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Abstract

For decades soldering has been the technologyoiéein die bonding. However, due to worldwide tieaégulations,
the most common solder alloys, which contain ldadje been banned. Furthermore, standard soldenstchulfil the
reliability requirements of future power electrodievices. New interconnection technologies haveetdeveloped. One
of them is pressure sintering of silver flakes, athiorms a highly reliable, highly thermally contive bond. However,
the level of pressure needed (30-50 MPa) requipsagerful pressing equipment and can lead to cnackf the devices
and ceramic substrates. A promising developmetiiteisise of nano-scaled silver particles, which lmasintered using
less pressure due to their superior sintering ptse

Preceding thermogravimetric and calorimetric aredyshowed that the presence of oxygen eases tkergjnof silver
nanoparticles. In order to grasp the sintering attaeristics of interconnection layers consistinghaho-scaled silver,
sintering experiments were conducted in both a@ aitrogen. Scanning electronic microscope pictured density
measurements with a laser profilometer show thdesng of the nano-scaled silver in air but underhip, the case of
real interest, is closer to uncovered sinteringifrogen than in air. Densities remain lower argl iticrostructures more
fine-grained. This is due to limitation of diffusicof organics out of and oxygen into the layer. Hpplication of
pressure can make up for this in terms of denkignce, the increase in density of stencil printgets of nano-silver
when sintering at temperatures ranging from 20800°C, pressures between 0 and 30 MPa, and foneadf up to
1800 s was measured. The density can be set toadng between 60% and 90% of bulk silver by adjgs8intering
time and the levels of temperature and pressumapkea for shear tests were built using dummy chipsle of silver-
coated copper. They show that after 60 s of simjeat 275°C and 5 MPa a good shear strength of Ba Nad been
established. If the remaining parameters are se¢cty, even 5 s of sintering, a temperature &°22 or a pressure as
low as 2 MPa is sufficient to generate bonds coatglarto solder and high pressure sinter joints.

state-of-the-art in die bonding, i.e. attaching a
. semiconductor chip to a circuit board, is solderifige
1 Introduction solder provides mechanical fixing and conductiorboth

Progress in power semiconductor technology resultscurrent and heat. For decades the eutectic alldinaind
ever-rising performance of the devices. At the saime, lead, Sn63Pb37 (F183°C), was used. Due to worldwide
electronics and mechanics are increasingly beifRgulations banning poisonous materials from edeotr
integrated leading to extreme operating environmémat Products, such as the Restriction on Hazardoust&utess
the new modules have to endure reliably. The imtiign (ROHS) issued by the European Union, substitutes fo
of electrical motors and combustion engines in hgtrid lead-containing solders have to be found. Basid-feze
cars is a widely discussed example these days. solder alloys usually comprise a majority of tin96%6)

At the moment, maximum temperatures of about 125k@lanced with silver and copper. Their melting poiare
are tolerable during typical operation of powerceienic about 220°C. As a rule of thumb, solder materials be
circuit boards. This limit is not set by the actielements reliably used up to a homologous temperaiyref 80% of
made of silicon, though. Si-chips are theoreticalble to their absolute melting temperature, before credpctf
operate as high as 200°C; the envisioned switdilitmn lead to quick degradatiorfrig. 1 shows that SnAgCu
carbide would raise the bar to 500°C. However, yara solders are not suitable for temperatures exceet259C.
interconnection materials are not suitable to bdjia High temperature solders, which can be operated
endure temperatures of 200°C, let alone 500°C. T¢ntinuously at 200°C, do exist. Nevertheless, they
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not bridge the gap due to drawbacks such as higle pelectroplated with 5pum silver, to form a square
(AuSn, AuGe, AuSi) or poor processability (BiAg,Ah 14 x 14 mm with a thickness of approximately 50 pm
Moreover, they cannot meet the operating capadslitf before drying. The specimens were then pre-dried fo
SiC-devices, either. Therefore, other means 8® min at 50°C followed by 30 min at 125° (heatmates
interconnection have to be found. 5 K/min). Sintering took place on a hot plate thais pre-
One approach is the silver sintering technologyjctvh heated to the desired sintering temperature. Theplate
joins chips and substrates by sintering of a sip@wder was controlled by a K-type thermocouple to +2 K st
[1-5]. Usually, a screen or stencil printed layémocron- into a pneumatic press type Schmidt Technology &R®-1
scaled silver flakes is used as interconnectioneri@t For sintering, the specimens were laid onto the phate
These silver pastes and power electronic modufeiowed by immediate closing of the press. Thisuleed
containing sintered interconnects are already camially in high heating ramps of ca. 300 K/min on averag@n
available. silicone pillows cut to match the devices to betesied
Due to the application of external pressures of t80 were used to ensure an even distribution of pressur

50 MPa, sintering takes place at a temperaturebofita For density measurements, silicon dummy chips pé si
250°C. The bond formed is theoretically stable apite 10 x 10 mm were put on the centre of the silver layers.
melting point of silver at 961°C. However, when Bjigig The chips came without backside metallization. That
these pressures, even the slightest irreguladdesead to means no connection to the sintered silver could be
cracking of the brittle silicon chips and ceramibstrates. established due to Sj@overing their surface. The sinter
High scrap rates have to be expected. Recenthpribeess layers Fig. 2a) were scanned using a profilometer type
evolved to a new level due to the current researerest NanoFocus pscan CF4 before and after sinteringdero

in nanotechnology: silver particles with a sizelexfs than to determine the average thickness of the areagtbwith

50 nm are used instead of micron-scaled silvpressure. The density was calculated according to
flakes [6, 7]. Their huge surface energy leadsriproved equation(1) and is shown as percentage of the density of
sinterability. The particles even have to be paset/ bulk silver (10.49 g/cr).

using organic capping materials to prevent themmfro

sintering spontaneously at room temperature. Dughi _ b

fact, the pressure needed could be lowered oner afde p—poBE (1)
magnitude.

The purpose of this article is to show the impatt @ng jnitial densityp, was measured before by weighing
parameters such as time, pressure and temperaiuieeo o \olume measurement with said profilometer for a
sintering behaviour of nano-scaled silver. Trackih® gqries of ten samples. Furthermore, a thermograsiame
density of the silver layers monitored this. Théahility analysis was run to define the mass of organicsireng
for die bonding was evaluated by means of shets.tes  ,¢ar the drying process. This was used to adiestass
of the dried layers to only reflect the contributiof silver.
This way, an initial density of 45.32% was idemtifi A
total measurement error of 1% was calculated forsite
determination.
In order to evaluate the strength of the intercation
layers, dummy chips made of copper (dimensions
75x7.5x1 mmM and also coated with 5pum of silver
were sintered to the substrat&sg( 2b). A special shear
tool (Fig. 2c) was designed to conduct shear tests of the
specimens with a Lloyd Instruments testing machine
] LRX plus. The samples were sheared at a fixed heaifh
75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 01 mm above the Surface Of the Substrate W|tm&d;m)f
e 1 mm/min. A load cell capable of recording forcésip to
F|g 1: Maximum Operating temperatures of So|der§ kN was used. Its measurement error was 0.5% R8. T
versus their melting temperatures. Red area shows t results of several solder and sinter interconnactio
phase region/liquid zone. Materials can only béably materials are shown ffig. 3 for comparison.
operated below the ling,=0.8. Three series of tests were conducted for both densi
measurements and shear tests to investigate thenck
of the parameters time, temperature and pressune. T
. point of origin was defined as 60 s of sintering2@6°C
2 EXperlmeﬂtéﬂ with a pressure of 5 MPa. One of the parameters was
d varied while the remaining two were kept constditeir

particles sized smaller than 50 nm was obtaineh IBE respective intervals were 0..1800s, 200..300°C and

Tech, LLC. The paste was stencil printed to copp%l'5 MPa. In qddition, two series of_density_ measents
substrates (dimensions 38 x 27 x 1 ymwhich were without covering the sinter layer with a chip wetm in

Operating Temperature / °C

Sn96.5Ag3Cu0.5

75

Silver paste for die-attach containing sphericalaiacale
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air and nitrogen to examine the influence of theovers the silver layer, though. This severely tairss the
atmosphere. At least five samples per batch weakiated diffusion paths for organics, oxygen and oxidation
during density and strength experiments. products. As the density measuremeifiig.(4) and SEM

A scanning electron microscope (SEM) Joel JSM-661Big. 5d) show, this leads to a sintering behaviour that is
was used to take pictures of the resulting micuastires.  closer to the one in nitrogen than to the one in @nly
after 600 s of sintering, a significant differertoenitrogen
arises; the final value is at 61% approximatelyf edy
between uncovered sintering in air and nitrogen.ekvh
pressure is applied, the effect is more than coiseted,
leading to faster sintering and much higher deswiti
However, the microstructure is still very fine ahds very
different to the uncovered sintering caség( 5€). The
external pressure has several effects: First of iall
increases the packing density by rearranging pestid his
raises the coordination number, i.e. the averagebeu of
particle-to-particle contacts per grain. Furtherenoit

(b) exerts a mechanical force in addition to the thérimad
© on the organic passivation layer, which may consatiy
Fig. 2: Pictures of specimens for density measuremeni locally destroyed. Finally, the pressure prosideother
(a) and shear tes(), and shear todk). driving force for smterlng,_ which can be shownke of
the same order of magnitude as the one createchéy t
surface energy of bare nanoparticles. Surface aath g
o boundary diffusion, but also sintering processest tre
o0 unique to nanoparticles such as plastic flow, meidah
00 rotation and amorphization can be expected to g
o 50 to sintering [9-13].
% w00 Due to the findings displayed Fig. 4, the impact of time,
L I temperature and pressure on both density and sfrerig
o the nano-silver interconnection layer was investda
1000 Fig. 6 shows the influence of sintering time at a cortstan
500 temperature of 275°C and a constant pressure oP& dh
O anoSiver  NovelSiver | SiverFlake  SiverFlare  SnizPhosAgz  PbIsSns  Sno6SAGICHDS density and shear strength. The rising in densityary
wors  aems ems  wemw high during the initial seconds of sintering: 6884 éached

Fig. 3: Shear strength of different interconnectionaﬂer_ only 5s; one minute of ilnterlng ret”T“S 8t

technologies. Red bar shows data of nano-silvetepaé:Ontlnues t9 grow to about 88/0_ after 30 min. Theash

used for the experiments of this article. strength gains even faster returning 30 MPa aitéy 5 s.
60 s amount to 40 MPa. Further prolonging of timesing

time does not exhibit any significant rise in stfgnin
these tests.

3 Reaultsand Discussion

1

—=—p=5MPa, chip, air

The comparison of the influence of the surroundir oes| |—=—v=ompa, cnip, air

—=—p=0MPa, air

atmosphere irFig. 4 shows one distinctive challenge ir ,, |-—=p-owra,n,

sintering the nano-scaled silver particles. When ditver .l , — L
layers are sintered without being covered by a,chip /}" — 1

obvious influence of oxygen can be seen. About hite T |
in relative density can be reached in air compai@d s
nitrogen atmosphere. Also, the SEM pictures shalear )
difference. While only the neighbouring grains hayv os _—
formed necks after 60 s in nitrogeRid. 5b), the sample . !
sintered in air features bulky structures with grsizes of | H =

l

0.7

. —
i

1 um and aboveF{g. 5c). This can be credited to the —
organics passivating the individual silver grainghe ) 1550000 N N RN NN
sintering of the silver nanoparticles is governed the PO e e oo a0 T ey 90 7090 1200 320 1440 150 1660 1900
degradation kinetics of this capping layer thanisch less Fig. 4. Influence of sintering atmosphere on density of
stable in air than in atmospheres not containiggmples sintered at 275°C.

oxygen [8]. Thus, sintering in inert atmospheresldsver.

The real case of interest is sintering in air whilechip

05+



GQ Lu
Typewritten Text
Presented at 6th International Conference on Integrated Power Electronics
Systems (CIPS'2010), March 16 - 18, 2010, Nurnberg, Germany.


Presented at 6th International Conference on Integrated Power Electronics
Systems (CIPS'2010), March 16 - 18, 2010, Nurnberg, Germany.

temperatures. 19 MPa are recorded as minimum \atlue
200°C, 41 MPa as maximum strength at 300°C. The
course of shear strength towards higher tempemaitaa
again be explained with the change in loading doomi
during shearing.

The applied pressure also has an important effect o
density and strength. The density can be set fralmeg of
58% at 0 MPa pressure to a maximum of 90% at 30 MPa
in these tests. The shear strength increases yapiath

7 MPa at 0.3 MPa pressure. The maximum is 47 MPa at
30 MPa of pressure. The graph shows that a certain
minimum amount of pressure is necessary to eskablis
considerable strength. Once the level is reacheabatit

2 MPa, resulting in a strength of 34 MPa, strengiid
density proceed almost in parall€ig. 8).

o
2
ed /xew |

—_0

—
max

i L i L i L L el
120 240 360 480 600 720 840 960 1.080 1.200 1320 1440 1.560 1.680 1.800

Fig. 5: SEM pictures of nano-silver layer after dryi(& ers
and after sintering for 60 s at 275°C without chip Fig. 6: Relative densityny and maximum shear strength

N2 (b), without chip in air(c), with chip in air(d), and 7 of samples sintered at 275°C and 5 MPa versus
with chip in air and a pressure of 5 MPa applied sintering time.

The fast increase of both density and strength loan
credited to the improved sintering capabilities ahe o B
given morphology of the nanoparticles. Once tt o
protective capping of the particles is destroyednimans  * — E2 i
of temperature and pressure, the sintering careprbuery T
fast due to the huge driving forces provided byshgace * o z —
energy and the external pressure. The gain in tyesisiwvs &
down gradually due to the consumption of free siafa | :
energy. The abrupt stagnation of the shear streaffen e,
60 s may be caused by the design of the samples £ sy e s o i
shear stress of 40 MPa a force of 2.25 kN is agptieto ) .o )

the side face of a copper dummy resulting in 33GNP Fig. 7: Relative densitysy and maximum shear strength
compression there. This presumably leads to a ahafiion  7mex Of Samples sintered for 60 s at 5 MPa versus smger
of the dummy that changes the load condition framep €mMperature.

mode Il shearing to a mixture of mode | and mode I

It was mentioned before that the sintering of thees :

0.

nanoparticles is governed by the depletion kinedicthe ' .

X

passivating organics. As for any chemical reactian, . —
exponential relationship to temperature is to bpeeted. o P
/

edW /xew

I\
\

N

075

This should be true in this case as well. Howedeg to &
the limited temperature interval that is of intéresd that

was thus investigated (200..300°C), the exponent ME/ B
relation between density and temperature can omly | { il
anticipated Fig. 7); the graph appears rather linear. Tt PSR 6 6 6 96 I 0 0 0 0 I 6 | .

minimum density measured at 200°C is approximate p/MPa

65%. As temperature increases, it rises to abott @0 Fig. 8: Relative densitynq and maximum shear strength
300°C. Strength also climbs with temperature. Haauev 7mx Of Samples sintered for 60 s at 275°C versus smger
its graph is not quite linear but flattens towatdgher Pressure.

edl /xeu

M

max
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Fig. 9 shows a summary of the test series as a plotpoéssure as low as 2 MPa, if the other parameterset
maximum shear strength versus density. The datheof correctly.

three experiments is clustered, indicating thatatians in  Still, strength is only a necessary criterion forstable
time, temperature and pressure are viable and &eguiv interconnection. It is not sufficient to ensureiability as
options to define the characteristics of the sitager. The other factors, e.g. aging, come into play. Joimtsststing
density can be set at will between about 60% arih,90f sintered silver flakes were shown to have superi
resulting in shear strengths between 5 and 50 MRaeise reliability qualities compared to solders since ythere

tests.

operated far below their melting point [14-16]. $hian

As discussed before, the gain in strength withdasing also be expected from the nano-silver material gureesi
time, temperature and pressure, i.e. densityefiatt This here. Power cycling and temperature cycling tedts o
is presumably due to deformation of the copper dymimterconnection layers made of nano-scaled silver a

before the interconnection layer fails, leadingntixed-

currently being run in our laboratory. The goal ts

mode loading. Thus, in case of pure shear loadiigher correlate reliability with sintering parameters atehsity.

densities

5

values of strength can be expected for
above 75%.
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4  Conclusion and Outlook [3]
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