22]
2019 Cu(OH), Hydrazine NTAH,Na 50-60 [23]
2019 Cu(OAc), Phenylhydrazine Oleic acid 93 [24]

Additionally, modifying particle morphology and size is also an effective approach to
improve the performances of the paste. Cu flakes and spherical particles were synthe-
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sized and mixed to prevent crack formation while immersion with neighbored particles
[24]. Sintered Cu joints can have low porosity and improved mechanical strength. Fur-
thermore, introducing various particle sizes in one paste is another solution to reduce
porosity and crack formations [25-27]. Smaller particles can be used as bridging or fill-
ing agents between large particles. They can be easily sintered and achieve high-density
sintered Cu at relatively low temperatures.

1.2.2. SINTERING PROCESS

Sintering technology has a long history since prehistoric times. It is defined as a conden-
sation process that happens far below the melting temperatures of materials. The driving
force of sintering is the surface energy of materials. Powders, flakes, even nanoparticles
tend to have high surface energies. Thus, these are the main materials widely studied in
the field of sintering. To condense powders or flakes together, there are multiple meth-
ods to provide sufficient energy for sintering, including microwave, heat, optical energy,
and spark plasma, etc. For Cu NPs, considering the application, it can be sintered by
mainly two approaches: photonic sintering and thermos-pressure sintering. In thermo-
pressure sintering, technologies with and without pressure assistance will be discussed.

PHOTONIC SINTERING

With superior electrical conductivity and potentially low price, Cu NP-based conductive
material has attracted lots of attention in printed electronics applications widely, as in-
terconnect materials. Direct printing of conductive ink has the potential to be applied
to large areas, roll-to-roll manufacturing and compatible with the existing equipment.
Different from power electronics, the conductive inks usually have a lower viscosity and
less metallic solid content, for ease of printer nozzle dispensing. Furthermore, a flexible
and transparent substrate is often required for applications in wearable devices, photo-
voltaics, RFID tags, and displays. Photonic sintering is a technique employs light as an
energy source for NPs to sinter. It has advantages in flexible substrate process, low-cost
and non-contact feature. In the sintering process of Cu NP ink, intense pulse light (IPL)
and laser are the two most applied methods. Both of them can provide high energy den-
sity in pulse form, which can lead to Cu NPs condensation or even melt. Thus, a sintered
Cu connection can be formed within milliseconds.

IPL usually uses a Xenon lamp, which gives incoherent pulses of light, typically mil-
liseconds, with a wide spectrum. Cu NPs can absorb the light and transfer photonic
energy into thermal energy, which raises the local temperature [28]. As investigated by
Park, the localized temperature can exceed 300 °C, within the pulses. It gives Cu NPs suf-
ficient energy to form condensed connection networks with neighboring particles. H-S.
Kim and co-workers have done a series of IPL sintering, using a white light Xenon lamp
[29-39]. To improve the electrical conductivity and robustness of sintered Cu NP, carbon
nanotubes (CNTs) [35] and Cu nanowires [36] were added in the ink. The light wave-
length, energy, pulse number, and duration were studied extensively for optimization
[19, 33, 37, 38, 40]. The lowest electrical resistivity of 6.97 uQ - cm was achieved by relat-
ing the wavelength to the plasmonic wavelength of Cu NPs. to reduce and sinter Cu NPs.
Thick copper conductors 13.2 um, with aresistivity of 11.4 uQ-cm [24]. It was found that
IPL also has a reduction capability to turn CuO into Cu and sinter them further [31, 38].
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This reduction effect was believed to corporate with reductive agents produced by re-
action between IPL and organic compounds in ink. These by-products from additives
provide a novel method for Cu NP sintering.

Instead of using incoherent IPL, a laser was also proven to sinter Cu NP. Since it has
much higher energy output than IPL and focused beam size, it was applied to induce
local sintering and patterning [41-46]. Selective laser sintering in inert gas can give high
quality, low resistivity Cu lines with fine pitch < 5 um [43]. Furthermore, laser sintering
also has an advantage in sintering speed. With femtosecond laser sintering (800 nm, 100
fs), CuNPs surfaces can reach a high temperature, and melted within a few picosecond
[42]. Due to its high energy density, laser sintering also can induce a reduction process
during sintering [4 1], which acid can be produced from polymer solvents. A resistivity of
31 uQ- cm can be achieved with 10 pm-thick electrodes.

THERMO-PRESSURE SINTERING

Recently, there have been many reports on the Cu NP paste fabrication process and at-
tempts to investigate and optimize its application in die attachment. Typically, pressure-
assisted sintering with a protective or reductive gas atmosphere can result in a high shear
strength [4, 47-49]. To reduce copper oxides and prevent further oxidation, inert gas or
even reductive gas are required during the process, including formic acid gas, 5% H»
+ 95% Ny, or Ar. The highest shear strength of 51.7 MPa is achieved using pressure-
assisted sintering with reductive treatments [49]. As shown in Figure 1.5, in this work, a
formic acid treatment at a pressure of 10 M Pa for 10 min at 260 °C was applied in order
to achieve better mechanical properties. It included a dedicated wet chemical treatment
and a relatively long sintering process time. As in industrial applications, processing gas
and complex wet chemical treatments are time-consuming and costly.

Pressureless or low pressure (lower than 1 MPa) sintering offers the advantage of
process simplicity. Furthermore, thin dies can avoid the damage risk from pressure.
However, it sometimes requires extreme process conditions [50-52], like 100 % Hy atmo-
sphere, or mixing with other types of materials [22, 53, 54]. The purpose of these condi-
tions is to provide strong reductive agents, in gas or liquid form. Therefore, any traces of
copper oxides during the process can be reduced. A long-range and strong connections
among Cu NPs can be formed at elevated temperatures. Besides pure H, atmosphere,
pressureless sintering in 5% H, + 95% N> or inert gas has also been reported [23, 55].
However, the shear strength of sintered Cu NP joints is sometimes too low, which cannot
meet the die attach application requirements [53, 55]. Additionally, the sintering process
time reported is usually between 20 min and 1 hour, or even longer. This long process
time can also decrease the throughput in mass production, which will raise the cost of
the process. It is a challenge to develop a reliable and cost-effective sintering process for
Cu NP paste without pressure assistance. Consequently, pressure-assisted sintering in
the ambient air can achieve high quality sintered Cu NP joints, without the complexity
of process conditions, is required.

1.2.3. SINTERING MECHANISM AND ITS INVESTIGATION METHODS
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Figure 1.5: (a) Schematic representation of the formation of Cu joints. (b) Shear strengths of Cu joints using
paste containing formic acid-treated Cu NPs and Cu NPs without, sintered at 160, 200, 260 and 320 °C for 5
min. (c) The TEM image of Cu pad/Cu joints sintered with formic acid-treated Cu NPs at 260 °C. (b) Te
HRTEM image of area A showing on the interface. (e) The TEM image of twins formed in the sintered Cu layer.
Inset: HRTEM of the twins [49].

MOLECULAR DYNAMIC SIMULATION METHOD

Considering the nano-size particle inside Cu paste, it is a challenge to use experimental
methods to analyze the sintering mechanism, as it with variable processing parameters.
Consequently, molecular denyamic (MD) simulation is employed to investigate the sin-
tering process, which can potentially reveal more fundamental phenomena. By apply-
ing isothermal sintering simulation on a free-standing two spherical Cu NPs system, the
whole process is divided into three regimes, by contact and melting point. As shown in
Figure 1.6, different mechanism can be observed to be dominated under various situ-
ations [56-59]. After initial contact between two particles, it can be visualized that the
hexagonal close-packed (HCP) structure was found at the sintering neck area [56]. The
HCP structures formed inside the face-centered crystal (FCC) are considered as stacking
fault (or twin boundaries) on (111) planes. These crystal defects may have an essential
impact on promoting diffusion on the interface. Formation of single- and multi-fold
stacking faults (twinning) is reported to have a different method [42]. Multi-fold stack-
ing was found in the simulation to occur via a series of shear and rigid-body rotation
processes, caused by elastic waves. The heating rate impact on the process is also in-
vestigated [59]. Similarly, FCC structures or stacking faults also appeared in the necking
area. However, these defects disappeared after a few picoseconds. They then gradually
transformed into other crystal structures due to the superheating. Furthermore, the crit-
ical function of (111) surface on fast surface diffusion was studied previously by the ex-
perimental approach [60]. The system used oriented (111) surface, instead of NPs. TEM
observation confirmed the essential role of (111) plan in the diffusion of the bonding
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Figure 1.6: a) Schematic diagram of two-particle sintering. (b) Local diffusivity during isothermal sintering at
1000 K with perfect alignment of atoms between various time periods. SD stands for surface diffusion, VD is
volume diffusion, RC is recrystallization and DL is dislocation. Units of diffusivity is 0.1 mm(2)/s. (c)
Dislocation at 1000 K at various times [58].

process.

However, due to the simulation limitation, the Cu NP built in the simulation is usu-
allyunder 10 nm, which is much smaller than the application. Sintering temperature ap-
plied in the simulation is between 300-1000 K, where small NPs will melt. Atomic move-
ment and property of sintered material can be variant from the real situations. Thus,
obtained simulation results need to be related to experimental observations. Further-
more, intrinsic defects inside Cu NPs, including vacancy, dislocation, are not taken into
simulations, which might have a high impact on the sintering process. More simulation
studies including these factors should be conducted in the future.

EXPERIMENTAL APPROACH

Based on the current characterization methods, there is a number of researchers ex-
plored the sintering mechanism using experimental approaches, from macro to nano-
scales. Thermodynamic change during the process was studied by Mittal [61]. From
(differential scanning calorimetric (DSC) results, an exothermic process was observed,
indicating that surface energy of the system is lowered, while particles are fused. In this
work, dislocation slipping was also observed in-situ under transmission electron micro-
scope (TEM), where the strong sintering process occurred. The work of Mittal provides
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experimental evidence that crystal planes move through dislocations slipping, which re-
sults in a lower energy level of Cu NPs after sintering. As a material used in interconnect
and bonding application, electrical property is essential. However, an in — situ resis-
tance monitoring experiment is only conducted with Ag paste [62]. Limited experimen-
tal data is received for electrical resistance change during Cu NP sintering [26].

In order to understand the material behavior at the atomic level, TEM is often em-
ployed to capture the particle change at various sintering status. In-situ TEM heating
applied in Ag NP sintering confirmed twin defects play important role in sintering neck
formations [11, 61]. At different temperature range, particles sintering can be dominated
by specific mechanisms. Similar phenomena are also observed in Cu NP sintering. J.
Liu showed the twin-type dislocation at the interface between sintered Cu and Cu sub-
strate [49]. Liu and co-workers also observed hexagonal dislocation network at the grain
boundary, using bright-field TEM [60]. Theses coherent twins are believed to enhance
both mechanical and electrical properties of sintered joints, especially at interfaces.

There are limited researches conducted on low-temperature sintering of Cu NP paste,
especially time-dependent studies which provide dynamic information about materials
as conditions change. I'n—situ TEM at elevated temperature can reveal the mechanism
at the atomic level, but it only applies in the two-particle system, most in ultra-high vac-
uum. These conditions can deviate far from applications. Besides TEM, the obtained
knowledge about dynamic material change during sintering, including structure, elec-
trical and thermal properties, is limited.

1.2.4. PERFORMANCE EVALUATION
ELECTRICAL PROPERTY

Table 1.2: Electrical resistivity and corresponding sintering conditions

Particle size (nm) Temperature (°C) Pressure (MPa) Time (min) Atmosphere p (uQ-cm) Reference

30-65 200 0 60 Formic acid 3.6 [15]
350 FLS 0 - Air 5.8 [25]
<100 FLS 0 - Air 6.97 [37]
93 FLS 0 - Air 7.1 [24]
10 200 0 60 Nz 9.1+£2.0 [18]
25-30 300 0 20 H, 13 [16]
10 350 0 60 H» 13.7 [21, 22]
135+ 30 250 0 30 Ny 15.8 [20]
50-60 200 0 30 N, 16 [23]
40-50 325 0 60 Vacuum 17.2 [14]
10-15 IPL 22.4 (J/cm?) 0 - Air 96 [19]

As an interconnect material, the electrical property of sintered Cu particles is one
of the most important perspectives to investigate. Table 1.2 summarizes some of the
important sintering research works evaluating the electrical resistivity regarding differ-
ent sintering conditions. Most of the works included have applications in printable in-
terconnect on a flexible substrate. Therefore, there is no pressure applied in the pro-
cess. Thermal sintering and photonic sintering are the main methods used. From the
table 1.2, thermal sintering needs reductive atmosphere to achieve good electrical con-
ductivity. Furthermore, the process time is between 20 — 60 min, which is much longer
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than photonic sintering. With energy from flash light or impulsed light, sintered Cu NPs
can achieve lower resistivity in an ambient atmosphere using photonic sintering, with
appropriate energy and wavelength. It is possible that photonic sintering can rise up lo-
cal temperature above 300 °C in milliseconds, which can have an effect on the oxidation
prevention.

MECHANICAL PROPERTY

Table 1.3: Shear strengths and corresponding sintering conditions

Particle size(nm) Temperature (°C) Pressure (MPa) Time (min) Atmosphere Shear strength (MPa) Reference

70-200 200 0 60 Formic acid 1945 [12]
40-60 200 0 20 N, 0.7 55]
50-60 200 0 30 N» 39 [23]

50 300 0 11 Ny 24.8 [54]

1 wt% NiO 350 0.002 5 H, 30.5 [63]
Flake 690 300 0.08 5 Formic acis 30.9 [48]
60.5 300 1.08 60 Ar-5%H» 31.88 [64]
100-1000 250 4 5 Air 20 [27]
25-30 150 and 250-350 5 10 H, >30 [16]

50, Phosphated 250 8 5 Air 20 [65]
40 300 10 10 Air >40 [66]

As die-attach is a major application for Cu paste sintering, shear strength is widely
used to investigate the mechanical property of sintered joints. Table 1.3 summarizes
the shear strength and corresponding sintering conditions from recent research reports.
Most of the sintering processes are conducted in a protective or reductive atmosphere, at
a temperature of 300 °C or above, which can be challenging and costly to be embedded
in current sintering technology and environment. Furthermore, pressureless sintering
attracted much attention, due to its simplicity of process and low risk of device dam-
age. However, the sintering time is quite long, from 20 — 60 min, to achieve qualified
shear strength. Power electronics has a large variation in die sizes, depending on the
device types. Only a limited number of die sizes were tested these process conditions,
which may prevent them from transferring to wider application ranges. In-air sintering
was also explored by a few researchers. According to their results, a reasonable level of
pressure, normally > 4 M Pa, is required to achieve strong sintered joints.

1.3. CHALLENGES AND GAPS

LTHOUGH much efforts were devoted to the computational approaches to investi-
A gate the underlying mechanism of Cu NPs low-temperature sintering, there are in-
sufficient experimental results reported. Furthermore, an in-situ or dynamic study has
high value in revealing the sintering process at different status. In-situ TEM studies, fo-
cusing on only a limited number of particles in the view field, only provide information
that may apply for a small system. Dynamic macro to micro-level study can rarely be
found, which can offer a systematic, complete information about sintering.

In current sintering technology for Cu NP-based paste, the protective or reductive
atmosphere is mostly needed, due to risk of oxidation at process temperature. However,
long process time is another challenge especially for die-attach application. Further-
more, considering the cost and compatibility of industrial productions, most of the re-
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ported process may face many challenges, when it needs to be embedded in the existing
production flow. Thus, a simplified, cost-effective and compatible sintering solution is
required for Cu NP-based paste.

1.4. RESEARCH OBJECTIVES

ITH the demand in future high power electronics application, Cu NP-based paste

has the potential to replace Ag paste, with similar performance and lower cost.
However, the sintering process of Cu NP-based paste is still not completely understood.
On the other hand, there is insufficient fundamental knowledge reported regarding the
Cu NPs sintering process. Both experimental and simulation methods should be applied
to explore more detailed information. Combined with fundamental knowledge and pro-
cess, Cu NP-based paste may be applied widely in the high power-electronics applica-
tion, including die-attach and other interconnections. Thus an “all copper” interconnect
shall be achieved.

In this thesis, a new material characterization method and platform is proposed and
applied in the Cu NP-based paste sintering study. It can reveal the detailed informa-
tion about the inner structure and electrical property change of Cu paste as a collective
behavior in micrometer-thick sample. This information can be combined with other
studies to a shine light on both material development and process optimization. Fur-
thermore, the sintering behavior of one commercial Cu paste is also investigated. The
results showed the possibility to achieve Cu joints in air, with good mechanical strength
and microstructure.

1.5. OUTLINE OF THESIS

HE outline of this thesis is as follows: A brief review of the current status of time-

dependent characterization methods of nanomaterial is given in Chapter 2. A few
widely used methods are discussed in detail, including transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and X-ray diffraction (XRD). MEMS-based
devices and systems developed and applied in in — situ TEM and SEM observations are
summarized and discussed. There are a considerable amount of researches conducted,
with insights obtained to reveal the micro or atomic level mechanism. In XRD field, the
approach to achieve time-resolved or in-situ measurement is different. Limitations and
disadvantages of these approaches are investigated in this chapter.

In Chapter 3, a MEMS-based nanomaterial characterization platform for time-resolved
X-ray diffraction (TRXRD) is designed and fabricated, in order to achieve time-dependent
study of Cu NP sintering. To fulfills the requirement of TRXRD study, a microhotplate
(MHP) is embedded in the MEMS device, with a four-point electrical resistance mea-
surement structure. Fast temperature switch and uniform temperature distribution can
be achieved. According to device assessment, millisecond temperature switch time can
be obtained. A gas cell is introduced to provide an environmental condition, while heat-
ing. Packaging of the MEMS chip was designed to enable plug-in loading, which is con-
venient and cost-effective. Additionally, the validation of the platform is included.

Chapter 4 illustrates the obtained fundamental understanding of Cu paste sintering,
while mimicking the real application. A series of sintering experiments were conducted
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using the platform developed in Chapter 3. TRXRD method was applied, with in-situ
electrical resistance measurements to investigate the process from different aspects .
There are two temperature profiles included in this study. One is step temperature, from
150 - 285 °C, with 25 °C step, in 5% H, + 95% N, atmosphere. With results obtained from
the first profile, the critical changing point of electrical resistance and XRD patterns can
be determined. The second temperature profile is heat pulses at critical changing points,
which conducted with TRXRD method. Materials microstructure evolution is separated
in time scale, by applying millisecond-heat pulses. Combined TRXRD and microstruc-
ture observation, an insight of Cu NP sintering can be given. This information can be
used to guide further material development and process optimization.

In Chapter 5, in-air sintering behavior of this commercial Cu paste is studied, by
applying various pressures and temperatures, using an industrial instrument. Sinter-
ing temperature range is firstly determined by material characterizations in air. Three
temperatures and five pressures are selected then, based on the characterization results.
After sintering experiments, shear strength and microstructure of fracture surfaces are
analyzed and discussed. It is found that both temperature and pressure have a promote
role during the process. An optimal sintering condition in the air is obtained from this
study.
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2.1. IN-SITU TRANSMISSION ELECTRON MICROSCOPY

RANSMISSION electron microscopy (TEM) technology uses electrons with high ve-

locity to obtain images with high resolution. Therefore, single atoms in the mate-
rials can be observed. It reveals the fundamental mechanism of a certain reaction or
process at the atomic level. Considering materials requires various stimuli inside the
TEM to trigger the reaction, in situ TEM has become one of the fastest-growing areas
where multiple tools and platforms were built. Since there is only limited space inside
the TEM holder, and interference to the electron beam from the platform must be lim-
ited, solutions which are high integrated, and multi-functionalized should be selected
for this application. Therefore, microelectromechanical system (MEMS) attracts many
researches attention to enable in-situ environmental TEM characterization platform.

To achieve the goal, there are a number of issues need to be taken in to considera-
tions. In the TEM characterizations, one of the most critical aspects is to ensure electron
beam can travel through the sample material without decrease of the image quality. In
conventional setup, carbon or copper grids are used as sample holder, since they have
minor influence on image quality, while providing support to samples. In a MEMS plat-
form, to reach the best performance, a nanometer-thick suspended membrane struc-
ture is often employed as the sample holder. The materials of the this suspended mem-
brane does not react with most of chemicals and nanomaterials. At the meantime, it can
withstand enough pressure under liquid and gas to create a customized environment
for in-situ observation under TEM. Based on this design, various stimuli elements are
designed and integrated in the MEMS system to have a larger variant of experimental
environments.

As one of the most important parameters in material studies, temperature control
is one of the functions realized the earliest. It is often designed with an embedded mi-
crohotplate (MHP), by using bulk micromachining fabrication technologies. This type
of MEMS platform is explored by many researchers in recent years. Different metallic
heating elements and designs are investigated to achieve wider operation range, high
thermal resolution, and temperature uniformity. As shown in Figure 2.1, the tempera-
ture range of MHP can reach up to 1300 °C by using a spiral metal heating element on a
thin suspended SiNx membrane [1]. The four-point measurement method is employed
to ensure precise temperature control. Molybdenum is chosen to be the heater material
due to its high melting temperature and process compatibility compared with Pt. It is
suitable for high-temperature MEMS MHP [2], which operates above 500 °C. With pre-
cise temperature control, direct observation of material dynamic response can be pos-
sible under TEM [3-8]. As shown in Figure 2.2, various temperature stages were applied
by MHP, where MOS; samples could experience growth evolution [7]. The fundamen-
tal structural changes while annealing can be captured and investigated. In the figure,
the decomposition and growth process with detailed crystalline structures and related
temperature conditions can be related precisely.

Furthermore, other stimuli, including gas [9, 10], liquid, optics [11] and mechan-
ical tilting [12], are also embedded in the MEMS platforms with different design and
fabrication technologies, for in-situ materials study. Since TEM requires an ultra-high
vacuum environment, gas and liquid environments are among the most challenging de-
vices. To prevent TEM chamber contamination, gas and liquid need to be sealed in a
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Figure 2.1: One of the MHP embedded MEMS platform under TEM [1]. (a) Overview of the MEMS chip in
TEM holder, with spiral heating elements. (b) Finite element simulation of the temperature distribution of the
heating area, reaching 1000 °C.

well-confined chamber to ensure an electron beam working environment. As in Dai’s
work, atmospheric pressure was created within the MEMS platform under STEM by us-
ing a dedicated gas cell with TEM windows [9]. With these specialized characterization
tools for in — situ TEM, the possibilities to study nanomaterials and 2D materials are
significantly expanded. Structural and compositions evolution of materials, including
atomic movement, interfaces, and dislocations, can be captured in — si tu, with various
testing conditions [13].

2.2, In—situ SCANNING ELECTRON MICROSCOPY

ESIDES atomic level information from structures of materials at atomic-level, scan-
B ning electron microscopy (SEM) focuses mostly on the morphology of the materials.
Surface structure study can be performed with great details with high-resolution SEM
(HRSEM). In the meantime, comparing to TEM, more sample size and thickness can fit
the SEM environment. Combined with the benefits of MEMS devices, a larger design
window can be explored inside SEM environment.

Since mechanical property is one of the essential property of material, SEM can ex-
plicit precise information about material fracture mechanism, interface adhesive and
elastic properties. In order to study microstructure under mechanical loading, precise
control of the applied force and measurement are required. Miniaturized MEMS plat-
form can provide high-resolution of force load by accurate control of the actuators. This
platform can have wide applications in electronics and energy fields. Actuators are usu-
ally employed in the MEMS platform design to accurately control the force and displace-
ment [14-16]. The thin-film, or even 2D materials, is attached to the surface platform.
Ramachandramoorthy employed a MEMS mechanical test platform (Figure 2.3) to study
the silver nanowires crystallography change under high strain rate, in in-situ SEM [15].
Due to the large operating range and fast response time, 2 orders of magnitude higher
strain rate could be performed on a single silver nanowire. It was revealed that silver
nanowire experienced a brittle-to-ductile transition of failure mode at a certain thresh-
old strain rate. TEM observation and molecular dynamic (MD) simulation are combined
to confirm the fundamental mechanism of this material failure mode. By implementing
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Figure 2.2: In situ thermal TEM study of MoS growth evolution and Bip Tez decomposition [7]. (a) Schematic
of the experimental setup of in — situ TEM thermal stage. (b - e) SAED patterns of MoS; growth evolution
with increasing temperature: 25 °C, 400 °C, 780 °C, and 900 °C. Scale bars are 5 nm. (f—i) Sublimation
procedure of Bip Te3 nanocrystals annealing temperature of 350 and 400 °C. (f) TEM images of a BipTe3
nanocrystal before thermal annealing and its corresponding FFT in the inset. (g - i) Three STEM images of
partially sublimated BipTe3 nanocrystals at 350 °C.

accurate force and measurement, material behavior can be observed simultaneously un-
der SEM. Therefore the dynamic mechanical response and properties can be obtained.
Elastic property and fracture behavior, interface energy, cleavage of a variety of materials
can be studied by applying this method.

With assistance of MEMS devices, the capability of electron microscopes is strength-
ened and enlarged. This opens much more possibilities in fundamental understand-
ing of materials behavior and properties, with dynamic stimuli and responses. How-
ever, sample preparation of some samples is always challenging. It sometimes requires
a transfer process or advanced atomic force microscopy (AFM), which can place the film
samples on the required position of the testing platform. Defects, impurities and layer
numbers of the testing samples need to be considered in characterizations and analyzes.
This can raise the number of experiments and possible variables, which may have an im-
pact on the final data acquisition.

2.3. ULTRA-FAST X-RAY SCANNING

S one of the most used material characterization methods, X-ray has a much longer

history employed for medical purpose and material studies [17]. Therefore, a num-
ber of different technologies are developed in the past, based on crystallography of ma-
terials [18-20]. Among these methods, X-ray diffraction is one of the most widely used
method. For crystalline materials, different lattice sizes can be utilized by XRD to pro-
vide quantitative information about their crystallography [21], inner stress, and phase
changes. Comparing to electron microscopy discussed above, which requires strictly
an ultra-high vacuum working environment, XRD can work in the ambient atmosphere.
Additionally, X-ray is penetrative, comparing to the electron beam. It can penetrate a few
micrometers, depends on the specific materials. These features offer much more flexi-
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Figure 2.3: Schematic of MEMS mechanical test platform [15]. The red arrow indicates the actuation
direction, with a scale bar of 250 mm.

bility in sample size requirements and preparation methods. The fundamental principle
of XRD is Bragg’s law as depicted in Figure 2.4, which reveals precisely the lattice param-
eter of the material in terms of diffraction angles [22]. To collect sufficient diffraction
patterns, an X-ray diffractometer needs to scan at a wide angle range. Therefore ,this
process takes a few minutes to hours to finish a single scan, which is time-consuming.
To overcome this problem and improve the diffraction signal further, a synchrotron X-
ray diffractometer is introduced in this field to enable ultra-fast XRD, even in-situ XRD
to detect the kinetics of specific processes or reactions quantitatively. This method is
applied widely in the area of nanoparticles study, lithium batteries and catalyst [23-27].

Similar to the situation in in-situ electron microscopy, more stimuli for the process
are in demand to be embedded in the instrument set-up. Consequently, laser pulse, as
an ultrafast heating source down to femtosecond, is introduced in the synchrotron X-
ray diffractometer to give precise temperature control [28]. In this condition, the XRD
method is called time-resolved XRD (TRXRD), where it can be used as a probe to vi-
sualize the transition change of material with an extremely short time interval. With
advanced laser beam and short X-ray pulses, atomic-scale phenomena can be observed
[29]. Rose-Petruck reported a 100-ps coherent acoustic pulse, which generated from op-
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Figure 2.4: (a) Bragg’s law. (b) Schematic of X-ray diffractometer working principle.

tical excitation of a crystal surface, with a great agreement between quantitative results
and theoretical prediction. These results demonstrate that atomic-level dynamics can
be possibly observed and analyzed with the TRXRD method. Later on, more profound
TRXRD studies about dynamic material processes are conducted with a laser pulse and
synchrotron X-ray diffractometer [25, 30-32]. Beyond conventional crystallography, syn-
chrontron X-ray is also employed to more complex 3D structure like protein [33]. Based
on the diffractive information, the electro density of the complex structure can be re-
built, with assistance of molecular modeling in spatial dimensions. Thus, biomaterial
structures, including human chromosome, bone, and protein, can be detected and visu-
alized by using X-ray diffractions.

With large, accurate material information and wide applications, XRD and related
instrument do not attract too much attention from MEMS development, as electron mi-
croscopy. A laser pulse can bring time interval down to pico-second, but it can only
provide heat or optical excitations. Furthermore, synchrotron or coherent X-ray diffrac-
tometers are extremely sophisticated instruments, which can consume a large amount
of human and economic resources. Figure 2.5 is one of the accurate kinetic studies about
material evolution using in-situ XRD with thermal and gas stimuli [23]. In this study,
an in-house reactor chamber was created, and installed on the XRD instrument. Gas
flow and temperature were accurately calibrated and controlled. These functions can be
integrated using MEMS platforms, as developed for in — situ EM applications. These
platforms have advantages in the flexibility of both function and size. Sample stimuli
and characterization can be integrated and conducted at the same time. High level of
integration and miniaturization of the MEMS characterization platform can expand the
possibility of frontier research, cut off experimental expense, and add much more value
to the conventional XRD, which can be accessed by more researchers.
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MEMS ENABLED FAST
TIME-RESOLVED NANOMATERIAL
CHARACTERIZATION PLATFORM

It is essential for material design and process development to understand the sintering
mechanism of micron-thickness Cu NPs. However, there are limited methods and tools for
the time-dependent study of Cu NPs sintering process. In this chapter, a novel MEMS(micro-
electro-mechanical system)-based fast time-resolved X-ray diffraction (TRXRD) character-
ization platform for nanomaterial is introduced. The devices were designed, fabricated,
and investigated. The design employs a thick silicon oxide structure for lateral thermal
isolation. The device and its system have a 60 ms and 50ms minimum heat pulse width,
uniform temperature distribution, and variant gas environments. Four-point measure-
ment electrodes structure is also integrated into the design, for in-situ electrical resistance
measurement. The investigation results show that the fabricated devices and systems can
be applied in the time-dependent study of Cu paste sintering.

Parts of this chapter has been published in:

B. Zhang, J. Wei, A. J. Bottger, H. W. van Zeijl, P M. Sarro, and G. Zhang. MEMS enabled fast time-resolved
x-ray diffraction characterization platform for copper NP sintering in heterogeneous integration applications.
In 2019 20th International Conference on Solid-State Sensors, Actuators and Mi-crosystems & Eurosensors
XXXIII (TRANSDUCERS & EUROSENSORS XXXIII),pages 1772-1775. [1]
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3.1. INTRODUCTION
L Oow temperature sintering of metallic nanoparticle (NP) paste, such as Cu NP-based
paste, has a great potential in the interconnect of heterogeneous integration [2—4]
and power electronics packaging. Ag NP-based paste is developed and applied and ap-
plied for high performance and reliability driven applications [5-8]. Considering the
cost-effective factor and potential electromigration issue [9, 10], Curecently became one
of the most promising materials in novel packaging applications [11-14]. Many research
works were done to optimize the low temperature sintering process and material synthe-
sis. To achieve these goals, experimental time-dependent insight of the sintering process
is essential [15-18]. However, related time-dependent study is limitedly reported, even
for Ag NP-based paste, which is already developed and applied in high power applica-
tions. Considering the experimental conditions and specimen geometry, the results ob-
tained might be difficult to be applied in the envisioned applications. As an emerging
material and technology, more detailed and systematic study of Cu NP-based paste sin-
tering process under real application conditions needs to be performed.

fast heat pulse

MEMS MHP with & S \ rﬁ

T;\/IHP

XRD Scan XRD Scan XRD Scan
To || T T T3

Time T

Figure 3.1: Concept of MEMS enabled time-resolved X-ray diffraction (TRXRD) for nanomaterial
characterization.

To mimic and study the sintering process as in real application, Cu NP-based paste
(particle size <100 nm) needs to be processed with micrometer thickness, in a gas en-
vironment. Transmission electron microscope (TEM) reveals particle behavior at the
atomic level [18-20]. However, as summarized in chapter 2, the obtained information
has limitation to be applied in real applications. On the other hand, time-dependent
X-ray diffraction study is currently too sophisticated for most of researchers. To fulfill
this need, a MEMS-enabled fast time-resolved XRD (TRXRD) method is proposed in this
paper to obtain insight knowledge about Cu NP-based paste sintering.

TRXRD is defined as a method for detecting dynamic position and intensity of diffracted

XRD pattern as a function of time, by using a short pulse X-ray beam at the sample
[17]. High-intensity synchrotron radiation beams enable the necessary time interval
to reveal intermediate states of materials. Instead of using short pulses of synchrotron
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X-ray beam, a MEMS micro-hotplate (MHP) device is introduced to enable TRXRD in
milli-seconds (ms), using conventional XRD facilities. Fine, accurate XRD scans are per-
formed during frozen states (Figure 3.1). By switching alternatively between activated
and frozen states, a series of XRD patterns, thus material details, for a specific dynamic
process can be obtained as a function of time. To enable a milli-seconds TRXRD, the
device contains an on-chip MHP to enable fast temperature control (typically tens of
milli-seconds) on micro-sized samples placed on top of the MHP surface. This allows
fast switching of temperature-sensitive reactions between activated and frozen states.

3.2. THERMAL DESIGN THEORY

HE governing equation of heat conduction, in a homogeneous, isotropic solid, is
Fourier’s first law of heat conduction [21]

j=—kVT (Wim?) 3.1)

Where j — is the heat flux vector represents the heat flow per unit time, per unit area
of the isothermal surface in the direction of decreasing temperature. VT is the tempera-
ture gradient vector, normal to the isothermal surface, and « is the heat conductivity of
the material. In the case of MHP, the internal energy is provided to maintain the tem-
perature constant. The volumetric rate of energy generation p(W/m3) is required. Addi-
tionally, the rate of energy storage in the material in a unit volume is defined as volume
specific heat, ¢, (J/(kg- K)). In solid, ¢, = ¢, = ¢, and the total energy stored in the unit
volume of material is denoted as u(J/m3). Before the MHP reaches a steady state, the
net rate of heat generated plus the net rate of heat conducted per unit volume is equal
to the net rate of energy stored per differential volume. Thus, the dynamic differential
equation form, according to Fourier’s second law, can be written as:

by =00 3.2)

PEVT =5 TP % :
oT

—V~(K-VT)+p=pCE 3.3)

Where p(kg/m?) is the density of the material. At a static state, where 0T/t = 0, the
heat conduction equation is:

V-k-VT)=p (3.4)

In their integration form, surface heat flux and energy generation are integrated in
the entire surface area and volume respectively:

- oT
ij-dV+fp-dV:pcf—-dV (3.5)
\%4 v v 6t
Taking only the linear regime of conduction,

d
-k-AT+P=C-—AT (3.6)
dt
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At the static state, where dT/dt = 0, the heat conduction equation is:
—x-AT =P =Viear Inear (3.7

In the case of a transducer-based MHB  this heat flow is provided by heating current,
Ineqr, and voltage, Vieqe- It indicates that the power consumption of the device has a
linear relationship with temperature change.

The solution for dynamic differential conduction is:

Tt=AT/(1-e7) 3.8)

Where ATy = Tr — To, which Ty denotes to the final temperature, and T denotest to
the initial temperature. Thus, the thermal time constant of the device can be written as:

To= ¢ = CR 3.9

Where the heat resistance of the device is denoted as R. The thermal time constant

can be affected by temperature, as power consumption, thermal capacity and resistance

is temperature-dependent. In the design proposed in this chapter, a 50 um-thick Si

membrane is employed as the main material of MHP. It can provide uniform tempera-

ture distribution in the whole material detection area. Silicon oxide outer ring is applied
as the lateral thermal isolation structure.

3.3. MHP WITH A THICK SILICON OXIDE THERMAL ISOLATION

3.3.1. STRUCTURAL DESIGN

YPICALLY, the size of an MHP with suspended is below 0.5 mm in diameter, depend-
T ing on the applications. A temperature difference of 30 - 50 °C from edge to the
center, when the MHP temperature is between 300 - 400 °C, is generated [22-24]. For a
sintering process study under TRXRD, a 0.5 mm diameter heating area hardly provides
enough signal for detection. In addition, Cu NP-based paste sintering process initiates
below 300 °C. It is a temperature-sensitive process. Therefore, a temperature variation
of more than 10% can have a strong effect on the final characterization results.

(a) (b)

Four point measurement
electrodes

Gas

XRD detection area Thick SiQZ lateral thermal
isolation

! Cavity on the backside !

Figure 3.2: Schematic drawing of MHP structures
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Table 3.1: Simulated MHP average temperatures and deviations in percentage of
average temperatures.

Power (W)  Tayg °C)  Tiax °C)  Timin (°C)  Deviation (%)

0.1 104.44 106.39 102.95 1.35
0.2 188.67 192.56 185.70 1.49
0.3 272.83 278.67 268.37 1.55
0.4 356.96 364.73 351.01 1.57
0.5 441.06 450.78 433.63 1.59
0.6 525.15 536.82 516.24 1.60
0.7 609.32 622.85 598.84 1.61
0.8 693.32 708.87 681.44 1.62

To minimize the influence from MHP to the XRD detection, the heating element
needs to be placed outside of the XRD detection area (1 mm in diameter for typical X-ray
beam size). Therefore, the center part of the MHP may have a temperature drop due to
convection and thermal radiation losses. To ensure a homogeneous reaction across a
large XRD detection area, a sample support layer with good thermal conduction prop-
erty is required. Due to the high thermal conductivity [25], a 50 pm-thick single-crystal
silicon membrane is chosen as the support layer (Figure 3.2). Meanwhile, a thick oxide
ring as horizontal thermal isolation is integrated along the edge of the MHP area [26]
to constrain temperature uniformity within the area, as well as to reduce power con-
sumption. Thus, by accurate control of heating power, the device can switch between
activated and frozen states.

3.3.2. FUNCTION VALIDATION WITH SIMULATIONS
THERMAL SIMULATIONS

0 evaluate the temperature distribution and corresponding thermal stress along the

MHP area, a finite element modeling (FEM) simulation was performed using COM-
SOL Multiphysics, v5.2. In the simulation, half of the device was analyzed due to symme-
try of the structure. A certain amount of power was input in the metal line area of MHP,
as heat source. External air convection was considered using the default value from the
software database. In the thermo-mechanical simulation, the bottom of surface of the
device is set as fixed, and the temperature is 25 °C, since it will be mounted on a much
larger substrate that with fixed position and constant temperature. In Table 3.1, a se-
ries of input powers from 0.1 - 0.8 W, with a step value of 0.1 W were input. Simulated
average temperatures and deviations (in the percentage of average temperatures) under
various power supplies are presented. As the average temperature of MHP increased to
around 700 °C, deviation from the average value is only 1.62%. During sintering study
of Cu NPs, the maximum operating temperature is 300 °. MHP has a deviation less than
1.57% (<4.71°C).

Furthermore, Figure 3.3 (a) and (b) show the simulated temperature distributions,
when the input heat power to MHP temperature was 0.5 W. The simulated average tem-
perature on the MHP area was 441.06 °C. Simulated temperature distribution and tem-
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Figure 3.3: (a) Simulated temperature distribution of MHP, when the 0.5 W power was input. (b) Simulated
temperature profile along the center of MHP. (c) Simulated average, maximum and minimum temperatures
with variant of input heat power. (d) Device temperature response with 0.5 W heat power.

perature profile on the centerline of MHP are shown respectively. Figure 3.3 d presents
the simulated results of the device temperature response. A 0.5 W heat power pulse was
given to the device. The average temperature on the MHP was simulated with 5 ms time
interval. In Figure 3.3 a, it shows a uniform temperature distribution within X-ray de-
tection area (1 mm in diameter). On the edge of MHP, there is a rapid temperature drop
in a short distance. That is the effect of the oxide thermal isolation structure. In Fig-
ure 3.3 b, temperature profile on the centerline of MHP is presented from the simulated
result in Figure 3.3 a. In the 1 mm diameter MHP area, which is the X-ray detection area,
temperature profile is less than 2%. From the edge of MHP, a sharp drop due to lateral
thermal isolation structure can be observed. Additionally, as in Figure 3.3 c, the devia-
tion of temperature distribution remains low at different operation temperatures. Thus,
the designed structure can ensure a uniform temperature distribution within the sinter-
ing temperature range. The temperature uniformity of this device achieves requirements
for the sintering process study. The time for the MHP to reach 90% of total temperature
change is considered as temperature response time. According to the device simulation
results, as in Figure 3.3 c, it takes approximately 75 ms for the MHP to achieve 90% of the
target temperature. Thus, the device can have a fast switch between active and frozen
states during the TRXRD experiments, comparing to the time scale of sintering process.

MECHANICAL SIMULATIONS

Since the 50 pym-thick Si membrane is constrained by thick-oxide lateral thermal iso-
lation structure, the thermal stress due to coefficient of thermal expansion (CTE) mis-
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Figure 3.4: Simulated results of the device when the MHP average temperature is 441.06 °C. (a) Thermal
stress along MHP. Red arrows present deformation directions. (b) Simulated stress profile on the centerline of
MHP. (c) Corresponding total deformation profile on the centerline of MHP.

match at high temperature may have an impact on MHP performance. Therefore, it is
essential to evaluate the mechanical performance of MHP at a raised temperature. Fig-
ure 3.4 shows the thermal stress and total deformation along the MHP area when the
MHP temperature is 441.06 °C. As shown in Figure 3.4 a, there is a stress concentrated
area at the place where metal lines are embedded. It could be caused at interface be-
tween the metal lines and the silicon membrane of MHP, since there is a large difference
of coefficient of temperature expansion of metal (Pt in this case) and silicon. Figure 3.4 b
presents the stress profile along the middle line of MHP. The maximum stress can reach
400 M Pa on the MHP. Considering the fracture strength of single-crystalline silicon, 400
MPa of concentrated stress and large deformation (Figure 3.4 c) may lead to crack ini-
tiation under this condition [27]. To avoid the risk of device damage and failure due
to thermal stress concentration, the maximum operating temperature of the device is
therefore limited to 400 °C.

3.3.3. MICROFABRICATION

bulk-micromachining process is developed for device fabrication in Figure 3.5. A

525 um thick Si wafer was used as a starting material (Figure 3.5 a). A thick silicon
oxide lateral thermal isolation structure (50 um deep, 100 um wide) is fabricated us-
ing deep reactive ion etching (DRIE) and wet thermal oxidation (Figure 3.5 b). After the
lateral thermal isolation structure was obtained, 300 nm of SiNx was deposited by low
pressure chemical vapor deposition (LPCVD). It is used as an isolation layer between Si
and Pt, diffusion layer between Si and Cu NP - based and as a hard mask for Si cavity
etching on the backside (Figure 3.5 c). A 200 nm Pt metal layer, with 20 nm Ta as an ad-
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Figure 3.5: The main steps of the fabrication process. (a - b) Formation of thick silicon oxide blocks for
thermal isolation by using DRIE and thermal oxidation. (c - d) Surface smoothening and metallization. (e)
Passivation layer deposition and contact pads opening. (f) Backside cavity etching in a KOH solution.
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Figure 3.6: (a — ¢) Main fabrication steps of lateral thermal oxide isolation structures. SEM cross-section
images of (d) high aspect ratio trenches after DIRE, and (e) thick oxide blocks after TEOS planarization and
sealing used for lateral thermal isolation.

hesion layer, was used as the MHP metal layer. Ta/Ptlayer was evaporated and patterned
by the lift-off method (Figure 3.5 d). A SiO, passivation layer was deposited by PECVD.
Contact pads were opened by using reactive ion etching, with photoresist as a mask layer
(Figure 3.5 e). Si cavity on the backside was etched by isotropic wet etching with KOH
solution (Figure 3.5 f). The etching was stopped as soon as it reaches the predefined 50



3.3. MHP WITH A THICK SILICON OXIDE THERMAL ISOLATION 39

Lens: Standard lens (10.0)

Figure 3.7: Optical image (close-up) of a fabricated MHP.

pm-thick SiO, thermal isolation block. A 50 um-thick Si membrane was then created.
An optical image fabricated device is shown in Figure 3.7.

Figure 3.6 a—c illustrates the main steps to fabricate lateral thermal isolation struc-
ture. Corresponding SEM images of cross-sections are shown in Figure 3.6 d—e. plasma
enhanced chemical vapor deposition (PECVD) SiO, was used as a mask layer (Figure 3.6
a) to create high aspect ratio trenches using DRIE (Figure 3.6 b). Width and depth ratio
of trenches was determined by material expansion volume during oxidation [28]. Fig-
ure 3.6 d presents the cross-section structure of high aspect ratio trenches. Wet oxida-
tion step was proceeded to obtain a thick silicon oxide block, as in Figure 3.6 c. To ensure
a complete and smooth structure of silicon oxide block, sealing and planarization were
included, using LPCVD and surface etching. Figure 3.6 e shows the cross-section of the
lateral thermal isolation structure after the TEOS sealing and planarization.

3.3.4. DEVICE ASSESSMENTS

TEMPERATURE RESPONSE

To determine if fabricated MHP can achieve fast temperature switch between activated
and frozen states, the response time needs to be characterized. Therefore, transient
change and stability under constant input heating power of MHP were measured in Fig-
ure 3.8. By giving a short current pulse, transient change of the MHP resistance, as a
function of time, can be measured as an indication of the average temperature in the
heating area. A source-measure-unit (SMU) (Agilent 4156C parameter analyzer) and an
oscilloscope were connected to the MHP. The SMU was used to supply an accurate cur-
rent pulse. The oscilloscope was used to measure the transient change of MHP resistance
in both the heating and the cooling process. In the transient resistance measurement, to
reach 90 % of total resistance change, it takes approximately 35 ms and 25 ms to stabi-
lize for heating and cooling respectively. Thus, the minimum heat pulse width of MHP
is 60 ms. Comparing to the simulation results (Figure 3.3 c), the measured temperature
response is shorter. It might be contributed to over-etch of the cavity on the backside,
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Figure 3.8: (a) Transient measurement of MHP device electrical resistance variation during heating and
cooling. (b) 20 min static measurement of MHP device electrical resistance, with input current of 50 mA.

which leads to low heat capacity of the MHP. Thus, the time constant can decrease. Fur-
thermore, the material of lateral thermal isolation structure in the fabricated device is a
mixture of thermal SiO, and TEOS from LPCVD, which can also introduce variation in
temperature response. During fabrication, variations can be introduced to each device
in the wafer. Therefore, the time constant of each device should be a bit different. How-
ever, the variation from fabrication is limited, since wafer-level process is applied, which
limits the process variations to low level. In the application of nanoparticle sintering
study, which in the range of seconds to minutes, this variations in temperature response
can be neglected.

TEMPERATURE CALIBRATION AND POWER CONSUMPTION

To control the temperature of MHP precisely, the relationship between temperature,
power consumption, and MHP electrical resistance needs to be determined. Thus, a se-
ries of calibration measurement were conducted. As mentioned above, fabrication vari-
ation could influence the device performance. Since an accurate quantitative relation is
needed here, wafer-level calibrations and measurements were conducted to determine
each device’s performance.

Temperature coefficient of resistance (TCR) is a property of all materials, which means
that resistance values for conductors at any temperatures other than the standard tem-
perature, varies according to its TCR. For conductive materials, the TCR is usually a pos-
itive and constant value of TCR. The specific resistance of conductive material at certain
temperatures can be determined by a formula:

R=Ryep(1+a(T = Trep) (3.10)
adr =R (3.11)
R

Where, R is the conductor resistance at temperature T, R, ris the conductor resis-
tance at reference temperature T, fr usually 20 °C or 0 °C, and « is the TCR of con-
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Figure 3.9: (a) Measured MHP resistance of one device at 25 °C. (b) Resistance of the measured MHP at 8
various temperatures, and its linear regression equation.

ductive material. To obtain the TCR of each device, the device was heated to 8 tem-
peratures, from 25 to 200 °C, to measure the resistances of MHP at each temperature.
With 8 measured resistance, a linear regression between R and T can be conducted, and
TCR of the heating metal can be obtained. To perform this experiment, devices on a
wafer scale were placed inside a probe station (Cascade) to enable automatic measure-
ment throughout the wafer. A source-measure-unit (SMU) (Agilent 4156C parameter
analyzer) was connected as a power source and measurement. The probe station has a
heating chuck which can control the measuring temperature.

In the MHP device, the four-point measurement was used. Figure 3.9 a present one
of the I-V curve measured from one MHP at 25 °C. It is linear from -50 - 50 @A, which
indicates its conductor property. Combined with other measurements at higher tem-
peratures, a linear increase of resistance can be observed in Figure 3.9 b. The linear
regression equation is presented in the figure, where

Rre=87.95] Q,Tyer=0 °C (3.12)

R=Ryf(1+aT (3.13)

a= dR =0.00337 °C'=3.37 ml/°C (3.14)
_dTXRref_ . =3. pp .

The calculated TCR of Ptlayer is very close to reported value from literature. With ob-
tained TCR, and R;, f of each device, an accurate correlation between MHP temperature
and resistance was established.

Furthermore, power consumption of each device and its corresponding MHP tem-
perature needs to be determined quantitatively. Therefore, the power-current curves
of all fabricated devices was investigated at room temperature. In this experiment, the
measured wafer was placed by vacuum on the probe station. Air convection on the small
surface area is negligible. Thick silicon oxide thermal isolation structure was assumed to
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Figure 3.10: (a) Measured power-current curve of one of the MHP. (b) Calculated power-temperature
relationship of fabricated MHP.

block considerable heat dissipation in the lateral direction. Only the thermal transfer
made by the Joule heating effect on the Si membrane is taken into main consideration.
As discussed in section 3.2, the power consumption of the device has a linear relation-
ship with temperature change on the surface, as depicted in Figure 3.10 b. Based on
these measured results, the temperature of MHP can be accurately controlled by tuning
the input electrical power.

3.4. MHP WITH A SUSPENDED THICK SILICON MEMBRANE

3.4.1. STRUCTURAL DESIGN

As mentioned in the previous section, the device with thick oxidation structure may have
risk of damage and vertical displacement at temperature above 300 °C, due to CTE mis-
match between Si and SiOx. In order to improve the device operation temperature range
and optimize the measurement accuracy, a new design with 50 um-thick suspended Si
membrane was proposed. Figure 3.11 shows the schematic of the design. This design
consists of similar heating element layout and four-point electrodes as in the previous
design. A cavity on the backside of device is also included, to reduce the power con-
sumption. Differently, lateral thermal isolation structure is replaced with air, while thin
Si beams provide sufficient mechanical support for the membrane. The thin Si beams
are designed with curvature, in order to release thermal expansion of Si, while keep the
Si membrane at the same height. With expansion from both Si membrane and beams,
the MHP will rotate anti-clockwise, without budging or swelling. Therefore, the XRD
detection would not be affected at high temperature. Additionally, instead of using Pt as
heating material, Mo is employed in this design, with advantage in process compatibility
and high-temperature stability.

3.4.2. FUNCTION VALIDATION WITH SIMULATIONS
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Figure 3.11: The schematic chip design with embedded MHP with suspended thick silicon membrane. (a) An
overview. (b) The cross-section view of the device.

THERMAL SIMULATIONS

Finite element simulation was conducted to evaluate the temperature distribution and
corresponding mechanical stability at elevated temperatures. A 3D model of MHP, with
diameter of 1 mm, was built in COMSOL v5.3a. A variant of heat power was applied on
the heating element, from 0.5 - 5 W, with a step of 0.5 W. Similar as in the first design,
the natural air convection was included in the simulation, using default data from the
software database. The bottom surface of the chip is set as the mechanical constrain.
The temperature of the surface is set as 20 °C, as in the simulation for the first design. To
evaluate the profile of simulated results, there is a line drawn in the center of MHP. For
nanomaterial characterization that is sensitive to temperature, a temperature variation
less than 10 °C is considered as an uniform temperature distribution.

Figure 3.12 shows the thermal simulation results. Figure 3.12a, b, d present the re-
sults when the input power is 3 W. In the temperature profile of MHP centre line (Fig-
ure 3.12b), between -500 pum to 500 um, there is no temperature variation observed,
indicating a homogeneous temperature distribution in that area. There are two peaks
of 2.6 °C presented, which is 1% higher than the center temperature, due to the heat-
ing element on MHP surface. On the edge of the membrane, a drop of 1.6 °C can be
observed, namely less than 1 % variation from the center temperature. It could be con-
tributed by stronger air convection on the edge. Figure 3.12c presents the surface tem-
perature evaluation of MHP under variant heat power input. Comparing with the design
with SiOx thermal isolation, the temperature distribution is comparable, except the min-
imum temperature. According to the isothermal images, the minimum temperatures
happen only at the area connected to Si beams, where the thermal conductivity is locally
higher than air. Considering the average and maximum temperature do not have much
deviation, the impact of Si beams heat dissipation can be neglected. Therefore, the 1-1.5
mm in diameter X-ray detection area has a temperature uniformity higher than 99.9 %. It
is rarely reported in other designs to achieve highly homogenous temperature distribu-
tion, in such large area. It meets the requirements for accurate nanomaterial character-
ization. In Figure 3.12d, time response of the device to temperature was also simulated.
The response time is determined as the time device reaches 90 % of total temperature
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change. In this design, the device is simulated to need 12 ms to response, which is much
faster than the previous design (Figure 3.8 b).
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Figure 3.12: Simulated results of the device when the input heat power is 3 W. (Simulated temperature profile
along the center of MHP. (c) Simulated average, maximum and minimum temperatures with variant of input
heat power. (d) Device temperature response with 3 W heat power.

MECHANICAL SIMULATIONS

Thermal stress of device was also investigated, under the same condition. In Figure 3.13a,
the stress level on most of the device area is close to zero. Comparing to the previous de-
sign, this structure can release much more thermal stress with assitance of curved Si
beams, which improves the mechanical stability dramatically in larger operation tem-
perature range. As shown in the insert of Figure 3.13a, stress concentration up to 300
MPa is observed, at the sharp corner of curved Si beams. Considering the fracture strength
of single crystalline Si [30], this structure can withstand high temperature operation.
Furthermore, fabricated devices could not have sharp corners as simulated here. Thus,
the stress concentration can be avoided. Displacement of device is also evaluated, with
direction indicated in Figure 3.13b insert, and profile on the center line in Figure 3.13c.
As the red arrow depicted, the suspended Si membrane tends to rotate anti-clockwise to
release thermal expansion from itself and beams. Since the Si membrane has a circular
shape, there is no displacement in the center, where x value is zero. Furthermore, no
vertical displacement was observed, which gives no interference to XRD measurement.
Based on the finite element simulation results, the possible operation temperature can
be largely expended, with no effect to XRD, by this design.
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Figure 3.13: The schematic chip design with embedded MHP with suspended thick silicon membrane. (a) An
overview. (b) The cross-section view of the device.

3.4.3. MICROFABRICATION

A bulk-micromachining process is developed for the device fabrication in Figure 3.14. A
300 um thick Si wafer was used as starting material (Figure 3.14a). A 500 nm thick sili-
con oxide layer was created by thermal oxidation at 1050 °C. It was used as an isolation
layer between metal and the Si wafer. 50 nm Ti/350 nm Mo/50 nm Ti stacking metal lay-
ers(Figure 3.14b) was deposited sequentially by magnetron sputtering. Metal layer were
patterned with plasma etching, with photoresist as mask layer. As in Figure 3.14c a 100
nm thick layer of TEOS was deposited on the front side by plasma enhanced chemical
vapor deposition (PECVD). The TEOS layer was annealed and covered with a 100 nm
SiNx layer by LPCVD. The annealing can solidify TEOS layer. The SiNx layer can pro-
vide good barrier to moisture and oxidation. The backside of wafer was also deposited
with 3 um TEOS by PECVD. This layer was used as hard mask layer for deep reactive
ion etching (DIRE) later. Then the thermal oxide, TEOS and SiNx and SiO; on the front
side and backside were patterned by plasma etching, with photoresist as mask layer (Fig-
ure 3.14d). Both front side and back side plasma etching landed on Si wafer. DIRE was
followed on both side, as in Figure 3.14e. On the front side, 50 um thick Si beams and the
MHP area were created by DIRE. Cavities on the back side were created by DIRE on the
back side. It landed on predefined Si beams and MHP area. A 50 um thick suspended
Si membrane was created. In Figure 3.14f, contact pads and four-point electrodes were
opened by plasma etching, with photoresist as mask layer. It landed on Ti metal layer. A
200 nm Pt metal layer, which is the contact metal layer between device and nanomateri-
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als, was evaporated and patterned by lift-off method. Figure 3.15 shows cross section of
fabricated devices under SEM.
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Figure 3.14: Main steps of fabrication of device with thick suspended Si membrane. (a) Start with 300 pm Si
wafer. (b) Ti/Mo/Ti metallization on SiNx barrier layer. (c) TEOS protection and isolation layer deposition (d)
Hard mask patterning for DIRE on front and backside. (e) DIRE 50 um from the front side, and 250 um on the

backside. (f) Contact pads and four-point electrodes opening and Pt metallization
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Figure 3.15: SEM images of cross section of fabricated device. (a) Top half of the MHP area, with sample area
and cavity labeled. (b) Four-point electrodes for sample electrical resistance measurement.

3.4.4. DEVICE ASSESSMENT

To evaluate the fabricated devices, there are three parts needs to be tested. First is the
device response time, which determine if fabricated device can achieve fast switch of
temperature. Second, temperature coefficient of resistance (TCR) of the heating ele-
ment, which is TiN/Ti/Mo/Ti/TiN stacking layer, needs to be measured. It can calibrate
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accurately the temperature of MHP by its resistance measurement. Third, power con-
sumption curves of each devices are required to correlate power to device temperature.

TEMPERATURE RESPONSE

To measure device stabilization time, a fabricated MHP was connected to a source-measure-

unit (SMU) (Keithely 2612B, Tektronix, USA) and an oscilloscope, through microprobes.
The SMU was used to supply current pulse. The oscilloscope was used to measure tran-
sient change of MHP resistance in both heating and cooling process. By giving a short
current pulse, transient change of the MHP resistance, as a function of time, can be mea-
sured as an indication of the average temperature in the heating area. In the transient
resistance measurement (Figure 3.16), to reach 90 % of total resistance change, it takes
approximately 24.50 ms and 25.25 ms to stabilize for heating and cooling respectively.
Thus, the minimum heat pulse width of MHP is 49.8 ms. The measured response time
is longer than the simulated results (Figure 3.12d). During the fabrication process, espe-
cially in the DRIE step on both sides of device, the thickness of the fabricated device can
be thicker, and the Si beam size may also be deviated from design. Thus, the response
time of each devices can be a bit deviated from measured data in Figure 3.16, due to
fabrication variation.
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Figure 3.16: Transient measurement of MHP device resistance variation during heating and cooling.

Compared to the first design, using silicon oxide as thermal isolation structure, the
time response of this design is faster. According to the discussion in section 3.2, the time
constant of the device is determined by following equation, where

To = C()R() (3.15)

The temperature response of this device is determined together by isolation struc-
ture and MHP. The 50 pm-thick Si membrane remains the same in both designs. The
diameter and the thickness of the Si membrane remain the same, so the temperature
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response difference is contributed by the time constant of thermal isolation structures.
In the first design, only silicon oxide is used, which has an approximate specific heat of
1.01 J/g- K and thermal resistance of 0.70 K - m/W, from reported literature [29, 30]. In
the second design, air and Si beams are both employed in thermal isolation structures.
Sine air takes most of the volume, it will be considered as the main material for simplifi-
cation. Air has a similar specific heat of 1.00 J/g - K and much higher thermal resistance
of 38.5 K-m/W at 300 K [31, 32]. Therefore, the second design has a thermal isolation
structure with much larger time constant. This means that it takes much longer time for
air and Si beams to reach steady state, which decrease the response time of Si membrane
to achieve targeted temperature, namely temperature response. Similar as discussed in
section 3.2.4, fabrication variations could contribute to device performance differences.
In temperature response, this variation will be neglected, due to limited effect.

TEMPERATURE CALIBRATION AND POWER CONSUMPTION

Same as in 3.2.3.2, to obtain the accurate and precise control of the temperature of the
MHP TCR of the heating element in MHP and power consumption of each fabricated de-
vices were calibrated and measured in wafer level. They were heated to 8 temperatures,
from 25 to 200 °C. The resistances of each MHP was measure at that temperature. With 8
measured resistance, a linear regression between R and T can be conducted, and TCR of
the heating metal can be obtained. To perform this experiment, devices on wafer scale
was placed inside a probe station (Cascade) to enable automatic measurement through-
out the wafer. A source-measure-unit (SMU) (Agilent 4156C parameter analyzer) was
connected as power source and measurement. The probe station has a heating chuck
which can control the measuring temperature.
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Figure 3.17: .(a) Measured MHP resistance of one device at 25 °C. (b) Resistance of the measured MHP at 8
various temperatures, and its linear regression equation

Furthermore, power consumption of each device and its corresponding MHP tem-
perature needs to be determined quantitatively. Therefore, power-current curve of all
fabricated devices were investigated at room temperature. In this experiment, measured
wafer was placed by vacuum on the probe station. Air convection on the small surface
area is negligible. Air between Si beams as thermal isolation structure was assumed to
block considerable heat dissipation in the lateral direction. Only thermal transfer made
by Joule heating effect on the Si membrane is taken into main consideration, as equation
shown in section 3.2.3.2.
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Figure 3.18: (a) Measured power-current curve of one of the MHP. (b) Calculated power-temperature
relationship of fabricated MHP.

Temperature of MHP has a linear relationship with both power consumption and re-
sistance of heating element at that temperature. Figure 3.18b showed measured results,
which device showed linear relationship between power consumption and temperature.
Thus, temperature of MHP can be accurately controlled by applying different power.

3.5. PACKAGING AND CHIP MOUNTING

Figure 3.19: TRXRD experiment set-up. Chip is connected to source-measurement unit (SMU) for
temperature control and real-time measurement. The SEM image on the right corner shows a MHP device
covered with Cu NP-based paste.

0 enable environmental TRXRD, a gas cell is introduced in the setup. In the gas cell,

MEMS chip is placed in the middle, with electrical connection for MHP and four-
point measurement. A dual-channel SMU (Keithley 2612B, Tektronix, USA) is connected
to control the temperature of MHP and monitor the electrical resistance of the sample
precisely. On top of the gas cell, a polypropeiene film (thickness < 13 pm), which is X-ray
transparent, is applied to seal reaction gas inside, without the effect of the XRD measure-
ment. As shown in Figure 3.19 inset, The gas cell was mounted on XRD equipment (D8
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Explorer, Bruker, USA) for TRXRD, with X-ray source of Cu K« radiation, A = 1.54 A.
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Figure 3.20: Vacuum probe station setup for thermal sintering.

For the thermal sintering in a vacuum condition, the entire system is shown in Fig-
ure 3.20. Unlike previous thermal sintering in forming gas, the target temperature in
vacuum was achieved by a hotplate integrated with the micro-probe-station (NEXTRON,
Korean). The temperature controller (NEXTRON, KR) connected with MPS allows chuck
temperature up to 750 °C. Other core components in the system comprised a vacuum
pump and a pressure controller (P1-CONTROL, Bronkhorst, NL), which enabled vacuum
conditions.

3.6. CONCLUSION

N this chapter, a MEMS-based TRXRD nanomaterial characterization platform is de-
I signed and fabricated. It contains an embedded MHP for temperature control and
four-point electrical measurement electrodes for sample property monitoring. A gas cell
was employed to provide an environmental experimental condition, without interfer-
ence with XRD measurements. To achieve the optimum temperature fast switch and
mechanical stability, lateral thermal isolation structures were proposed and fabricated.
With these designs, a 60 ms minimum heat pulse width and uniform temperature distri-
bution were achieved. Combined with gas cell and power supply, it can enable TRXRD
characterization of nanomaterial, with large flexibility of temperature control and gas
environment.
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TIME-DEPENDENT STUDY OF
COPPER NANOPARTICLE-BASED
PASTE SINTERING MECHANISM

In this chapter, a time-dependent study of the sintering process of copper nanoparticle-
based paste is performed using a MEMS-based material characterization platform under
XRD. Both static and dynamic study was conducted, together with electrical resistance and
microstructure analysis. Combined XRD with these analyses, the sintering process can be
divided into three different phases, including organic solvents evaporation, surface oxides
reduction, and Cu NP sintering. With the information obtained from other characteriza-
tion methods, complete knowledge of Cu NP sintering at various scale can be understood.
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4.1. INTRODUCTION

T is challenging to optimize the sintering process of Cu NP paste, since it is easy to be
I oxidized in an ambient atmosphere. To overcome this risk, a few attempts were made,
including organic shell and reductive additives [1-3], to protect them from oxidation,
without interference with the fusion process between particles. Complex paste system
and reactive property of Cu NPs increase the difficulty to obtain an optimum sintering
process of Cu paste. Understanding the Cu NP sintering process is one of the fundamen-
tal approaches to reveal the mechanisms in detail [4, 5].

For research works reported about Ag paste, there are advanced characterization
methods applied to explicit sintering mechanism into nano-level [6-9]. However, there
are limited works that included the dynamic response of the impact of process param-
eters, which knowledge can be transferred to applications. As one of the emerging ma-
terials in die-attach for power electronics application, Cu paste catches much attention
from researchers. As reviewed in Section 1.3, numbers of works have been done in mate-
rial synthesis, process optimizations and mechanism explorations by both experimental
and simulation methods. Effect of temperature, particle size and sintering conditions
were investigated in various aspects. As a dynamic process, the sintering of a complex
system as metallic nanoparticle paste involves multiple stages. Combining static and
dynamic study to separate and understand these stages have essential value to push Cu
paste in power electronics application more efficiently. With the platform developed in
Chapter 3, temperature, time and atmosphere impacts can be studied. In this chapter,
the atmosphere of forming gas is applied through all the experiments. A commercial
copper paste is studied with TRXRD at various temperatures and time frame. Combined
with other characterization results, deeper and complete knowledge of copper paste sin-
tering can be obtained, at variant scales.

4.2. EXPERIMENT AND CHARACTERIZATIONS

Rocess flow is shown in Figure 4.1. One commercial Cu NPs-based paste is used in

this experiment. To dispense the Cu paste on the MHP surface, it was diluted with
isopropanol (99%, Sigma Aldrich, USA) to reduce its viscosity. Then only a small amount
of diluted paste was drop casted on the MHP surface. After paste application, MEMS
chip were dried at 150 °C for 30 min in a convection oven (Binder FP30, Germany), to
remove most of the solvents in the paste. Then the MEMS chip was placed in the gas
cell for non-ambient XRD experiments. Gas cell was mounted on XRD equipment (D8
Explorer, Bruker, USA), with X-ray source of Cu K« radiation, A = 1.54 A, as shown in
Chapter 3 (Figure 3.19). Each XRD scan was conducted in 26/6 mode, from 26 =30-100
°, with 0.05 ° step size for 0.5 seconds.

In the experiment, 5% Hj + 95% N, (forming gas) was employed to sinter Cu paste.
Gas flow was 32 ml/min, controlled by a mass flow controller. The temperature profile
of MHP was determined by input current from SMU (Keithley 2612B, Tektronix, USA). In
static-temperature sintering study, a control loop was created in the corresponding soft-
ware (Text Script Builder), to ensure temperature stability during the experiment. Based
on process temperature in die attach applications, 150-260 °C was selected as temper-
ature range, with a step of 15 °C. At each temperature, samples were held for 45 min
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Figure 4.1: Process flow of sample preparation.

to finish all sintering processes, and XRD scans. In the meantime, timestamps of both
channels in the SMU were synchronized. Thus the heating process and the electrical
measurements can be conducted simultaneously. A 50 pA direct current was input to
measure the electrical resistance of the testing sample. After the sintering experiment,
samples were fractured to observe the cross-section microstructure. SEM images were
taken on both the surface and cross-section of samples (FEI NovaNano, Thermo Fisher,
USA).

4.3. STATIC SINTERING BEHAVIOUR STUDY
4.3.1. X-RAY DIFFRACTION STUDY
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Figure 4.2: XRD patterns of the sample obtained at temperatures from 25 - 285 °C, in forming gas, including
Cu (111) and Cu20 (111) peak zoom-in.
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Figure 4.3: Integrated intensity and corresponding full-width-half-maximum (FWHM) of (a) Cu (111), and (b)
Cuz0 (111) from 25 - 285 °C, in forming gas

T each temperature, an XRD scan was conducted after 45 min holding time. Fig-
Aure 4.2 shows a series of XRD scans obtained at various temperatures. Figure 4.3
includes the peak intensity evolution of both Cu and Cu,0 peaks. In the XRD pattern,
Cu has the strongest peak intensity, indicating that the majority content of the paste is
Cu. However, small CuyO peaks are also presented, which might be introduced during
Cu NP synthesis. As temperature rises up, Cu (111) peak in Figure 4.2 shifted to the left
due to lattice expansion. CupO (111) peak is flattened after sintering, due to reduction of
H,.

The peaks intensity evolutions shown in Figure 22 is integrated intensity, which present
the peak area above the background. The integrated intensity is proportional to the
amount of material in the detected volume. TOPAS was employed to remove back-
ground, peak overlapping effect in the diffraction patterns. The larger integrated inten-
sity indicates larger amount of certain materials in the sample. Furthermore, as an in-
dication of the peak shape and grain size, the corresponding peak widths (FWHM) are
also extracted. Since the unit of integrated intensity is arbitrary, relative changes of each
peaks are introduced. Additionally, the data points at 255 and 270 °C are irregular from
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the neighboring points, due to a sample wrappage. Since the XRD measurement is sen-
sitive to sample vertical position, it results in two abnormally low points. As sintering
temperature rises, the process can be divided into three phases. In the first phase, the
integrated intensities and FWHM of both Cu (111) and Cuy0 peak do not have much
change between 150 — 180 °C. In this stage, most organic solvent did not evaporate, so
there is no change of Cu NPs. In the second phase, between 180 - 225 °C, Cu,0 intensity
started to decrease, while Cu intensity started to increase, indicating that the reduction
of CuyOisinitiated by H,. At the meantime, both materials’ FWHM decreased as the pro-
cess temperature rises up, due to possible crystalline growth at elevated temperature. Af-
ter 225 °C, Cuy O peak intensity and Cu FWHM experienced a faster decline until the end
of the experiment. This indicates that surface oxidation is reduced dramatically, which
leads to a considerable amount of connections and sintering necks formation between
Cu NPs. By the end of the experiment at 285 °C, there are minor Cu,O peak intensities
detected, which indicates that the reduction of Cu,0 is complete.

Since the Cu NPs inside paste were synthesized by the wet solution method, it usu-
ally introduce non-uniform lattice distortions and dislocations in the NPs, which lead
to micro strain. Micro strain inside nanomaterials, can contribute to peak broaden-
ing, together with crystallite size. There are three most-used methods to separate micro
train and crystallite size effect from XRD peak widths, which are Rietveld refinement [10],
Warren-Verbach analysis [11] and Williamson-Hall (W-H) method [12]. Considering the
complexity and efficiency of each method, the W-H method is employed in this chapter
to separate micro strain and crystallite size from the diffraction patterns. The full width
half maximum (FWHM) of each peaks relation to micro strain and crystallite size can be
written as:

ﬁ%zkl = [(ﬁz)measure - (ﬁz)instrument] (4.1)
kA o
hk1€os0 = — +4——esinf (4.2)
P D Ep

Where B, is the FWHM of one peak, B easure is the peak width from measurement,
Binstrument 1S the peak width from the X-ray diffractometer, 0 is the diffraction angle, 1
is the wavelength of X-ray source, D is the crystallite size, o is € is the micro strain, Ejp; is
Young’s modules on certain orientation of (hk!l). In the W-H model, the peak broaden-
ing has a linear relation with micro strain. By plotting ,x;co0s0 as a function of 4sin0,
crystallite size D and micro strain € can be obtained from intercept and slop in the linear
fitting. Based on the W-H analysis method, in Figure 4.4, the evolution of Cu NPs micro
strain and crystallite size as sintering temperature rise can be analyzed. As the temper-
ature increase, the strain level in Cu NPs continuously decrease. From 150 — 180 °C,
while both Cu and Cu,0O peaks did not change much, the micro strain decrease can be
contributed mainly by thermal relaxation and rearrangement of the atoms in the lattice,
which reduce the defects amounts in the sample. In this temperature range, crystallite
size of Cu remains the same. Between 180 - 225 °C, the reduction of Cu,O does not ef-
fect Cu much. From 225 °C, the crystallite size started increase from 50 nm to around
70 nm, the same as shown in Figure ?? a. Furthermore, the micro strain also followed
with a faster decrease, indicating sintering neck formation process during this tempera-
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ture range. At the end of the experiment, the strain level of Cu reduced close to 0, which
presents a mostly defects-free and connected networks in the sintered Cu paste.
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Figure 4.4: Analyzed micro strain and crystallite size of Cu at various temperature, by using the W-H method.

From XRD analysis, Cu NPs in the paste experience three different stages, in forming
gas. In the first stage, between 25 — 180 °C, there is a relatively slow change in this tem-
perature range. In the second stage, from 180 — 240 °C, the reduction of Cu,O started,
from intensity evaluation. However, no Cu crystallite growth is observed. In the Cu paste,
besides Cu NPs, there are normally many types of solvents and organic additives added
in the system. These contents have different evaporation temperatures. In this tempera-
ture range, there might be still some organic residues among Cu NPs, which can prohibit
Cu NPs from sintering neck formations. However, a slow reduction can be initiated due
to fast diffusion of H2 gas molecules and partially exposed Cu,O surfaces. After 240 °C,
fast reduction and crystalline growth began, indicating that there are barely organics left
in the sample. Higher temperature drives reduction reaction and Cu NPs inter-particle
diffusion faster. Thus, a connected sintered network can be formed.

4.3.2. In—situ ELECTRICAL RESISTANCE

During the entire sintering process, the embedded four-point electrical resistance elec-
trodes in-situ monitored the electrical resistance change of the sample, as shown in
Figure 4.5 a. Electrical resistance of the sintered material is an indication of the level
of condensation and sintering. The lower electrical resistance, a more condensed sin-
tered structure is obtained. Additionally, it is also one of the most applied measurement
method in electronics application. Understanding the relation between electrical resis-
tance and crystallography during sintering can accelerate the Cu NPs-based paste into
the applications.

In the Figure 4.5 a, the electrical resistance of Cu paste decrease, as the sintering tem-
perature increases. At the beginning of the experiment, sample resistance dropped two
orders, once the temperature rose to 150 °C. After drying step, there are probably still
some organic compounds remained. Thus, the electrical resistance drops due to the fur-
ther evaporation of solvents. At this stage, the sample has a very high electrical resistance
due to a lack of connections between Cu NPs, according to XRD analysis. Afterward, as
the temperature increases gradually, the resistance of the sample also experienced a de-



4.3. STATIC SINTERING BEHAVIOUR STUDY 61

(a) 1 (b) Before’

240

C
~
=
1S5}

N

180+

Temperature (°C)

,_.
w
o
;

Sample resistance (Q)

1204

T T T T T
0 50 100 150 200 250 300
Time (min)

Figure 4.5: In — situ electrical resistance measurement of the sample, in forming gas. (b) Optical images of
the sample before and after sintering.

crease correspondingly. However, there is no significant resistance decrease observed
in the entire sintering process, even the sample was reduced and crystalline grew well,
according to XRD analysis. Furthermore, in the optical pictures taken before and after
sintering (Figure 4.5b), the sample color changed from matt, dark brown to shiny, light
brown, which can also indicate the completion of the reduction process. In the electrical
measurement, a small direct current of 50 A was applied, which can have an electri-
cal field of a few micrometers. However, the tested sample has a thickness of more than
10 um. In XRD measurement, X-ray can penetrate most of the sample thickness, which
can give a collective investigation of the material in the entire heating area. Along with
the thickness, there might be a microstructure variation, especially on the bottom of the
sample, where electrodes were placed to measure. That measurement location variation
can contribute to differences between measured resistance and XRD analysis.

3004 —— Temperature - 10°
—— Resistance
10"
O 250 P~
= G
besl 6
El 10 §
g 200 1 ‘3
L10° @
§ g
fid
150 4
-10°
100 . T T T T 10°
50 150 250 350 450
Time (min)

Figure 4.6: In-situ electrical resistance measurement of the sample, from 25 - 300 °C, in a vacuum. Step size is
15 °C, with a ramping rate of 15 °C/min.
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Similar to in sintering experiment in forming gas, a Cu paste sample was placed in a
vacuum environment, with in-situ electrical resistance measurement, as shown in Fig-
ure 4.6. The temperature profile was conducted by the heating stage from the vacuum
probe station. The same heating steps were followed, from room temperature to 300
°C, with 15 °C steps. The heating ramping rate is 15 °C/min. At each temperature, the
holding time is 35 min. Since the vacuum probe station cannot be mounted in XRD
equipment, there is not XRD analysis included in the experiment. There are three stages
can be observed. Firstly, from 25 — 150 °C, the sample resistance dropped dramatically
from non-conductive to 105 Q. After that, in the second phase, the resistance entered in
a plateau, where no obvious change is found. In the third stage, from 195 °C until the
end of the experiment, the resistance started to decrease again, with fluctuation. In the
first stage, resistance decrease could be mainly contributed by the thermal expansion of
organic compounds. During the second plateau phase, since the environment is a vac-
uum, there is rarely a gas atmosphere for organic compounds to react with and decom-
pose. Thus, evaporation is the main method to remove organic additives in the paste.
Additionally, with the help of a vacuum, the evaporated solvents can be eliminated from
Cujoints easily. However, since the oxidation layer on the surface, the sample resistance
remained the same. In the third phase, the resistance drop indicates that most of the or-
ganic additives were eliminated, due to the heating process. Cu NPs surface can initiate
contacts and form better electrical conduction paths. Therefore, the resistance started
to decrease with some fluctuations.

4.3.3. MICROSTRUCTURE ANALYSIS

Figure 4.7: SEM images of cross-section and microstructure of sintered Cu paste in forming gas.

Figure 4.7 shows the microstructures of Cu paste sintered in forming gas. The cross
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Figure 4.8: SEM images of (a) cross section and (b — d) microstructure of sintered Cu paste sample in vacuum.

section structure is presented in Figure 4.7 a, which has a thickness of approximately
15 um. There are barely voids observed in the SEM viewfield. In the area labeled (Fig-
ure 4.7a) at the bottom of the sample, a darker contrast can be observed. iFigure 4.7 ¢
also presents one of the particle clusters together with darker contrast. From XRD analy-
sis, we can confirm the only crystalline material after sintering is Cu. In SEM images, the
morphology of the content with darker contrast does not agree with metallic nanoparti-
cles. Additionally, it is known that epoxy is introduced in the paste, which is often used as
a paste hardener in the paste to increase the mechanical strength and reliability. Thus,
the different contrast can possible caused by organic residues. Appearance of organic
residues (epoxy) on the bottom agrees with the high resistance measured at the end of
the sintering process. However, due to lack of back scattering electron images, it can not
be confirmed yet. Figure 4.7 b shows the upper surface of the sintered sample. Sintering
necks can be observed in most of the particle joints, which indicates a good sintering
quality. Figure 4.7 d shows the fracture surfaces of this sample, where ductile deforma-
tion dominates, which is a typical metallic bond fracture surface features. From the mi-
crostructure of the sintered sample in forming gas, a high-level sintering bond is formed
after reduction, with some possible organic hardening agents on the bottom.

Figure 4.8 presents the microstructure of the sample sintered in a vacuum. It has the
similar thickness as sample sintered in forming gas (Figure 4.8 a). Not much voids can
be observed on both cross-section and sample surface, due to a vacuum environment
and long process time. However, as shown in Figure 4.8 (b — d), Cu NPs are still separate
from neighboring particles, without sufficient sintering neck formations, indicating a
lower level of sintering. In Figure 4.8 c, there are a few Cu NPs that are sintered into
a cluster, with compact connections between each other. This may contribute to the
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lower resistance measure in Figure 4.6. With a higher magnification (Figure 4.8 d), Cu
NPs with cubic-like morphology are presented. Some Cu NPs initiated good connections
with other particles. However, the total amount and diameter of sintering necks are very
small and limited. In vacuum environment, organic solvents can evaporate partially at
lower temperature range. When sintering temperature exceeds 200 °C, most of organic
compounds are removed by decomposition, which requires gas molecular. In vacuum,
there are very low amount of gas molecular available for decomposition. The organic
compounds left from evaporation can be remained after sintering, which leads to low
conductivity of the sample. Thus, the resistance of this sample after sintering is still
more than 104 Q.

Based on the TRXRD analysis results, the sintering process of this Cu paste can be
divided into three phases: solvents evaporation (150 - 180 °C), surface oxides reduction
(180 - 225 °C) and Cu NPs sintering (225 - 250 °C). In order to remove the solvents and
other organic compounds, gas atmosphere, like Ny, can help with organic decomposi-
tion, especially at temperature above 200 °C.

4.4, TIME-RESOLVED XRD (TRXRD) STUDY WITH HEAT PULSES

ESIDES the static study discussed before, a dynamic sintering study was conducted
B with TRXRD method, together with MHP devices. As introduced in Chapter 3, the
designed MHP can achieve fast temperature switch in milliseconds, which can enable
a heat pulse with a minimum 60 ms width. In order to have sufficient temperature to
reduce surface oxidation and form good sintering connections, 300 °C is selected as the
sintering temperature in this TRXRD experiment. Considering the reaction kinetics in
the sintering process, 1 second, 300 °C, heat pulse was given to the Cu paste sample.
After every two heat pulses (1 x 2 sec), an XRD scan and electrical resistance measure-
ment are conducted, as shown in Figure 4.9a. With a series repeated cycle, a dynamic
material evolution information can be extracted from this experiment. In this experi-
ment, 54 heat pulses were given to the Cu paste sample, in forming gas environment.
Thus, the sample received accumulated 54 second of sintering in total. 26 XRD patterns
and electrical resistance measurements were collected, corresponding to material status
after every two heat pulses.
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Figure 4.9: (a) Temperature profile used in the TRXRD sintering experiment. The number of heat pulses can
be adjusted as required in each sintering process. (b) The electrical resistance change of the sample after
every two heat pulses as accumulated sintering time proceeds.
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4.4.1. TRXRD ANALYSIS

XRD patterns collected before sintering and after every two heat pulses are shown in Fig-
ure 4.10. Each XRD scan take around 30 min, which is difficult to finish all the character-
izations in one day, 0 - 30 sec in the first day and 32 - 52 sec in the second day. Therefore,
this multi-pulses TRXRD experiment was separated into two days. The sample in the
gas cell was left in the XRD instrument overnight, without opening or moving the entire
setup. During the night, there was no continuous gas flushing in the chamber. In the
pattern showed in Figure 4.10, the strongest peak is from Si, since a Si-based MHP sub-
strate was used. Besides that, peaks from MHP metallization, Mo, is also visible. Besides
signals from device, similar as in the static study, Cu is the majority material, since Cu
peak remains strong in all patterns presented. Furthermore, with zoom-in insert, Cup O
can also be detected due to minor oxidation in the paste. Cu,O (111) peak remained
during most of the experiment, until the last four heat pulses.
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Figure 4.10: XRD patterns obtained from the TRXRD experiment. Inserts include zoom-in patterns of Cu (111)
and Cuz0 (111) peaks, from 0 - 52 sec in forming gas.

TOPAS was also used in the analysis of XRD patterns from heat pulses to extract more
information about this process. In Figure 4.11, both the integrate intensity and FWHM
evolution of Cu (111) and Cuy0O (111) are included, a contradictory trend can be ob-
served. To avoid arbitrary unit, relative change is also used. From 0 — 30 sec (first day),
Cu (111) intensity slightly increased, while a slow decrease of Cu,O (111) intensity is pre-
sented after 8 sec of accumulated sintering time. In the contrary, FWHM of Cu (111)
slowly decreased, as the value for CuyO did not change. From the beginning of the sin-
tering, the evaporation of the organic compounds might not be sufficient. Thus, only
small amount of the Cu NPs surfaces are exposed after some solvents removal. There-
fore, the reduction of Cu,O can take place slowly, which also increase the Cu amount
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correspondingly. After 30 sec, the sample was left in the chamber overnight. On the sec-
ond day, a second XRD scan was performed before applied the next heat pulse. Thus,
two data points are presented at 30 sec. From 30 sec, the integrated intensity values for
both Cu (111) and Cu,O are shifted to higher value. FWHM values for both materials
remain the same. As heat pulses went further, the integrated intensity values went back
at 40 sec. The possible reason for intensity change after overnight is still unknown. It
needs to be investigated further in the future work.After 40 sec, both Cu (111) and Cu,0
(111) experienced much faster change. CuyO started to be reduced much faster, fol-
lowed by intensity increase of Cu (111). This is a clear indication of reduction of surface
oxides. Together with reduction, FWHM of Cu (111) decreased, with very limited change
of FWHM. This crystalline growth presents that the sintering process initiated at 40 sec
and continued until end of the experiment.
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Figure 4.11: Integrated intensity and corresponding FWHM of (a) Cu (111) and (b) Cuz0 (111) from 0 - 52 sec,
in forming gas.

With the similar method mentioned before, Cu (111) peak width (FWHM) in XRD
patterns obtained in Figure 4.10 was analyzed by W-H method, in Figure 4.12. Thus, the
peak broadening contribution from micro strain and crystallite size can be separated.
From 0 - 40 sec, there is a minor change in Cu crystallite size, while the micro strain is
slowly decrease. Correlate with Figure 4.11, the reduction of Cu,O is also at slow rate,
due to high level of the organic solvents. With surface oxides, Cu NPs can be constrained
from crystalline growth. Since the W-H analysis is based on FWHM data, as depicted
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in Figure 4.11a, it is not effected by overnight left. Between 30 - 40 sec, there the micro
strain continuously decreased while the crystallite size of Cu stays the same, indicating
that the organic evaporation and surface reduction processes remain the same as 0 - 30
sec. At 40 sec, both micro strain and crystallite size entered the fast change stage, as
in Figure 4.11. In the last 12 sec of process time, with mostly exposed Cu NPs surfaces,
reduction and crystalline growth can proceed much more vigorous.
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Figure 4.12: Analysed micro strain and crystallite size of Cu at various temperatures, by using the W-H
method.

From the TRXRD results analysis, with desecrate segments of materials status, the
crystallography change of Cu NPs as a function of time is illustrated with both qualita-
tive and quantitive data. The three stages of sintering in Cu paste, as described in section
4.2.1, also agree with the dynamic study results here. Furthermore, micro strains are of-
ten introduced from synthesis process, because of localize defects or intrinsic oxides. To
initiate sintering between particles, oxidation layer needs to be removed firstly, so the
Cu atoms can be exposed for sintering. In this experiment, micro strain level decrease
accordingly with decrease of Cu,O amount, which indicates that the main source of mi-
cro strain. By the end of the experiment, the value for both Cu,O and micro strain are
not close to zero, a study with longer sintering time is needed to investigate their relation
further.

4.4.2, In—situ ELECTRICAL RESISTANCE MEASUREMENT

Figure 4.9b shows the resistance change of the sintered sample after every two heat
pulses, with accumulated sintering time. In the first two data points, they already reached
the maximum measurement value of the current setup. The actual resistance can be
much larger than the maximum value, which shows a non-conductive property of the
sample. After that, the first drop occurred, with resistance more than 1 kQ. This first
resistance drop is probably a result of solvents evaporation. With less solvent and rela-
tive more amount of Cu NPs, the system became more conductive. After that, the resis-
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tance sample experiences a gradual decrease until 44 sec, even after overnight left in the
gas cell. In this stage, there are two measured data points higher at 8 and 10 sec. These
two larger resistances can be contributed by small cracks or delamination between mea-
surement probes, due to shrinkage and thermal shocks. With the further proceeding
of the sintering, these cracks or structure damages are probably fixed by inner struc-
ture adjustment or condensation. Between 30 — 44 sec, there is no plateau observed
as in Figure 4.11 and 4.12. Since XRD measurements were conducted from surface to
several micrometers-deep in the sample, it can reflect the collective material property
within the whole detection volume. However, the electrical resistance measurement was
performed from the bottom of the sample, where less re-oxidation may occur. Thus,
the possible surface re-oxidation has limited impact on resistance change. Similar as
shown in Figure 22, when Cu crystalline started to grow at 44 sec, sample resistance also
dropped to resistance around 1 Q. It shows a clear link between Cu connection forma-
tion and resistance evolution process.

4.4.3. MICROSTRUCTURE ANALYSIS

Figure 4.13: SEM images of Cu paste sintered with heat pulses.

After the sintering experiment, the microstructure of the Cu paste sample was ob-
served under SEM, as shown in Figure 4.13. Different from the sample sintered with
static temperatures, a porous surface is presented in Figure 4.13 a and b. In this dy-
namic sintering experiment, a high sintering temperature, and much shorter sintering
time were applied. This can lead to limited time for Cu NPs to reorganize for condense
structure, after organic solvents evaporation. Thus, large voids can be generated and
remained after sintering, from solvent outgassing. In Figure 4.13 b and c, large sinter-
ing necks and 3D connections are formed between Cu NPs, in the entire sample surface.
This indicates a high-level of sintering with 300 °C heat pulses, and uniform temperature
distribution of the MHP.

According to the dynamic study of the sintering process using TRXRD at a constant
temperature, we can conclude that Cu NPs paste needs sufficient time and energy for
solvents removal and reduction of surface oxides, before it can enter the phase to form
sintering necks and connections. For the commercial Cu paste tested here, at 300 °C, it
needs 40 sec before sintering of Cu NPs start. With this unique method and characteri-
zation setup, the continues sintering process can be separated accurately into a series of
segments, for a detailed analysis and investigation. The relation between Cu NPs crys-
tallography data and electrical resistance can be correlated, which can lead to simpler,
more accurate assessment methods to evaluate sintering level of Cu joints.
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4.5, CONCLUSION

N this chapter, a MEMS-based TRXRD nanomaterial characterization platform was
I employed to perform both static and dynamic sintering study on Cu NP paste. With
embedded MHP and electrodes, the relation between crystallography, electrical resis-
tance and microstructure of Cu paste is evaluated at both steady and dynamic statues.
From XRD patterns analysis of both steady and dynamic results, the sintering process
can be divided into three stages, solvents evaporation, oxides reduction and Cu NPs sin-
tering. Reduction, sintering temperature and time were also determined from the XRD
analysis. At 180 °C, Cu,O starts to be reduced to Cu. 225 °C is the temperature where
the formations of sintering neck initiated. In the dynamic sintering study, it is found
that sufficient time and energy, which is 40 sec at 300 °C, is needed to remove organic
solvents and additive, to start sintering. With these two studies, it can validate the con-
cept and function of the designed MEMS-based nanomaterial characterization platform.
With these unique method, the sintering process can be investigated with variant per-
spectives, which results insights and fundamental knowledge valuable for both process
development and material optimization of Cu NPs-based paste.
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Demand is growing for metallic nanoparticle sintering technology to be implemented in
die attachment in power electronics. This technology offers superior performance com-
pared to lead-free solders. Although copper nanoparticle-based paste is a potentially low
cost material, it faces the challenge of oxidation during the sintering process, which may
result in tremendous degradation of mechanical, thermal and electrical properties. Thus,
there are very few in-air copper paste sintering reported. In this paper, an in-air pressure-
assisted low-temperature sintering process is achieved under low temperature using a com-
mercial copper nanoparticle-based paste. Sintering behavior at various temperatures (200
— 240 °C) and pressures (5 — 25 MPa) was studied. Sintering joints at higher temper-
atures lead to more condensed microstructures and higher bonding strength. Finally, a
maximum shear strength of 41.63 + 4.35 MPa was obtained after sintering at 240 °C,
25 MPa for 3 min. Different from most reported Cu paste sintering processes in pro-
tective atmosphere, all the samples are obtained from in-air sintering. Higher sintering
temperature accelerate diffusions between Cu NPs. Sufficient pressure can press out sol-
vents and air. Thus, oxidation of Cu can be constrained, and the sintering process can be
initiated. Consequently, a higher level of 3D connections between the copper nanoparti-
cles was achieved. These intact microstructures enable sintered joints to achieve a higher
shear strength. Furthermore, a shear strength of 28.1 + 8.47 M Pa was achieved under the
sintering condition 10 MPa at 240°C. This result already meets the requirements for die
attachment applications. Thus, the moderate, cost-effective, in-air sintering technology
with pressure-assisted can be applied in the high power electronic die attachment appli-
cations.



5.1. INTRODUCTION 73

5.1. INTRODUCTION

HE need for miniaturization and integration drives the ongoing power electronics
T industry [1-3]. Power electronics are often applied in a harsh environment, such
as aerospace, energy production and automotive. Wide bandgap semiconductor-based
power electronics, including gallium nitride (GaN) and silicon carbide (SiC), have work-
ing temperature often exceeds 200 °C, sometimes until 350 °C. Current silicon (Si) based
power electronics and its packaging technology cannot meet these requirements. For die
attachment materials, typical lead-free die attachment materials, have a reflow temper-
ature of 220-260 °C [4, 5]. Therefore, novel die attachment or interconnect materials
must face both packaging process and application challenges, including lower process
temperature but higher operation temperature, higher thermal and electrical properties
[6].

Metallic nanoparticles have become one of the most promising candidates for die
attach or interconnection in high power electronics [7]. Researchers explored the size
effect of metallic nanoparticles [8]. It revealed that metallic NPs could be sintered to
bulk material at temperatures below 300 °C, which is compatible with current process
flow. As a result of that, it may allow for a higher operating temperature than that of
SAC solders. Furthermore, intermetallic compounds growth and Kirkendal voids can
be possibly avoided, by using one-type sintered materials [9]. Recently, Ag NP paste
has been applied widely as die attach material in power electronics applications [10-12].
It allows many benefits as mentioned before. Sintering parameters and material were
tuned to improve the mechanical strength of sintered joints [10, 13-15]. Multiple SiC die
attachment was successfully applied using Ag NPs sintering [16]. In this study, organic
additives removal and bonding layer thickness were believed to have an essential effect
on sintering quality. However, the drawbacks of Ag NP paste on electromigration are also
of concern in high current flow applications. It was reported that sintered silver joints
could have a migration issue at high operation temperature [17, 18]. Since copper has
similar thermo-electrical properties to Ag, but higher resistance to electromigration, Cu
NP paste becomes one of the emerging die attach materials in high power electronics.
The primary experimental sintering behavior of Cu NPs was studied, which indicates
that Cu NPs can also be sintered below 300 °C [19]. What’s more, sintered Cu NPs, with
similar properties to bulk Cu, can withstand a higher operating temperature than SAC
alloy.

However, Cu NPs are easily oxidized in air, which would act as a barrier to sintering.
To prevent this, a reductive or protective sintering atmosphere is considered necessary
for Cu NP paste sintering. Recently, there have been many reports on the Cu NP paste
fabrication process to investigate and optimize its performances in die attach. Various
atmosphere, including formic acid gas [20], 5% Hz + 95% N3 [21, 22], and Ar + Hy [23] are
used in sintering to reduce copper oxides and prevent further oxidation of the Cu NPs,
with pressure assistance. High shear strength of 51.7 M Pa was achieved using pressure-
assisted sintering with reductive treatments [20]. In this work, a formic acid treatment
at an external pressure of 10 M Pa for 10 min at 260 °C was applied in order to achieve
high adhesion strength. It included a dedicated wet chemical treatment and a relatively
long sintering process time. As in industrial applications, processing gas and complex
wet chemical treatments are time-consuming and costly.
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Besides the sintering atmosphere, external pressure during the process is another
key parameter. Although pressureless sintering offers the advantage of process simplic-
ity, it sometimes requires strict process conditions and complex pre-treatments. 100%
H, atmosphere is required to achieve high shear strength [24, 25]. Furthermore, reduc-
tive additives and surface modifications were also proven to have positive effect on shear
strength without external sintering pressure [26]. Pressureless sintering in 5% Hj + 95%
N, or inert gas has also been reported [27, 28]. However, the shear strength of sintered
Cu NP joints without pressure ranges mostly below 10 MPa. This might satisfy some
applications, which do not require strong shear strength. For die attach in power elec-
tronics applications, external pressure is probably needed to enhance the joint strength.
Pressure assisted sintering with a mixture of various particle sizes in air condition can
increase the shear strength to 20 M Pa [29]. Furthermore, the sintering process reported
with high shear strength, has mostly process time between 20 min and 1 hour, or even
longer, which can decrease the production throughput. Strict sintering atmosphere and
complex material treatments can raise the cost and procedures of manufacturing. Con-
sequently, pressure-assisted sintering in an ambient atmosphere to achieve high quality
sintered Cu NP joints, without the complexity of process conditions, becomes an essen-
tial research topic.

In this chapter, an in-air pressure-assisted sintering process is proposed and achieved
using a commercialized Cu NP paste. Sintering behaviors and microstructures of sin-
tered Cu NP joints at various pressures and temperatures are analyzed. The mechanical
properties of sintered Cu NP joints were investigated under shear tests. Corresponding
fracture mode and microstructure of fracture surfaces are characterized by SEM/FIB. Fi-
nally, the possible pressure-assisted sintering mechanism of Cu NP paste in the air was
proposed.

5.2. MATETRIALS AND METHODS

5.2.1. CU PASTE CHARACTERIZATION BEFORE SINTERING

A small amount of Cu paste (43.6 mg) was sent for thermogravimetric analysis (TGA)
(STA 449, Netzsch, Germany) at room temperature (25 °C) up to 500 °C at 10 °C/min
ramping rate, in both argon (Ar) and compressed air environments. A mass loss of Cu
paste with increasing temperature in selected atmospheres was detected. Cu paste com-
position and phase change were investigated by an elevated temperature X-ray diffrac-
tometer (D5005, Bruker, USA). The X-ray diffractometer (XRD) instrument had a Cu Ka
(A = 1.54 A) X-ray source. A theta/theta scan method was applied. To evaluate the ma-
terial change at various temperatures, the XRD was equipped with a Pt heating strip to
elevate the sample temperature. A thin layer of Cu paste was dispensed on a 10 mm x 10
mm silicon substrate. Cu paste on the silicon substrate was cured first in an N, oven at
80 °C for 30 min. Then it was placed on the Pt heating strip of the XRD instrument. The
temperature of the sample was monitored by a thermocouple. The sample was heated
from room temperature to 300 °C, in intervals of 50 °C. After the sample was heated and
soaked at each stabilized temperature, an XRD scan was conducted.
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Figure 5.1: (a) Schematic cross-section of the pressure-assisted sintering setup. (b) Pressure-assisted sintering
equipment.

5.2.2. CU PASTE SINTERING AND JOINT CHARACTERIZATION

A silicon wafer (0.5 mm in thickness), sputtered with a metal stacking layer (500 nm
Al, 200 nm Ni and 300 nm Cu), was used in this experiment (Sigma deposition system,
SPTS, UK). After the preparation of the metal layer, it was diced into 2 mm x 2 mm
square dies for the pressure-assisted sintering. Direct-bonded copper (DBC) boards with
a Cu plating layer were used as substrates in this experiment. The paste was dispensed
from a syringe on the DBC in an “X” shaped pattern. Dies were placed on top of the
dispensed pattern and paste was squeezed out to fill the area underneath. The bond line
thickness measured was 10 um. The drying step was preceded to remove the low-organic
solution and absorbed moisture from the paste. It was performed at 80 °C for 30 min in
Nj. Pressure-assisted sintering in the air was conducted with industrial equipment from
Besi Netherlands, as in Figure 5.1 b. Figure 5.1 a shows a schematic cross-section of the
pressure-assisted sintering setup. The top and bottom press plates (plate 1 and plate
2 in Figure 5.1 a) were firstly preheated at recommended sintering temperature. Then
DBC substrates with Si dies attached were then placed in between the two plates. These
plates provide axial force and temperature at the same time. Temperature, pressure and
holding time were precisely controlled by the equipment. The holding time of sintering
process remained the same throughout all the sintering experiments: 3 min. In this
sintering process, no protective gas was applied. Various sintering temperatures and
pressures were applied to study the sintering behavior of Cu paste. For each sintering
condition, one batch of samples was sintered and characterized. Each batch contained
10 - 15 Si dies on DBC substrates.

After sintering, the shear strength of the samples was characterized by a shear die-
shear machine (4000 Bondtester, Nordson Dage, UK). The shear strengths of the samples
under various sintering conditions were obtained. Furthermore, optical images of the
fractured surfaces of sintered Cu joints were investigated (AM3113T, Dino-Lite, Taiwan).
Microstructures of the fractured surfaces of the sintered Cu joints were characterized
with a scanning electron microscope (NovaNano SEM, FEI, USA). Cross sections of the
sintered Cu joints were analyzed with a focused ion beam (FIB) and dispersive X-ray
spectroscopy (EDX) (Helios G3-CX, FEI, USA).
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5.3. RESULTS AND DISCUSSION
5.3.1. SINTERING TEMPERATURE DETERMINATION
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Figure 5.2: TGA results of Cu NP-based paste in (a) Ar and (b) compressed air.

Since Cu paste consists of Cu NPs and multiple types of organic additives, TGA and
in-situ XRD were performed and analyzed to determine the appropriate sintering tem-
perature range. Figure 5.2 shows the mass loss and thermal behavior of Cu paste charac-
terized by TGA. In Ar, the mass loss from 50 — 400 °C was 12.2 %, including three stages.
The first one was 0.5 % between 50 — 110°C, which might be resulted from moisture and
low-evaporation-temperature organic compounds. The second stage was a fast mass
loss of 8.9 %, from 110 — 182.9 °C. Most of the mass loss occurred in this phase, which
indicates that most of the solvents evaporate or decompose. Furthermore, there was
a third stage, which consisted of a slow mass loss of 2.8 %, from 182.9 — 400 °C. Due
to various kinds of organic additives in the conductive paste, they could have different
evaporation and decomposition temperatures.

In compressed air, there were four phases observed in the curve. Similar to the result
in Ar, the first phase had a slow mass loss, which was between 50 — 110 °C. The second
phase had a fast mass loss of 9.1 %, from 110 to 193.1 °C. This was also the largest mass
loss of the entire process. It could be contributed by the evaporation and decomposition
of multiple organic compounds. Since it has a different atmosphere as in Ar, the tem-
perature range of the second step went further to 193.1 °C. The third step was a slow
mass loss between 193.1 — 246.2 °C, which was 0.8 %. In the last step, a mass increase
of 1.6 % between 246.2 — 400 °C was observed. According to the measurement in Ar,
the sample had a further mass loss above 246.2 °C. Above 193.1 °C, Cu NPs, with low
amount of solvents protection, may have a high risk of oxidation. Therefore, the mass
change in the last two steps probably includes two parts: one is the mass increase due to
the oxidation of Cu, the other one is the mass decrease from the evaporation of organic
compounds. In the third phase, the organic evaporation was possibly stronger than ox-
idation, which resulted in a mass loss. In the last phase, the increase from oxidation
is higher than the loss from evaporation, thus a mass increase observed after 246.2 °C.
From measurements above, Cu NP paste can have low organic residuals and moderate
oxidation process between 193.1 - 246.2 °C. Thus, it can be primarily determined as the
appropriate sintering temperature in air.
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Figure 5.3: X-ray diffraction scans of Cu nanoparticle-based paste at an elevated temperature in air.

To understand the material composition and structural change during the sinter-
ing process further, an elevated X-ray diffraction analysis in the air was conducted. Fig-
ure 5.3 shows the XRD patterns of Cu NP paste at various elevated temperatures. From
room temperature to 150 °C, Cu paste showed three strong Cu peaks, which indicates
that Cu NP can resist oxidation until relatively high temperatures. From 200 °C, Cu NP
paste started to show a weak Cu,O (111) peak at 26 = 36.9 °, but the intensity of the Cu, O
(111) and (220) peaks at 200 °C was negligible. This is the temperature where Cu NPs
started to get slightly oxidized. The Cu NPs in the paste can remain not oxidized until
200 °C, probably because there is still organic protection layers present before 193.1 °C,
as obtained from the TGA measurements (Figure 5.1 b). As the temperature increased
to 250 °C, Cu NPs were exposed to air, without organic protection, the Cu,O (111) peak
grew much stronger. The other two CuyO peaks: CuyO (200) and Cu,O (220) started
to appear in the XRD pattern. From 250 — 300 °C, the Cu,O peaks continued growing,
which indicates further oxidation. Correlated with the TGA in the air (5.1 b), a mass in-
crease above 246.2 °C was mainly contributed by further oxidation of Cu NPs above 250
°C. Based on the analysis above, this Cu NP-based paste can resist oxidation in air below
200 °C, and get partially oxidized between 200 — 250 °C.

According to the TGA measurements in Ar and air and elevated XRD analysis in the
air, most organic additives in the Cu paste can be removed at 193 °C. Furthermore, the
oxidation level in the Cu paste in air can remain low level until 250 °C. Therefore, the
appropriate in-air sintering temperature of this Cu paste is between 200 — 250 °C.
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Figure 5.4: Shear strength of sintered Cu NPs joints at various temperatures and pressures.

5.3.2. SINTERING PARAMETER OPTIMIZATION AND SINTERING JOINTS CHAR-
ACTERIZATION

Based on the TGA and XRD results, three sintering temperatures, from 200 °C, 220 °C
to 240 °C, five levels of external pressure, from 5 MPa to 25 MPa, were selected in the
experiment. After 3 min of sintering, each batch cooled down to room temperature natu-
rally. A shear strength test as described above was conducted to evaluate the mechanical
property of the sintered Cu NP joints. Figure 5.4 shows the shear strength of sintered Cu
NP joints prepared at various sintering temperatures and pressures.

Samples sintered at 200 °C, under an external pressure of 5 M Pa, showed the lowest
shear strength of 0.29 MPa. As sintering pressure increases, the shear strength slightly
improved to 4.46 MPa at 25 MPa. When the sintering temperature is 220 °C, samples
showed a low shear strength of 0.61 MPa at the pressure of 5 MPa. As pressure rise
to 15 MPa, there is a big improvement of shear strength to 15.09 MPa. After that, the
shear strength of samples does not show much improvement, with increased external
pressure. At 240 °C, shear strength of 6.59 M Pa was obtained from sintering under pres-
sure of 5 MPa. From pressure of 5 - 10 MPa, the shear strength increased more than
four times, from 6.59 MPa to 28.1 MPa. The highest improvement of shear strength
is observed here. After external pressure of 10 MPa, the shear strength continued to
increase, until the pressure rises to 25 MPa. However, the increase rate is much lower
than the pressure of 5 — 10 MPa. Therefore, the highest shear strength of 41.63 + 4.35
MPa was achieved at 240 °C, 25 MPa. In this experiment, samples sintered at 240 °C,
10 M Pahave a shear strength of 28.1 + 8.47 M Pa, which already meets the requirements
for die attach in power electronics applications. In addition, high pressure during sinter-
ing might introduce the risk of sample damage. As a result, sintering at 240 °C, 10 MPa
is the optimal sintering condition.

After the shear strength test, both macro- and micro- fracture surface morphology
analyses were performed to evaluate the fracture mode of Cu NP joints under various
sintering conditions. Optical images of the shear surfaces and fracture modes of rep-
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Figure 5.5: Sheared surfaces of sintered Cu NP joints at various temperatures and pressures. Areas presenting
different fracture modes are labeled accordingly.

resentative samples under each sintering condition are presented in Figure 5.5 a. Two
types of fracture modes are observed: adhesive and cohesive. As depicted in Figure 5.5
b, a cohesive fracture happens inside Cu joints. Only Cu NPs are shown on most of the
fracture surfaces. In adhesive mode (Figure 5.5 d), fracture happens mainly at two inter-
faces: one is between the Cu NPs and DBC substrate, the other is between the sputtered
Cu and Ni layers. Cu NPs are barely seen on the fracture surfaces. While it is also possi-
ble for both fracture modes to occur simultaneously (Figure 5.5 c). In this case, Cu joints,
DBC substrate and sputtered Cu layers can be observed together. When sintering at 200
°C, samples processing at different pressures all presented mixed-fracture modes. Sam-
ples sintered at 220 °C, with pressures between 5 to 15 MPa, also exhibited the mixed
fracture modes. However, when pressure was higher than 10 MPa, there were much
fewer cohesive fractures. Cohesive fractures indicate the Cu NPs did not form strong
and long-range connections, which can result in lower shear strength, as presented in
Figure 5.4. Under this sintering condition, Cu NPs were supplied with higher energy
and compact closer to form inter-particle connections. Therefore, fewer cohesive frac-
tures occurred and dramatic shear strength improvement could be observed from 5 to
10 MPa at 220 °C. Furthermore, when sintering pressure rise to 20 MPa and above at
220 °C, the fracture mode changed into an adhesive mode, indicating a more condensed
joint structure. Sintered joints have better mechanical strength than these interface lay-
ers. When sintering temperature increased further to 240 °C, the adhesive fracture mode
dominates, except at 5 M Pa. From 240 °C, 10 M Pa, adhesive fractures occurred at two
interfaces, which means sputtered Cu seed layers and interface adhesion failed before
the Cu NP joints fractured. Thus, the shear strength also experienced the highest in-
crease.
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Figure 5.6: SEM images of fracture surfaces of Cu NPs paste sintered at 240 °C and various of pressures: (a-c) 5
MPa, (d-f) 15 MPa and (g-i) 25 M Pa, and a schematic drawing of the corresponding fracture modes.

Since 240 °C, 10 M Pa is determined as the optimal process parameter, samples sin-
tered at 240 °C under three pressures (5, 10 and 15 M Pa), were selected for microstruc-
ture observation (Figure 5.6). At 5 MPa (Figure 5.6 a — ¢), a porous structure with Cu
NPs were shown on the fracture surface, corresponding to a cohesive mode. Figure 5.6 b
shows the area where slight plastic deformation can be observed, due to fracture. It also
contains a mixture of Cu NPs at different sintering stages. There are still many particles
observed to have a spherical shape, which indicates low-level sintering. On the upper
surface of Cu joints (Figure 5.6 c), only a few Cu NPs in the center were sintered with
neck formations. With a low pressure of 5 M Pa, evaporated organic additives were not
eliminated completely. As a result of that, Cu NPs are loosely packed together, without
large sintering neck formations and long-range connections. Therefore, cracks can be
easily initiated and propagate inside Cu joints, which led to a low mechanical strength
consequently.

When sintering pressure increased to 10 M Pa, in Figure 5.6 d, the DBC substrate,
peeled-off sputtered Cu, DBC substrate and a small area of the sintered Cu joint are
shown in the fracture surface area. Plastic deformation of sintered NPs started to occur
during failure, as shown in Figure 5.6 e. In Figure 5.6 f, large sintering necks and contin-
uous connections with neighboring Cu NPs were formed. Thus, there is a dramatic drop
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Figure 5.7: (a-b) FIB/SEM images of the microstructure cross-section of the Cu NP joint sintered at 240 °C, 10
MPa. (c) EDX detection area on the cross-section of the Cu NP joint and (d) the spectrum.

in porosity comparing to 5 M Pa samples, which results in a huge increase in mechan-
ical strength. With a pressure increase from 5 to 10 M Pa, most of the organic solvents
in the pores were removed by reducing the porosity of Cu joints. A much more compact
sintered microstructure is achieved. While the shear test, cracks can propagate easier
at interfaces than inside Cu joints. This results in the typical adhesive fracture surfaces.
This dramatic change at 10 M Pa makes it the optimum process condition. When the sin-
tering pressure increased to 15 M Pa, the adhesive fracture surface in Figure 5.6 g shows
mainly the sputtered Cu seed layer and DBC substrate and some area of the upper sur-
face of the Cu NP joints. Figure 5.6 h shows the much more steep fracture surface, where
plastic deformation presents. It has a similar morphology as at 10 MPa. In Figure 5.6 f,
most of Cu NPs become integral with lower porosity, indicating a higher-level of sinter-
ing. With higher pressure, vaporized organic residues in between Cu NPs were pressed
out further than 10 MPa. More Cu NP surfaces were exposed for surface diffusion and
sintering neck formations. This condensed microstructure sintered at 15 M Pa prompts
the shear strength to a higher value. However, the fracture mode and microstructure be-
tween 10 to 15 M Pa share a few common features. Less sintering promoted progress
was achieved under this condition. Therefore, the shear strength experienced a lower
growth rate.

As discussed above, besides temperature, the pressure level during sintering has also
an essential effect on Cu NPs microstructure. The increase of pressure results in a mi-
crostructure with a higher density of sintered Cu joints. Therefore the mechanical strength
of sintered Cu joints improves tremendously, even with possible surface oxide formation,
due to high process temperature in air.

Cross-section microstructure of one representative sample under the optimum sin-
tering condition (240 °C, 10 M Pa), was characterized, in Figure 5.7 a — b. Compared to
the sample processed at 240 °C, 5 M Pa, more sintering neck formation between parti-
cles and lower porosity can be observed. Thus a tremendous improvement in the shear
strength of this sample was obtained. Considering the possibility of oxidation at sinter-
ing temperature in air, an SEM/EDX was taken to evaluate the oxygen content within the
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Figure 5.8: Schematic effect of pressure during sintering of Cu NP paste. (a) Cu NP paste before sintering. (b)
Cu NP paste sintered under low pressure and (c) high pressure.

Cu joint. As shown in Figure 5.7 d, a small amount of oxygen element (around 0.5 wt%)
was detected in the selected area. It could possibly have originated from two sources:
surface oxidation of the Cu NPs, or organic residues from evaporation during the pro-
cess. The XRD pattern of Cu paste at 250 °C in the air also depicts Cu,O peak, which can
be correlated here. Due to the small amount of oxidation, it does not have a strong neg-
ative effect on the sintering process. Condensed sintered Cu NP joints can be achieved
under the appropriate sintering condition.

As reviewed for Ag NP paste sintering [30], higher pressure during sintering can lower
the activation energy required for sintering initiation. Considering Cu and Ag may have
similar metallic properties, with increased sintering pressure, the activation energy for
Cu NP sintering can be possibly decreased. Figure 5.8 shows a schematic elaboration
of pressure effect during sintering in air. Before sintering, Cu NPs in the paste are sep-
arated by complex organic additives. Particle surfaces are covered to prohibit oxidation
and sintering. With the assistance of low pressure, vapored organic additives and air are
partially removed by the assistance of pressure. Cu NP surfaces thus can be exposed,
and Cu atoms can diffuse between particles for the formation of sintering necks [30-
33]. Since the sintering process is performed at relatively high temperatures in the air,
a small amount of oxidation can form on the Cu NP surfaces. However, due to voids
created by organic residue, and possible oxidation which can keep further distance be-
tween particles, no continuous and long-range connections networks are formed, under
low pressure. Consequently, samples can result in poor mechanical strength. As sinter-
ing pressure increases, most of the evaporated organic additives and air can be removed.
Almost all the Cu NP surfaces are exposed and then brought to close proximity to initi-
ate sintering. A low level of air during sintering also limits the further oxidation at pro-
cess temperatures. Advanced level of sintering, with condensed microstructures and 3D
connection networks, can be achieved with high pressure. As a result of that, the shear
strength of sintered joints can be improved significantly, even without any protective at-
mosphere. In conclusion, in-air low temperature sintering of Cu NP paste can be applied
in the die-attach for power electronics applications.
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5.4. CONCLUSION

N this study, the in-air sintering behavior of Cu paste under various process conditions
I was investigated and analyzed. Based on the paste characterization results, in-air sin-
tering temperature range was determined and multiple pressure-assisted sintering ex-
periments in air were performed. As temperature and pressure increase, Cu NPs form
more condensed structures with neighboring particles. Both of these factors accelerate
the neck formation and inter-particle connection inside Cu joints. Therefore, a maxi-
mum shear strength of 41.63 + 4.35 M Pa was obtained under the sintering condition of
240 °C, 25 MPa for 3 min. It was also discovered that the highest shear strength im-
provement can be achieved at 240 °C, 10 MPa to 28.1 + 8.47 M Pa, which already meets
the requirements for die attach in power electronics applications. Considering the cost
of production and the risk of the die being damaged at high pressure, it is determined
as the optimal sintering condition. Based on the experiments and characterization anal-
ysis, it can be concluded that in-air sintering with pressure assistance of Cu NP-based
paste can be applied in die-attach for power electronics applications.
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CONCLUSIONS

6.1. CONCLUSIONS

N this thesis, both fundamental knowledge about die-attach process were conducted
I with the Cu NPs-based paste in power electronics. These research works give the in-
sight of Cu NP-based paste sintering from various perspectives. These knowledge and
experience can be transferred as the significant information to push the Cu NP-based
paste into industrial application.

To understand the dynamic sintering mechanism of Cu paste, a MEMS-based TRXRD
nanomaterial characterization platform was firstly designed and fabricated. It enables
TRXRD study of crystalline structure and in-situ electrical resistance simultaneously. It
contains an embedded MHP for temperature control, and four-point electrical measure-
ment electrodes for in-situ electrical measurement. A gas cell was employed to pro-
vide an environmental experimental condition, without interference with XRD measure-
ments. To achieve the optimum temperature fast switch and mechanical stability, two
designs with different lateral thermal isolation structures, including Si, O and suspended
Si membrane with beams, were proposed and fabricated. With these designs, 60 ms and
50ms minimum heat pulse widths and uniform temperature distribution were achieved
respectively. The later design shows faster temperature response and larger operation
range. A series of assessment of fabricated devices were conducted to characterize, cali-
brate temperature and power consumption at wafer-level. Furthermore, a gas cell com-
patible with existing X-ray diffractometer was designed and installed. Combined with
the gas cell and a power supply, it can enable TRXRD characterization of nanomaterial,
with a large flexibility of temperature and gas environment control.

With developed characterization platform, both static and time-dependent investi-
gations of sintering process of a commercial Cu NPs-based paste were performed under
forming gas (5% Hy + 95% N2). Series of XRD patterns and in-situ electrical resistance
measurement were collected, followed with XRD intensity evaluation, microstrain, crys-
tallite size analysis and microstructure observation. In the static study, from 25 — 285
°C, three sintering stages, including solvent evaporation, surface oxide reduction and
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sintering, can be determined. The process begins with solvents evaporation. At 180 °C,
reduction of surface oxidation initiates, as some Cu NPs were exposed in forming gas.
240 °C is the temperature where formation of sintering neck starts. The measured resis-
tance agrees with the microstructure of sintered joints. Additionally, a dynamic study of
Cu paste sintering using a number of heat pulses at 300 °C were applied to capture the
continuous sintering process at variant time. Itis found that there are also three sintering
stages, the same as in static study. Differently, during sintering at constant temperature,
sufficient time and energy, which is 40 sec at 300 °C, is needed to remove organic sol-
vents and additive, before sintering necks and connections formation. Afterward, the
reduction of surface oxides and followed sintering process can occur. From microstruc-
ture observations, long sintering time might be needed to obtain more dense sintered
joints. These results and insights are on the one hand, a validation of the function of
the developed MEMS-based TRXRD nanomaterials characterization method and plat-
form. On the other hand, they can be transferred to process development and material
optimization for Cu NP-based paste.

On the application side, the same commercial Cu NPs-based paste was applied in the
Si die-attach application, using pressure sintering process in an industrial equipment.
Unlike most reported process of Cu paste, these pressure sintering experiments were
conducted in air. The in-air sintering behavior of Cu paste under various process condi-
tions was investigated and analyzed. Based on the paste characterization results, in-air
sintering temperature range was determined and multiple pressure-assisted sintering
experiments in air were performed. As temperature and pressure increase, Cu NPs form
more condensed structures with neighboring particles. Both of these factors accelerate
the neck formation and inter-particle connection inside Cu joints. Therefore, maximum
shear strength of 41.63 + 4.35 M Pa was obtained under the sintering condition of 240
°C, 25 MPa for 3 min. It was also discovered that the highest shear strength improve-
ment can be achieved at 240 °C, 10 MPa to 28.1 + 8.47 MPa, which already meets the
requirements of the die attach in power electronics. Considering the process cost and
the risk of the die damage at high pressure, it can be determined as the optimal sinter-
ing condition. Moreover, the experiments and microstructure of fracture surfaces, it also
support that pressure assistance in-air sintering of Cu NP-based paste can be applied in
die-attach for power electronics.

6.2. FUTURE WORKS

HE work proof the concept to combine a MEMS-based device with conventional

XRD. This unique combination shines lights into understanding the sintering pro-
cess and Cu paste. In addition, feasibility to employ pressure sintering in power electron-
ics application has been performed. However, there are more works with many details
need to be done in the future.

* TRXRD study of Cu paste with variant temperature profiles and gas environment.
As proved in Chapter 3 and 4, the developed TRXRD characterization platform can
provide multiple valuable results of sintering material under different conditions.
With customized process temperature profile and atmosphere, fast process opti-
mization with deep material understanding can be completed in one experiment.
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* Molecular level understanding of the sintering mechanism of Cu NPs, while sur-
face oxides present. In Chapter 5, surface oxides of Cu NPs were found while it
has a limited effect on sintering. A molecular dynamics simulation can help to
understand fundamentally.

 To realize an industrial application in power electronics, reliability is one of the
most important factors to consider. With optimized materials and processes, reli-
ability tests, including thermal cycling, power cycling, and high temperature and
high moisture storage, should be followed to push this technology closer to indus-
trial applications.
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