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Abstract

No-flow underfill is an alternative material technology for packaging high-speed flip-chip assemblies in microelectronics industry. In this stud
the thermal expansion behavior of a cured no-flow underfill material was examined by thermomechanical analysis (TMA), and the dynan
mechanical behavior was investigated by dynamic mechanical analysis (DMA) at a fixed frequency of 1 Hz. In addition, because the no-fl
underfill material is polymer-based and its mechanical properties are influenced by both temperature and time, it is important to consider
viscoelastic behavior. This was accomplished by conducting the time—temperature superposition (TTS) experiments using DMA. From the T
results, master curves were constructed for both the stordpar(@ the loss moduli (B as a function of frequency at a pre-selected reference
temperature. The shift factors along the frequency axis were also determined as a function of temperature, and they can be fitted using
Williams—Landel-Ferry (WLF) equation. Based on the master curveg fandE”, one can obtain the relaxation modul&$z,7), as a function
of time and temperature. The measured thermomechanical and viscoelastic properties of the no-flow underfill material provided crucial mate
properties for accurately modeling the package stress.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction is typically (10-20)x 10-6K~1 within the plane and more
than 20x 10K~ perpendicular to the plane direction. CTE
Flip-chip technology was invented by IBM over 30 years agomismatch-induced thermal stress can cause significant shear
as an interconnect technology to package CPU chips for higbtrain on solder joints during temperature cycling, resulting
performance computefs]. In this technology, the active area in solder fatigue and crack growth, causing premature failure
of the silicon chip surface is mounted facing toward the printecbf the device[4]. In order to redistribute and reduce ther-
circuit board (substrate) by a variety of interconnect material$nal stresses on the solder joints, underfill materials are com-
and method§2]. In a flip-chip package, an underfill encapsulant monly used to fill the gap between the chip and the substrate
is used to fill the gap between the silicon chip and the substratg 6].
to improve the solder joint reliability. The traditional underfilling process can be described briefly
A major concern for the flip-chip packaging technology as follows: after the silicon chip is attached to the substrate
is the thermal stress induced by the mismatch of the coeffithrough a solder reflow process, liquid underfill material, which
cients of thermal expansion (CTE) between the silicon chigs normally an epoxy-based material with silica filler, is dis-
and the substrat¢3]. For example, the room temperature pensed along one or more sides around the perimeter of the
CTE of silicon is~2.5x 10"°K~%, and for the substrate, it chip, and it flows by capillary force to fill the gap between the
silicon chip and the substrate. Finally, the underfill material is
¥ presented at the 33rd NATAS Conference. Universal City, CA, USA cured and becomes harden_ed._ The cured underfill redistributes
September 19-21, 2005, in a special Honorary éession dedicatéd to’Profes’%’flc_kage stresses a”‘_j (_:an S|gn|f|_cantly r_educe t_he Stres_s cqncen-
John K. Gillham for his many contributions to the study of thermoset materialsfration on the solder joints, thus improving device service life.
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With the continuous increase in microprocessor speed and% - L — -
functionality and the decrease in device size, the integration of 7 & I RREE=.
the underfill with the silicon die and the assembly processes has
become acritical challenge for capillary-flow underfill materials. W; Tﬁ At To e =o(Te-Th), o(Te) =eE(Ta)
As a result, traditional capillary-flow underfill materials may no 7 RSN, (or an elastic material
longer be able FO meet the assemt_)ly and I‘e'llablllty requ'rememﬁlg. 1. For an elastic bar constrained at both ends and is in a stress-free state
As an alternative, no-flow underfill materials have become an temperatura, the resulting thermal stress at another temperafipigiie to
attractive packaging solution. the temperature changed§l,) = ¢E(T>), where the strain =« AT is caused by

No-flow underfill technology for flip-chip applications was thermal expansion or contraction. However, for aviscoelastic mate(7a) will
initially proposed by Wong et al. to combine the soldering ancplso depend on the rate of the temperature change and the time durafton at
underfill curing into a single reflow procegs-12]. In this tech-
nology, the no-flow underfill material, which can produce theWhich depends only om, AT, and material’s Young's modulus
fluxing agent by itself, is dispensed on the substrate before reflo@t 2. If the material is viscoelastic, this approach is clearly inap-
process. This is followed by chip placement and alignment, solPropriate, since stress relaxation in the material can greatly affect
der reflow, and then underfill cufe,13]. its stress state d@b, especially ifl is close to the glass transition

The big advantage of no-flow underfill technology over thetémperature of the material. The induced thermal stress in a vis-
conventional capillary-flow underfillis that the reflow and under-coelastic material will not only depend erand£(7?), but also
filling are combined into one process, so that after soldering an@ its glass transition temperaturg, the rate of temperature
before the flip-chip package is cooled down to room temperachange froni’; to Tz, and the time spent dp.
ture, the underfill material is already in place to reduce stress Based on the above consideration, the time-temperature
concentration on the solder joints. superposition (TTS) principle was used to evaluate the viscoelas-

In the past, the investigations into no-flow underfill technol-tic properties of the cured no-flow underfill, since understanding
ogy have been mainly academic studies with low solder bumHS viscoelastic properties, which are both time and temperature
and 1/0 applications. In many cases the underfill material wagependent, allows one to model the package stress develop-
unfilled [10-12] with typical chemical ingredients including Mentmore accurately. This is achieved by conducting dynamic
epoxy resin, anhydride hardener, catalyst, and fluxing ager]mechanical measurements at multiple oscillation frequencies
Unfilled underfill represents a big challenge for CPU applica-and over a wide range of isothermal temperatures. Based on the
tions since its CTE is high, in the range of (60-80)06K~1.  TTSspectra, master curves for both the storage and the loss mod-
From areliability point of view, high underfill CTE is not desired Uli can be constructed with respect to a reference temperature
because it leads to high thermal stresses in the package. Hy shifting each individual isothermal curve along the frequency
reduce the CTE of no-flow underfill, silica fillers are added,aXis. From this process, the shift factor as a function of temper-
but this creates new challengdg]. ature can also be obtained. The master curves can be used to

Because of the large mismatch in CTE between Si and othdlescribe the viscoelastic behavior of the no-flow underfill over a
packaging materials, including the underfill, significant thermawide frequency or time range not accessible on the experimen-
stress can be induced in the package upon cooling from thi@l time scale. Master curves at a different reference temperature
assembly temperature. Therefore, the thermomechanical prop&@n also be generated using the shift factor corresponding to that
ties of a cured no-flow underfill, including its thermal expansiont€émperature. These results allow a more realistic modeling of the
and dynamic mechanical behavior, have a major impact oRackage stresses and prediction of reliability performance.
package stress. In this work, thermal analysis techniques were
applied to characterize the properties of a no-flow underfill can2. Experimental
didate. The focus was on thermomechanical properties of the
cured material, including its CTEy, and mechanical modu- 2.1. Material
lus, because they are the most critical factors modulating the
package stresses. No-flow underfill material was provided by the material sup-

Since underfill materials are polymer-based and they arglier. It contains hardeners, silica filler, coupling agent, flux-
viscoelastic in nature, a pure elastic approach to estimate tHgg agent, and other additives. The uncured underfill contains
thermal stress induced by temperature change is no longer appr@pproximately 50 wt.% of silica filler according to thermogravi-
priate. A simple example is illustrated Fig. 1, in which we = metric analysis. The uncured material was stored #48°C
consider a pure elastic bar constrained at both ends at terfreezer and was thawed for an appropriate amount of time
peratureTy. At this temperature, the sample is not under anybefore use. For TMA and DMA experiments, the material was
compressive or tensile stress, and it has an equilibrium ldngth cured according to the thermal profile suggested by the material
Next, the temperature is changedrtg which can be higher or  supplier.
lower thanT;. Since both ends of the bar are constrained, there-
fore, atT», the sample will experience a compressive or tensile.2. CTE measurement
straine, which is caused by thermal expansion or contraction:
e=a(To—-T1) =aAT, wherex is the CTE of the material. The The CTE of cured underfill material was determined using a
resulting stress df, in the elastic bar is thea(72) = ¢E(T>), Perkin-Elmer TMA-7 system. For sample preparation, approx-

AN

At Ty, 6 = O (stress-free temperature)
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imately 15 cc of the material was dispensed into an aluminumespect to an arbitrarily selected reference temperature along
pan with a diameter of 43 mm. The material was cured afT0 the frequency axis. A small vertical shift was also necessary for
for 1h and at 165C for an additional 10 min in a nitrogen- constructing the master curves.
purged oven. This two-stage cure profile was designed so that
during the first stage of the cure (1850 for 1h), the fluxing 2.3.3. Smress relaxation
agent is activated. Meanwhile, at that temperature, the gelation Stress relaxation experiments were also performed at@00
of the material occurs slowly. This provides enough time for theusing a TA Instruments Q800 DMA under tensile mode. After
fluxing agent to interact with and clean the solder. The secontbading the specimen at room temperature, the sample was
stage (165C for 10 min) is used to further enhance the degreeheated to 100C inside the DMA furnace and stabilized at that
of cure of the underfill. DSC analysis on cured sample revealetemperature for 10 min. Then, a constant straire@f 0.1%
no detectable exothermic signal, indicating that the material isvas applied to the sample. The resulting stee@swas moni-
fully cured. tored for 30 min. The relaxation modul&$) = o(f)/¢, can then

TMA specimens with dimensions of approximately be obtained from the stress relaxation experiments and com-
7mm x4 mm x4 mm were cut from the cured block, and TMA pared with the results calculated based on the TTS experimental
experiments were conducted along the length direction. Duringesults.
the TMA measurement, a small static loading force of 10 mN
was used to minimize the sample deformation. In a typical TMA3, Results and discussion
experiment, two heating scans were used: the specimen was first
heated from room temperature to 15 at 10°C/min, then it 3. 7. Thermal expansion behavior
was cooled at 10C/min to —50°C; after reaching tempera-
ture equilibrium at-50°C, the sample was heated to 2%D Fig. 2 plots the relative increase in sample length and the
at 10°C/min. The first heating scan was designed to reduce oCTE as a function of temperature. It is clear from the TMA
eliminate the cure stress in the specimen while the CTE and thgata that below 80C, CTE has a weak linear dependence on
Tqofthe material were measured during the second heating scag@mperature. When the temperature reached abotE 8the

CTE value increased rapidly, indicating the beginning of the

2.3. DMA glass transition. At the same time, the relative sample length
vs. temperature curve started to develop an inflection point,
2.3.1. Temperature ramp experiments at a single frequency which can be taken &&y. Based on this curve, thE; of this

Dynamic mechanical properties of the cured material werenaterial was determined to be 9Z. Between 0 and 5(C,
determined betweer80 and 200C by using a Rheometrics the average CTE () was calculated to be36.4x 1076 K~1;
DMTA 3e operated under rectangular tension mode. DMTApetween 150 and 20, the CTE (¢) was ~137.5¢< 10 6 K1,
specimens were cut from the cured block, as described abovRepeated measurements confirmed that the resutis fnd7
The effective sample length was kept at 22 mm, and the typicadre very consistent, although showed somewhat larger varia-
sample width was 2.2mm, with a thickness of about 0.9 mmtjon (128-140x 10-8 K1), which is not well understood yet.
During the DMTA experiment, the dynamic frequentwas
kept at 1Hz; strain control mode was used, with a dynamic; > pynamic mechanical properties
strain of 0.02%; and the static force tracked the dynamic force

and was kept at 115% of the dynamic force. The heating rate Fig. 3plots the storage modulus/jEthe loss modulus (8,

was 5°C/min. and the loss tangent (tdhas a function of temperature. At room
2.3.2. TTS experiments 4
TTS experiments were performed using a TA Instruments e 16x10

Q800 DMA, operated under tensile mode. The frequency %% . & 7| 1-4x10
sweep/temperature step method was used. During the experi- 11.2x10+

ment, the sample temperature was increased stepwise from 3C  0.015f 1100104 S

to 150°C, with a step of 5C. At each isothermal temperature, ° ' m

the frequencywas scanned over three decades between 0.05and=s o010} -18.0x108 é

50 Hz with a total of 18 discrete frequencies, which were: 0.05, =

{6.0x10°5
0.07,0.1,0.2,0.3,05,0.7,1,15, 2, 3,5, 7, 10, 15, 20, 30, and
. 0.005 {4.0x105
50 Hz. These frequencies were chosen so that they were approx-
imately equally spaced on the logarithmic scale. At frequencies g 42.0x10%
higher than 50 Hz, the measured signal becomes noisy or unsta- ~ **%g 0 850 100 150 200
ble atT>150°C, where the mechanical strength of the sample Temperature (°C)

decreases significantly. The dynamic strain was kept at 0.04%

. . Fig. 2. Relative increase in sample length (Ad)/and CTE of a cured no-flow
0
and the static force was kept as 125% of the dynamlc forceunderfill material as a function of temperatukg.is the initial sample length at

From the measured spectra of the moduli, the master curves Werp-c. The heating rate was"&/min. These curves were obtained from the
constructed by shifting the isothermal curves horizontally withsecond heating scan.
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1.0 (WLF) equation16,17]:

_ CA(T — To)
Co+ (T —To)’

whereC; andCs are constantdy, is the reference temperature,
which is often taken as the glass transition temperaiyein
this equation, logt is positive wher?' < T, and negative when
: T>To.
' “%ﬁ Jo.2 At low temperatures, the relaxation process is slow and
requires longer time for experimental observation; at high tem-
0.0 peratures, it is fast and takes a shorter time for experimental
10° L L L L L measurement. Therefore, the TTS principle assumes that chang-
-50 0 50 100 150 200 . . .
Temperature (°C) ingthe experlmental temperature hasthe same effectas chapgmg
the relaxation time. Using the TTS experimental results, it is
Fig. 3. Dynamic mechanical properties of a cured no-flow underfill material apossible to construct a master curve at an arbitrary reference
a function of temperature #t 1 Hz. temperature which extends the mechanical measurements (mod-
ulus, compliance, etc.) beyond the range of laboratory scale in

temperature, the storage modulus was about 6.5 GPa. When tRither the time or the frequency domain. This is important for
temperature increased t97°C, E' started to decrease rather accurately modellng the package stress becauee it allows one
rapidly, indicating the glass transition. The glass transition rang& consider the time-dependence of the mechanical response of
determined from th&’ curve is very similar to that determined the u_nderflll material. For example, one of the reliability tests
from the TMA results (AL/E versusT). When the temperature "€duires that all assembled devices be cycled betwddnand

reached~119°C, tans attained a peak value, and this tempera-135oc' with a duration time of 15min at each end. Thue, not
ture can also be taken as thigof the cured underfil. only does one need to know the modulus of the underfill as a

function of temperature ata single frequency, butitis also critical
to understand the effect of time at these temperature limits.
Fig. 4 shows the results from a representative TTS exper-

H "/ /! H H
Both the CTE and the modulus values of the no-flow under-'mem' whereE', E”, and tars obtained during the frequency

fill material are important for predicting the package stresse%’weep measurement were plotted as a function of isothermal
induced by the CTE mismatch among different assembly mate;—r? gs:;ztsu{g'h'?shf;??sr?]nzgs:gazg‘zxthgc%gss transition region
rials. An additional important consideration is the viscoelastic Fig. 5is the 9I'TS pIochowing,the freF:quency./ dependence of
nature of th lymer- nderfill material, i.e. it under ) . .

ature of the polymer-based unde aterial, i.e. it unde goeaqe storage modulus at different isothermal temperatures. Based

mechanical relaxation which depends on both time and tem- =~~~ _ .
, o e this figure, a modulus curve determined at a pre-selected ref-
perature. When modeling the package stress, it is necessary 1o

rence temperature (e.g. 100) can be extended to a lower

consider the mechanical relaxation behavioroftheunderfiII.Th(?er nev ranae by shifting the higher temperature modul
viscoelastic behavior of the underfill can be analyzed using thg cduUency range by s g the higher temperature moduius

TTS principle, which is based on the empirical observation thaf!"ves to the left along the frequency axis, and vice versa. Thus,
! . . : a master curve can be constructed for that reference temperature
the viscoelastic behavior of polymer materials at temper&igire

can be related to that at another temperafubg changing the over an extended frequency range.
experimental time or frequency scqlb-17]:

(2)

logar =

Modulus (Pa)

—_
(=]
O

T L

3.3. Time—temperature superposition

10000 g~ T T T T T T T T T H' T
E ) 50 Hz i
E(1, To) = E(att, T), 1) fE Y 1.0
or 1000 r dos
T b
w S I i
E(w,To)=E ( T) , or E(atw, To) = E(w, T) (1a) < 100f — 108 5
aTt =] F " it i TR
| 3 - RV Joa =
whereE can be the relaxation modulus, the storage modulus,or 2 1og s §r(§§3m
DR A S ,\n“\

the loss rrllodulus.t, is time,c'o(= 2n) is the angylar frequency, Al §“\::\\tn K%\
and logaT is a horizontal shift factor along the time or frequency R
axis (when plotted on the logarithmic scale). The physical f -mmmmmmeee

meaning of Eq(la)is cI_ear: the modulus determined at temper— T PN RENEYT:
atureT and frequencw is equivalent to the modulus determined Temperature (°C)

at a reference temperatufg and at a shifted frequenayrw.

) W
% v e
[ =

_.
T
)
S
&

Generally speaking, for many polymer materials withirr60  Fi9: 4. Storage modulus (floss modulus (E), and loss tangent (tacurves
obtained from a TTS measurement carried out under tensile geometry using

of the glass trans_ltlon temperature, the_ _Shlﬁ facmm}ﬁg\’as frequency sweep/temperature step mode. The frequency spans from 0.05 to
found to approximately follow the Williams—Landell-Ferry sonz.
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Fig. 5. Frequency dependence of the storage modulus of a cured no-flow under-
fill at different isothermal temperatures. Fig. 7. Horizontal shift factor (logt) vs. temperature for a reference tempera-
ture of T, =100°C. The WLF equation can fit the shift factors quite well.

3.4. Master curves and shift factors at these temperatures for a given experimental time scale can be
taken into consideration in predicting the package stresses.
Based on the results presentedHig. 5, the master curves  Fig 7plots logar as a function of temperature for a reference
for the storage and loss moduli, and the loss tangent, were COfsmperature of, = 100°C. Within the experimental tempera-
structed wi'Fh rfaspect to_a reference temperatu® ef100°C, e range, the WLF equation given in E&) can be used to
as shown inFig. 6. This reference temperature was chosen;t the shift factor data rather well, as shownfiig. 7. The fit-
because it is close to thg determined in TMA experiments. ting parameters ai€; = 37.99 and’, = 200.27 (C or K). These
Based onthe DMA results shownfig. 3, atf= 1 Hz,E'starts  regylts deviate from the typical “universal” values@f= 17.44
to decrease rather rapidly when the temperature approachggqc, = 51.60[16,17]whenTy is selected as the reference tem-
97°C. Thus, atTp= 100C_’_C, the material is expected to go perature. In factC; andC, do vary from polymer to polymer,
through the glass transition wh¢approaches 1Hz abar  egpecially forC,, where large deviation from the “universal”
(noteaioo-c = 1) approaches 2rad/s, which is indeed the case yjue has been observed in many polymer systems, and it is
agcordlng tdrig. 6. In fact, based on the master_cur\(es shown inyften attributed to specific character of the polymer sygtsh
Fig. 6, whenwar >20rad/s, the no-flow underfill still behaves | addition, values of'; andC, depend strongly on the choice
very much like a glassy solid without a significant reduction in ¢ To: a small variation irf, can cause large deviation from the
E'. Indeed, aat =20rad/s, Eis about 3.1 GPa. On the other «niversal” valueg19]
4 ] T . I
hand, atwar <10™"rad/s, th/e cured no-flow underfill behaves | the superposition ofindividual isothermal curves, itis often
like a rubbery material witlt” decreases to below SOMPa.  necessary to incorporate a small vertical shift faetpf15]:
Master curves can be generated with respect to various ref-
erence temperatures once the shift factors are known. Once thdato, To) = av E(w, T), 3)

master curves are obtained, the mechanical relaxation bEhaViWhereav relates to the change of material density at the exper-
imental temperaturerig. 8 plots the vertical shift factors as

O A a function of temperature obtained during the superposition
; process affp, = 100°C. Based on the molecular theory of vis-
o coelasticity, Ferry et a[16] suggested that a small vertical shift
10% factor should be incorporated in the TTS procEgs17]:
©
r T VT,
GE; 102 o av:Po o _ o’ (4)
2 | > oT — VoT
% 101 wherep, and p are material density at, andT, respectively;
= . Vo andV are volume af, andT, respectively. In Eq4), T and
1o°; T, are in Kelvin. For an isotropic materialy can be calculated
' using the thermal expansion results from TMA experiments:
-1 L 1 1 1 1 1 L 1
1010_g 10_5 10.1 103 107 1011 1015 1019 1023 ay = LTo. (4a)
war (rad/s) LoT

Fig. 6. Master curves generated by shifting the storagettie loss (£) moduli, The calculated and experimentally determined vertical shift fac-

and the loss tangent curves using the TTS principle with respect to a referend®'S Were plotted together iRig. 8. It can be seen that the
temperature of 100C. calculated values were in excellent agreement with the ones
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' ' T T Tt orar =1.618x 104, as well as a small vertical shift factor of
010 " Experimentally determined - ay =0.9491. The result is the thick solid line which forms a low

5 —— Calculated frequency portion of the master curvefagt= 100°C. After shift-

s ing the data obtained at 12Q with respect td,, we are able to

S 005F T extend the lowest frequency to 8<110-8 Hz, while the original

g experiment was performed at a lowest frequency of 0.05 Hz.

o

[T

% 0.00 7 3.5. Relaxation modulus

.‘é T, = 100°C . In the actual process of modeling package stresses using a

= -005[ G\'“a 1 finite element analysis technique, it is often necessary to know
L . o] the relaxation modulus in the time domain based on the master
20 40 60 80 100 120 140 160 curves obtained in the frequency domain. This is because given

Fig. 8. Experimentally determined and calculated vertical shift factors for

T, =100°C.

Temperature (°C)

the relaxation modulus and the history of the applied strain, the

stress can be determined[&5,20]:

0e(7)
at

o(t) = /_t E(t—1) dr. (5)

obtained experimentally through the TTS procedure. It is inter- ) ) )
esting to note that althougly is a function of the sample length 1" EQ. (5), £ is the relaxation modulus and is also called the
L, the plot ofay versusT showed no signature @§, as revealed stress relaxation modulusjs the strain, and is the stress. In
in Fig. 8. This can be explained by a close examination of thé Stress relaxation experiment, a constant strairy, is applied
TMA results presented iRig. 2. Based on the TMA data, across N the beginning of the test, then at timafter thato andE are
the entire glass transition region, which occurs approximatelyimply related by20]:
between 77 and 111, the sample length increases by less tharb(t) — eoE (). (6)
0.3%. Onthe other hand, the increase in the absolute temperature
is more than 9%. Therefore, the effect of the change in samplerom an oscillatory DMA experiment, one can obtain the real
length onay is masked and over-compensated by the increasand theimaginary part of the complex modulEige) andE” (w).
in temperature, and tt, effect onay becomes undetectable. Then, the relaxation modulus can be expressed in teriigof

In Fig. 9, a portion of the master curve for the storage modulu@ndE” (w) [20,21]:

E atT,=100°C was plotted as a function of shifted frequency

) . : Y 2 [ F(w) .
atf together with the experimental data determined from indi-E(r) = — / sinwt do, @)
vidual isothermal measurement. As expected, the master curve 0 @
lies on top of the isothermal data obtainedZat 100°C. To  and
demonstrate the TTS principle, the data obtained at C2®as 2 [® E'w)
shifted horizontally by applying a shift factor of lag =—3.791  £() = — /o ——Coswt do. (8)

Several approximated equations can be used to estif{gte

O T e e The one proposed by Schwarzl and Struik is giveridiy22]:

_ —o— ;gg E(1.25) = E'(w) — 0.5303E'(0.5282w)
© —m—80°
S o ggg —0.021E(0.085w) + 0.042E"(6.37), 9)
iﬁ 1000 :c: 1328 E wherew = 1/t = 2xf, E' andE” were the master curves determined
K] [ —v—110°0 in the frequency domain, as shownkhig. 6.
ﬁ :;:1;32 Another expression df(r) was suggested by Ninomiya and
g —8—125°C Ferry[23,24]:
S # - 130°C
@ ool e | E(f) = E'(0) — 0.4E"(0.4w) + 0.014E" (10w). (10)

; —T;oﬂérfm:a ] The calculated relaxation modulus fBr= 100°C using Eq(9)

T AT IR RTTT T BNt

was plotted inFig. 10(a). FromFig. 10(a), we can see that

whent>4000 s,E(r) becomes essentially a constant, which is
0.05+ 0.01 GPa, which is the equilibrium or relaxed modulus
Fig. 9. Demonstration of the TTS principle: a portion of the master curve forgt this temperature. IRig. 10(a), the relaxation modulus data

E"atTo=100°C (thin solid line) plotted as a function ofi/, together with  o5cy|ated using Eq10) were also plotted, and they agree very
the raw experimental data obtained at various isothermal temperatures (same as

Fig. 5). Thick solid line represents tt# curve at 120C after a horizontal shift well with the results obtained using E@) .
(a1 =1.618x 10~* or logat = —3.791) and a small vertical shift (&= 0.9491 Another approach to construct the master curveH@) in
or logay =—0.02268). the time domain is to conduct stress relaxation experiments at

PRI BRI ERRTIT BT MRt ud_1 1 il
10® - 102 10°

Frequency (Hz)
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T e From 'Eq‘_ '(g') (ISE:r{wlarlzli&ISIirLillc}l ] In Fig. 10(b), the.relaxation modulus data obtained from the
. o From Eq. (10) (Ninomiya and Ferry) | DMA stres_s relaxation experiments were plott_ed together with
From Stress Relaxation TTS the relaxation modulus calculated using £, which was based

on the TTS approach. Not surprisingly, only a small portion of
i the calculated spectrum can be obtained experimentally. The
experimentally obtained relaxation modulus data, which were
from two independent measurements on two different samples,
7 showed fairly good agreement with the calculated results. The
discrepancy between the experimental data and the calculated
results atr <20s may be caused by a small variation in the
isothermal temperature, becauseTat 100°C, both E(r) and
E'(w) are highly sensitive to temperature.
o The obtained relaxation modulus, together with the obtained

-8 1013 10% 102 102 107 shift factors, are crucial for incorporating the viscoelastic behav-
(a) Time (sec) ior of the no-flow underfill in modeling the package stresses.

When this is done, one can consider the effects of the temper-

3 . . . . . ature variation and the time scale involved in such temperature
change on package thermal stresses.

TTS principle is a powerful technique for investigation relax-
ation behavior over awide time or frequency range not attainable
in an experimental time scale. Not only has it been widely used
to study the mechanical behavior of many polymers, it has also
been used recently to study the mechanical relaxations of bulk
amorphous alloyg26].

Finally, we would like to point out that the TTS principle
is usually true for thermorheologically simple materials. TTS
may not hold if the dominant relaxation processrélaxation)
is interfered by an additional minor relaxation (glaxation).
TTS violation has been observed in other cases, for example, for
! ! ! I I non-polymeric viscous liquids in the very high viscosity regime,

107 10° 10 10° 10* TTS often breaks dowf27]. From the DMA results presented

(o) Time (sec) in Fig. 3, the cured no-flow underfill material showed no sign
Fig. 10. (a) Relaxation modulus determined using(@y(solid circles) plotted ~ Of secondary relaxation in the temperature range of the TTS
in the time domain foff, = 100°C. Open diamonds are the relaxation modulus measurement (i.e., 30-150). Subsequent analysis of experi-
Ca';?'at?d “Si”? eql_o)-gfgnt”aﬁg'es are thz m":‘s(‘jerc(‘j”"e CF)”?‘”I‘iCqulbaseﬁwental data suggests that TTS principle is obeyed between at
?2"5] aensdrfbs)ssrilijxii:gzs: D s dotarmi eg;"i%’gfciﬂfrf mogeast 30-150C. In this temperature range, the horizontal shift
the oscillatory DMA TTS experiments (calculated using @)). Opentriangles ~ factor data can be fitted to the WLF equation. Above 16t

and open squares: relaxation modulus determined from two independent streStarts to deviate from the WLF equation.
relaxation experiments performed at T@using DMA.

Relaxation Modulus (GPa)
'S
T

. e (1) from DMA TTS [Eq. (9)]
M A Experimental 1
o 8 o Experimental 2 4

Relaxation Modulus (GPa)

4. Conclusions
various isothermal temperatures. At each temperature, the stress
relaxation modulug' is measured as a function of time. Amas-  In this work, thermomechanical and viscoelastic properties
ter curve forE(r) in the time domain can be constructed by of a cured no-flow underfill material for flip-chip applications
shifting each isothermal curve Bfversus with respectto aref- were characterized. TMA results showed that the cured sample
erence temperature, using the same TTS principle. Such stregees through a glass transition near’@7 The average CTE
relaxation TTS experiments have been performed using an MTBetween 0 and 50C was about 36.4 10-%K~1; between 150
machine under uniaxial tensile mof##5]. The obtained master and 200°C, it was 137.5< 10K ~1.
curve, as shown ifrig. 10(a), was in good agreement with the  DMA experiments conducted gt=1Hz revealed that at
one constructed through the oscillatory DMA TTS experimentsroom temperature, the storage modulus of the cured material
As revealed irFig. 10(a), it seems that on a similar experimen-was about 6.5 GPa, which is typical for an underfill containing
tal time scale, the master curve obtained using the oscillatorgbout 50 wt.% filler. The taficurve developed a single peak at
DMA TTS results spans a wider range in the time domain thari18.6°C. At 150°C, E’ decreased te-46 MPa.
the one constructed from the stress relaxation TTS experiments. DMA time—temperature superposition experiment was con-
On the other hand, the advantage of using the stress relaxatiolucted between 30 and 150 with the frequency scanned
TTS approach is that the master curve ffr) can be obtained between 0.05 and 50 Hz. Based on the TTS data, master curves
directly by shifting the experimental data in the time domain,with a frequency span of 31 decades were constructed'for
without going through the conversion process. andE” at a reference temperature of 1@ The horizontal



134 Y. He / Thermochimica Acta 439 (2005) 127—134

and the vertical shift factors were determined based on the TT$7] C.P. Wong, S.H. Shi, No-flow underfill of epoxy resin, anhydride, fluxing
results. The master curve for the relaxation modulus at’ €00 agent, and surfactant, U.S. Patent, 6,180, 696, January 30, 2001.
was also determined from the TTS data, and the results are iff! €-P- Wong, S.H. Shi, G. Jefferson, High performance no-flow underfills
. . for low-cost flip-chip applications, in: Proceedings of the 47th IEEE
go_Od agre?mem Wlth the data obtglned from the stress relax- Electronic Components and Technology Conference (ECTC), 1997, pp.
ation experiments. With the WLF shift factors, the master curves  ggg_gss.
for the relaxation modulus can be determined at other temperafg] C.P. Wong, S.H. Shi, G. Jefferson, High performance no-flow underfills
tures. The determined master curves for the relaxation modulus, for low-cost flip-chip applications: material characterization, IEEE Trans.
together with the thermal expansion behavior of the no-flow _ €omp.. Packag., Manufact. Technol. 21 (1998) 450-458.

underfill material, provided crucial material properties for mod--20 >:- Shi- C.P. Wong, Study of the fluxing agent effects on the properties
P prop of no-flow underfill materials for flip-chip applications, IEEE Trans.

eling package stresses. Comp., Packag., Manufact. Technol. 22 (1999) 141-151.
[11] S.H. Shi, C.P. Wong, Recent advances in the development of no-flow
Acknowledgements underfill encapsulants—a practical approach towards the actual manu-

facturing application, IEEE Trans. Comp., Packag., Manufact. Technol.

. 22 (1999) 331-339.
I'would like to thank Fred Cardona, Stacy Nakamura, an 12] Z.Q. Zhang, S.H. Shi, C.P. Wong, Development of no-flow underfill
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assistance during the course of this study; and Dr. Tom Miller  Comp., Packag., Manufact. Technol. 24 (2001) 59-66.
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Ibrahim Bekar and Prasanna Raghavan (a” from Intel Cor O[_14] T. Caskey, T. Chen, S. Jayaraman, V. LeBonheur, No-flow underfill
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