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Abstract

Real time resistance monitoring technology is usestudy the silver sintering process.
Signals of joint resistance show events such astaese increas® >10 Q), abrupt resistance
drop from >10 @ to <1 K2, and gradual resistance drop to <®@.nBased on cross-sectioning of
samples at various stages of sintering and diftexdescanning calorimetry (DSC), we propose a
correlation between resistance signal and solweag@ation, capping agent degradation, and
silver sintering. We identified distinct clusterfssintered silver of samples removed from the

oven when the resistance drops to ~204
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1. Introduction

Silver sintering pastes (SSPs) are used as diehattent material in microelectronics packaging,
especially for power devices. [1] Some SSPs hawerddonding temperature than most solders,
and can survive a higher temperature than somersohts once bonded [1]. In some work [2-
4], SSPs are added to epoxy based isotropicallylwtiive adhesives (ICAs) to adjust the
material property such as the conductivity.

Silver sintering pastes are typically mixtures olvent, capping agent, and silver micro and/or
nano particles. The silver particles are usuallyeced with a capping agent to avoid low
temperature sintering. The silver sintering prodss$or example in [5], a sequence of solvent
evaporation, capping agent degradation, and ssiveering in elevated temperature according to
the thermal gravimetric analysis (TGA). Generalhg smaller the particle sizes, the lower the
sintering temperature needed [6]. Magdassi etaletachieved room temperature sintering of
10 nm silver patrticles [7].

Despite the advantages of low process temperathadienges remain for the current SSPs, such
as the requirement for pressure to densify thet,joulmich increases the risk of cracking the
brittle semiconductor, and thus can reduce the ymtbh yield [8]. To overcome such
challenges, better SSP sintering process knowlsdgeuired.

To improve the understanding of SSP sintering @®eg, a common way is to prepare samples
at various sintering temperatures and times [5FAp samples are analyzed with microscopic
images [5-7], thermal/electrical conductivity me@suent [5], and shear/tensile test [6].

For example, Hu et al. [6] studied the tensile regtle of silver sintering paste joint between
copper wire to copper pad obtained at five tempeeatbetween 100 °C and 300 °C. They found

that the tensile strength increases with tempezator 250 pm wire, and remains unchanged



with 50 pm wire.

Alternatively, in-situ monitoring can provide retgRe information for the sintering process, and
transient phenomena can be studied with a fast gin@ampling rate. A common in-situ
monitoring technology to study SSP sintering predsSTGA [1, 5, 9, 10].

For example, Lu et al. [5] used derivative thernaegnetric analysis to study six SSPs with
different capping agents, and the same solxeh¢rpineol. For all the SSPs studied, the capping
agent degradation happens after or in the end loksbevaporation. Specifically, silver 2-
ethylhexanoate decomposes at the lowest temperaifird90.3 °C. After 350 °C/30min
processing, sintered silver is observed if the oappgent degradation temperature is lower than
250.2 °C.

Lately, resistance monitoring technology has bgmgli@d to study the curing process of epoxy-
based ICA [11-14], while such study on SSP singeprocess is not found. Inoue et al. [11, 13,
14] found that the change of electrical conducgtigian not only be caused by curing reaction of
the binder molecules, but also the conductivityngeaof the inter-filler chemicals, by comparing
resistance signals with results from free-dampedlason method.

Xiong et al. [12] obtained resistance-time curvehwiCAs of 65 wt% silver fill loading. The
resistance value becomes detectable (< ZX) kit 27 min. In general, the resistance drops
gradually, and it reaches 1.Qlkat 40 min, and 8.8 at 80 min, respectively. After 80 min the
resistance remains unchanged. The resistance dmuram explained with the epoxy resin
shrinkage leading to an increase in the contac aetween the fillers, which promote the
formation of conductive pathways between the filarticles during the curing process.

In summary, in previous studies with resistance sueament for ICA curing process, the

resistance values are measured at a few (<20)gctinres and/or temperatures [5, 11, 12, 14-17],



and/or monitored with a slow sampling rate [12].nfeo studies [3, 11-14] have missing
resistance values because of the range limit oteéblenology applied. For example in [3], the
maximum measurable resistance was 1@ fdr the method used. When monitoring the ICA
specimen resistance during curing, it exceededlithi¢ of 100 MQ before the temperature
reached 90 °C, and valid data was therefore nettkd.

In this work, we study the sintering process ofesilpaste with an improved real time resistance
monitoring technology based on the method usediquely for a solder reflow study [18]. We
present a larger range of resistance measurementl(t' Q), and provide a more continuous

measurement than previous methods [3, 5, 10].
2. Experimental

2.1. Materials

The sample material is a commercially available ,S3fetite Ablestik SSP 2020 [19-21]. The
ingredients are shown in Table 1 [22]. The SSPssvar sintering paste containing a mixture of
silver particles, 2-(2-butoxyethoxy)ethyl acetatecapping agent, and 1,1'-oxydipropan-2-ol as

solvent [23]. The optimal storage temperaturedi8 °C [24].

2.2. Sample preparation

The SSP is dispensed with a Nordson Ultimus | aatandispenser, with parameters shown in
Table 2. The substrate is ceramic side-brazed oulshe packages (Spectrum CSB02801).
Figure 1 shows the top view optical image of thedepensed samples. After dispensing, to
minimize sample change such as room temperatuterisig, or solvent vaporization, the sample
is either used immediately, or covered and stored freezer at -40 °C. To minimize thawing

issues such as the condensation of the moistume dioon the samples, the cover is always kept



on the substrate before the substrate reaches telmmerature. The cover is ceramic, and a
double sided Kapton tape is used to attach therd¢oube substrate.
Figure 2 shows the sample design. Terminal numérersndicated and the 12 resistance signals

R1-R12 are defined.

2.3. Sintering and resistance measurements

The sintering profile recommended by the manufactus 4 hours at 175 °C. The oven is
preheated to the sintering temperature. After tlenpde is connected, the resistance
measurement starts running for 9 min in room tewrtpee, with cover removed at 5 min, before
the sample unit is placed into the oven. Four hadtesr placing the sample into the oven, the
oven stops heating, and the samples are left inB&even to cool down.

For the test setup, the oven, multiplexer, conngatnaterials, and temperature measurement are
the same as in[18]. In addition, an Agilent B291ffecision source/measure unit and an
Agilent 34420A nanovoltmeter is used for resistameEasurement, in 2-wire mode (for &)
and 4-wire mode (for <Q), respectively. The measuring process is conttoligh a custom
designed Matlab program [25]. The flow chart of @mample monitoring process using this
program is shown in Fig. 3. In this example, all séimples are monitored, and all resistance
measurement modes are enabled. Alternatively, theitoring process can be done on fewer
samples, and/or with fewer resistance measuremeaésn for faster sampling rate.

Figures 4a and b show the connection schemes asedsistance measuring with 2-wire and 4-
wire, respectively. Samples R1-R12 are connectednt measured by the test equipment
sequentially, by closing one of the 12 switcheslsaviopening the other 11 switches in each

measurement loop. Boft andT-t curves are visualized in real time on the PC scree



2.4. Cross sectioning of interrupted samples

Some samples are interrupted at various times vepecial events on the resistance signal
appear during the sintering process, and are talkéwf the oven to cool in air for subsequent
cross sectional studies.

The final polishing is done manually with 0.1 pnamiond paste for sufficiently hard samples,
and no smearing issue is encountered. Some nytsinllered samples are too soft to be polished
mechanically at room temperature, and thus areedodbwn to -40 °C with liquid nitrogen, and

ion milled. No cracks are observed for the samplgied at -40 °C.

3. Results

3.1. Sample images and geometry

Figures 5a-b show the top view microscopic imagebe SSP sample before, and after sintering,
all taken with environmental scanning electron wscope (ESEM, WATIlab at University of
Waterloo). The particles are characterized with ititercept method, and the average linear
intercepts are 1.79, and 1.86 um for Figs. 5aamdspectively.

Figure 6a shows example cross-sectional outlindeeosample before and after sintering at the
same sectioning location. The coordinates of thetp@re measured with an optical microscope
from the top, and an example image is shown in &hg.In Fig. 6a, the lines are obtained with
piecewise cubic interpolation. The areas are caledl with trapezoidal numerical integration.
The numbers are from four pairs of samples. Theustnof SSP between lead finger centers is

estimated to be 0.78 £ 0.07 mg before curing.

3.2. Resistance signals

Figure 7 shows the overview of an example reswiinfthe SSP sintering. Figures 8-9 show



zoomed in parts from typic&-t andT-t curves. On th&-t curves of Figs. 8a and c, we make a
sequence of six observations: 1. room temperatigfe tesistance of £a10° Q, 2. resistance
drop and rise forming a “V” shape signal until >@&Q, and 3. stable high resistance of 10-
30 &, 4. abrupt resistance drop from >10Go <1 K2, 5. steady resistance drop down to
<1 mQ, and 6. resistance change mainly following theperature change.

A set of characteristic quantities is derived frme R-t curve, as shown in Figs. 8a-c, and the
values are shown in Table By and Rs are initial and final resistances at room tempeeat
which is approximately 25 °Q; is the time after when the resistance signal & G, andT; is

the corresponding temperatutgjs the time after when the resistance signal i &landT; is

the corresponding temperatutg,is the time when the resistance signal Q,5ndT; is the
corresponding temperature. The different sample iZTable 3 is because of the use of some
incompleteR-t profiles. During the development of the technologg often obtain incomplete
R-t profiles due to the large range Bf change in sintering, and the limited range of test
equipment in use.

Figure 10 shows a typic&®-T curve during cooling. Th&-T relation is linearR values are
interpolated at temperatur@s= 60, 70,..., 170 °C and plot vE.to determine theRIdT slopes,
resulting in correlation coefficient of >0.99 andpes average and standard error of 2.60, and
0.06 ©2/°C, respectively (182 samples). The temperatuedficeent of resistance (TCR) is =
4.31 + 0.02 [1GK™], while the TCR of silver [26] isag = 3.8 [10°K™"]. Rt is the extrapolated

resistance value ater, andT,et is the reference temperature 20 °C in this work.

3.3. Determining the resistivity of sintered paste

Figure 11 shows the geometry of a finite elemeiit) (fodel for a sintered sample segment,

where the cross section of the sintered pastekentédom Fig. 6. The conductivity of the lead



fingers is that of Ni 14.3 MS/m. The resistancegkition method is shown in Fig. 12.
Figure 13 shows the dependenceRaf, from the FE study on the SSP conductivibgsf.
Taking the value oR; shown in Table 3, the resistivity of the sinte®8P is thus calculated as

55-180 M2em, while the resistivity of pure Ag is 1.5@rm [26].

3.4. Microscopy of interrupted samples

Figures 14a-d show the cross sectional imageseointierrupted samples. Specifically, we took
samples out of the oven arouhdt, andts, respectively. After reviewing thB-t signals, we
learn that the sample in Fig. 14a is taken ouhefdven at about + 5.4 min, and the resistance
signal stays >10 G afterwards. The sample in Fig. 14b is taken outhefoven at about +

2.5 min and the final resistance is 25Q@2vith standard deviation of 233(} ranging from
27.22Q to 803.7Q. The large resistance range possibly results fthenfast transition of
resistance value at abayt+ 2.5 min. The sample in Fig. 14c is taken outhef oven at aboug
and its resistance is 2.9 measured at room temperature. In Fig. 14d, thepkasintering is
finished ¢ = 600 min). The particles in Figs. 14a, b, andrel éharacterized with the intercept
method, and the average linear intercepts are 0.83, and 1.19 um, respectively.

As the solvent evaporation continues during cres$ien sample preparation, we assume
negligible amount of remaining solvent exists iy ahthe samples shown in Figs. 14a-d.
Figures 14a and b show high similarity, where we pminly see a crowd of 200 nm - 4 um
silver particles. Figure 14c shows a cluster ofesed silver particles in the center as indicated
with the arrow, and is otherwise the same as Bijg.and b. Three instances of sintered silver
clusters made from particles smaller than 1 pmfewad in a 500 pum x 200 um cross-section
segment. The distance between neighboring clugtensd is >50 um. Figure 14d shows a

connected network of sintered silver obtained a6@0 min. The sintered network appears



denser in a cross-sectional image (Fig. 14d) thiap aiew image (Fig. 5b), where joints tend to

be covered by the particles.

3.5. Open pan DSC

Figures 15a and b show the ramping and isotheregahents of an open pan DSC study of the
SSP, respectively. There was no air flow in theeexpent. The temperature profile is set to
ramp at 10 °C/min from room temperature to 175&& hold at 175 °C for 10 h. The data after
350 min at 175 °C has no obvious peaks, and isimmin. The noise due to temperature profile
change is shown in light green color.

One endothermic peak of -33.7 mW/g is observednduramping stage at 147.7 °C, which is
possibly caused by solvent evaporation. The endwoibeheat flow for solvent evaporation
typically increases with temperature, and decreaseshe remaining solvent becomes less,
resulting in an endothermic peak. Two exothermiakgeof 9.9, and 20.2 mW/g are observed
during isothermal stage after 26.3 min and 10718 ail75 °C, respectively, which are possibly
caused by capping agent degradation, and silveersig, respectively. The capping agent
degradation may involve oxidation or even combumsfi2y-29].

The sample mass before and after the DSC testOa8eaPd 18.8 mg, respectively, as measured
using a Sartorius CP124S analytical balance, whaha resolution of 0.1 mg, and a range of

120 g. The mass loss is 9.6 %.

4. Discussion

This section discusses the observations and giwessilpe explanations. Figure 16 shows a

proposed correlation between the resistance sarhthe sintering process.



4.1. Solvent evaporation and capping degradation

Initially, due to the existence of solvent and dagpagent, it is difficult for free electrons to
move between silver particles, leading to high galtiR,. The resistance is dominated by ions in
the solvent. Both organic chemicals shown in Tdbdee polar molecules, and dissolve free ions,
including CI, K*, and N4 [24].

The main event in the early stage of the sintepiragess is solvent evaporation [30]. According
to the DSC study shown in Fig. 15a, the solventpexaion peak temperature is 147.7 °C.
During solvent evaporation we observe resistanceredeent and a subsequent resistance
increment from theR-t curve as shown in Fig. 8a. The resistance decremedue to the
temperature rise as ion mobility increases withperature [31]. The subsequent resistance
increment is caused by the solution amount decrechento solvent evaporation. At and above
T, the solvent has evaporated, leading to the i@ormeég immobile, which is equivalent to
losing the electrical conduction property, caugimgresistance to increase strongly.

Betweent; andt,, the remaining conducting ions are too few to dbuate to the sample
conductivity. The high resistance values of 10-30 &e dominated by the insulating property
of the capping agent [7].

The capping agent degradation mainly starts afikest evaporation [32, 33], which is around
t;. The capping agent degradation gradually makedatimeation of conductive path easier [7].
The resistance drop &t is possibly caused by the formation of the firshauctive path. The
steady resistance drop betwegandts is possibly caused by further degradation of ygping
agent and the formation of more conductive paths.

According to the DSC study shown in Fig. 15b, tlping agent degradation peak time is

26.3 min at 175 °C, which approximatgg27.1 min in oven). The heat generated from cappin



degradation may add to the triggering of Ag simgatts.

4.2. Silver sintering

The Ag sintering starts betweénandts, according to the observation of the first sintiefey
particle clusters observed in Fig. 14c. Withoutgag agent, bare Ag particles are readily joined
together [33]. The driving forc&u is the chemical potential difference between tioena on the
surface and in the bulk, given by [34]:
where Q=1.7x10°° m® is the volume per atom in the solid silver bulkc@ding to its lattice
structure;y is the surface tension, theoretically 890 niJ88] and independent of particle size
for down to 4-atom clusters [36-38] for solid silvand R; and R, are the principal radii of
curvature of the surface. For a spherical partitie;+1/R, and thusAu are the same along the
surface. For a flake, B{+1/R, and thusAu are largest on the edge. The thinner the flake, th
higherAgu.

TheAu drives surface atoms to diffuse to the bulk, sudace with lower value of B{+1/R,.
In a mixture of Ag particles, such diffusion casuk in particle joining or particle shape
change [33], typically reducing the total surfacesa

In the case of particle joining, the atoms o jbining surfaces become bulk atoms, and thus
theAu is reduced for these atoms. Since the joiningasad become bulk on both sides, the total
surface area is reduced by approximately twicgdimeng area. In the case of particle shape
change, a flake may change into a few small sphEmesexample, for a 4 um diameter and
100 nm thick round-edged disc (see label E in Fidp), theAx is 3.1x10°* J on the edge, the
volume is 1.3 prfy and the total surface area is 27.1°passuming the round-edge radius is half
of the disc thickness. If it breaks into four ideat spheres, assuming no total volume change,

theAu is 7.1x107 J on the surface, the radius is 0.43 um, andotlaésurface area is 9.1 @m



As a result, the maximum atomig: is reduced by 77.1 %, and the total surface areaduced
by 66.4 %.

Afterts, the resistance drop is mainly caused by furthgesiitering and particle size growth
in the sintered percolation network. Growth of sretl particles is observed in this work from
comparing the cluster in Fig. 14c and the netwarkig. 14d. A larger size particle typically has
lower average atomiu because of the smaller surface area to volume aatl a smaller
1/Ri+1/R; value on the surface. For example, if four radi4s8 pm spheres merge to form one
large sphere without volume change, the total seréaea change from 9.1 fitn 5.8 pm,
reducing by 36 %, and the surfate changes from 7.1x18 J to 4.5x16° J, reducing by 37 %.
Assuming the number of surface atoms is proportitmthe surface area, the averdgeis thus

reduced by 60 %.
5. Conclusions

Real time resistance monitoring technology is depedl to study the process of silver sintering.
The characteristid?-t relationship is obtained for the example SSP stlidiThe resistance
change is explained with the physical and metalbatgevolution of the SSP during the sintering
process, with the help of DSC and existing knowéetty SSP sintering. Essential mechanisms
are detected with resistance signals, includingesul evaporation, capping agent degradation,
and formation of first sintered clusters.

The resistance monitoring technology could be tedte process control with a real time
feedback loop during the sintering process, ana fas gaining knowledge and development of
new SSP materials. For example, the resistancetanmg technology can help optimize the
composition including the solvent, capping agemnaiparticles and micro-particles, and the

sintering parameters, to achieve minimized finaistance. MoreoverR-t signals for nano



particle Ag paste sintering process can be stuaii@icompared with the mixed paste sintering

process, which is composed of Ag nano and micrdighes. Ultimately, the resistance

monitoring technology may help overcome some ctirael/or future challenges in electronics

packaging industry, such as increasing power dgensit
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Table 1. SSP ingredients [22]

Chemical name wt.%
silver flakes and spheres balance
2-(2-butoxyethoxy)ethyl acetate (capping agentimgpipoint 245 °C, flash point 102 °C) 1-5
1,1'-oxydipropan-2-ol (solvent, boiling point 232@, flash point 138 °C) 1-5

Table 2. Dispensing parameters

Tip inner diameter [mm] Speed [mm/s] Pressure [psi]

0.33 4 15

Table 3. Characteristic valuesin sintering (average and standard deviation)

] c sample size

log (RY/1Q) 7.3 0.5 222

t;, [min] 15.1 0.6 63

T, [°C] 133.8 5.5 63

t, [min] 30.4 35 83

T, [°C] 168.8 1.2 83

t; [min] 36.1 5.6 214

T3 [°C] 170.7 1.2 214

R [MmQ] 054 025 148




Silver sintering process is studied with real time resistance monitoring method.
A large range between >10GQ and < 1mQ in the sintering process is recorded.
Special events on R-t signals are identified, including solvent vaporization.
Nano-link cluster formation is observed for the first time in cross sections.
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Figure 1. A top view optical image of the ceramic packagenwiite as dispensed SSP.
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Figure 2. SSP resistance measurement scheme
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Figure 3. Matlab program flow chart of an example monitoripgpcess during silver
sintering [25].
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Figure 4. Connection scheme for resistance measurement ir2-(@ye, and (b) 4-wire
modes, respectively. CH numbers identify switchékiwthe equipment.
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Figure 5. Top view microscopic images of (a) as dispensed, $®Psintered SSP, both
taken with environmental scanning electron micrpsc¢ESEM, Watlab at University of
Waterloo).
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Figure 7. Typical R-t andT-t curves during the SSP sintering.
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error, with 182 samples.
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Figure 11. FE model geometry (uniftim), outline of SSP after sintering taken from HEg.
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Figure 12. Resistance calculation with FE model (side viewhereV is the difference
between the two surface average potentials.
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Figure 13.  RyemVs. SSP conductivity from FE model.



Figure 14.  Typical cross-sectional images from samples inpted (a) betweeti + 4.7 min
andt; + 6.1 min, (b) betweety andt, + 5 min, (c) at about, during the sintering process,
and from (d) a sample after sintering is finishad.images are taken with environmental
scanning electron microscope (ESEM, Watlab at Usityeof Waterloo).
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Figure 15. Heat flow vs. (a) temperature during ramping stigen room temperature to
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