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Precision Measurement and Mapping
of Die-Attach Thermal Resistance

Katsuo Kurabayashi and Kenneth E. Goodson

Abstract—The thermal resistance of the attachment between a conductivity data do not account for the change in volume
die and its carrier contributes strongly to the total temperature  fraction that can occur during the attachment process. For
rise in an electronic system. The die attach resistance often differs 1, aca reasons precise measurements of the die-attach thermal

substantially from the value predicted using the bulk thermal ist ded t ¢ te th | simulati
conductivity of the attachment material because of partial voiding '€S!Stance are needed 10 support accurate thermal simulations

and delamination. These defects can be introduced during the Of electronic packages.

attachment process or during subsequent exposure to humidity or ~ There have been several important studies on thermal con-

%empere_lturle ﬂUCtuat!OnshTh'S njahnuscrlpt d%Vg_'Ops a tﬁcﬁn'quﬁ duction through die-carrier interfaces. Pfannschmidt [3] stud-

or precisely measuring the spatially-averaged die-attach thermal ; T ; -

resistance and for mapping spatial variations of the resistance 'ed. the t.hermal resistance in die attachments of va}rylng quality

in the plane of the die. The spatially-averaged resistance mea- YSINg d!Ode thermometers_ and Steady'_State heating. The ther—

surements use transient electrical heating and thermometry at mal resistance data were interpreted with the help of scanning

frequencies up to 1 kHz to achieve a value of the uncertainty near acoustic microscopy (SAM), which imaged local voids and
—6 2 ioh i ial i isti . . . .

107" m*K/W, which is a substantial improvement over existing regions of incomplete contact in the plane of the die. The

steady-state methods. Spatial variations are captured using scan- . . .
ning laser-reflectance thermometry and a deconvolution method data were particularly sensitive to defects directly between

detailed here. The data in this manuscript show the impact of the diode temperature sensors. Beyfessl [4] used pho-
the adhesive material, the adhesive thickness, and the attachmenttothermal microscopy to observe variations in the local thermal
pressure on the thermal resistance, as well as the spatial variation resistance for a silicon chip, which was partially bonded on a
of the resistance resulting from incomplete contact. sapphire substrate such that an air gap remained over a fraction
Index Terms—Die attachment, die-attach adhesives, electri- of the interface area. The air-gap thickness was altered using a
cal resistance thermometry, packaging design, photothermal re- pjezoelectric actuator and measured using laser interferometry.
flectance thermometry, thermal resistance. Beyfusset al. [4] measured the phase shift of the photothermal
data for the silicon die temperature as a function of the air
|. INTRODUCTION gap thickness, which allowed the thermal resistance resulting
from the gap thickness to be qualitatively determined. Both of

HERMAL conduction in an electronic system is strong| wudi ided litative inf i bout the i ¢
impeded by the thermal resistance at the die—carr?é}esesu Ies provided qualitative information about the impac

attachment. This resistance causes a large temperature ris@ iﬁglammaﬂo(jnf on ihehtherm?rI] rteS|stqnc|e. However,btr:ﬁrti
transistors and interconnects and leads to a shorter chip lifgmains a needforatechnique that precisely measures bo €

time [1]. The growing dimensions of chips used in electroni atially-averaged thermal resistance and its variations within

systems are increasing the problems of voiding and partF e plane of the die. Such a technigue is needed to assess the

delamination in the attachment [2]. These defects augmd&i2lity of new attachment materials and procedures and would
the die-attach thermal resistance and make the packaging MEY data that could be directly imported into finite-element
reliable. The die-attach thermal resistance depends strongfjiuiations of packages. _ ,
on the materials used for adhesion and the temperature history '€ Present work develops an experimental technique that
experienced by the electronic assembly, as well as the manfets these demands. The measurement approach uses:
in which adhesive is applied. Bulk data for the thermal 1) frequency-domain electrical heating/thermometry;
properties of adhesive materials are usually not appropriate fo) scanning photothermal imaging.
predicting the die-attach thermal resistance because they doTisé¢ technique 1) is used to extract the spatially-averaged
account for voiding, partial delamination, and stoichiometridie-attach thermal resistance from the temperature-rise re-
changes that occur during the processing and lifetime gonse at the die surface during transient heating. The tech-
an attachment. For polymer attachments that are filled witique 2) yields photothermal images showing variations in the
metal particles, such as silver-filled epoxy, the bulk therma@mperature-rise magnitude due to spatial variations in the die
attach thermal resistance. In contrast to previous photothermal
S M’c_lnusgript reéeived /I:ugust 1, 1998. ghiscwork W%SS%JnggEd g)/gg%udies, the present work uses the data for the spatially-
4g:rl'r’1 lc(:jofgcgcct)tf)rNas;aa’gsear%rﬁc;rgﬂgg IT]r\]/eiiiga?Q:raAscard, and thealr\]lation r}eraged die-attach thermal resistance to extract quantitative
Science Foundation CAREER Award. This paper was recommended #alues of thermal resistance variation from the images. Data
publicatict)n by Associate Editor M. Tirumala upon evaluation of the reviewergre reported for a variety of dielectric attachments and are
Co'rlphmeee;]ufﬁors are with Stanford University, Stanford, CA 94305 USA. compared with x-ray images, which provide information about
Publisher Item Identifier S 1070-9886(98)07999-2. the mechanical quality of the attachment.
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Fig. 3. Geometry and boundary condition used for the thermal modeling.
The materials 1 and 2 are tkd» O3 carrier and the silicon die, respectively.
The calculation usetl; = 20 W/mK; ks = 100 W/mK;1 =5 x 10~ m?/s

and 2= 5 x 107°m?/s

HEATING LINE

AC INPUT . . . .
resistanceR, is the time-averaged value for the heating

Fig. 1. Thermometry structure patterned on the silicon die. Thgne which is very nearly equal to its electrical resistance at

four-point-contact technique is used for measuring the electrical resstarﬁ;l d d h Th

change of the thermometry line with temperature. e time-averaged temperature during the measurement. The
electrical resistance of the narrow bridge fluctuates in response
to the heating and is measured using the lock-in amplifier and

2f Component a steady-state bias current of 1 mA, which yields a current
Propotional to density of 8x 10 A m~2. The lock-in amplifier provides the
FUNCTION GENERATORI CURRENT SOURCE Tour and Phase : : :

amplitude and phase of the temperature fluctuations, which are

@ used together with the analysis provided later in this section

V.., to extract the spatially-averaged die-carrier thermal resistance.

| SAMPLE - *| LOCK-IN AMPLIFIER The primary benefit of using a transient approach results

L uEATING §THERMOMETRY A from the fact that the volume of interrogated material can

LINE LINE | be confined to the die and a portion of the carrier, such

: || o that the boundary conditions for the carrier exert negligible

} [FREQUENCY DOUBLERl influence. These boundary conditions, which are difficult to
! L X predict and reproduce, strongly influence the temperature rises
| - = | measured in a steady-state experiment. Although steady-state
\ Reference Signal _ 1 measurements can compensate for this difficulty through the

Fig. 2. Experimental setup for the spatially-averaged die-attach thernjhlﬁe of a second thermometer in the carrier, the unknown
resistance measurement using the die in Fig. 1. boundary conditions continue to influence both thermometry
signals and the measurement uncertainty. The maximum extent
of heat penetration for the present study occurs at 10 Hz,
Il. MEASUREMENT OF THESPATIALLY -AVERAGED for which the Fourier number defined using the silicon die
DIE-ATTACH THERMAL RESISTANCE thickness and the heating period is much larger than unity.

This measurement uses periodic electrical heating and thelpwever, the penetration depth in the carrier for 10 Hz is
mometry in metal lines on the die surface at frequenci@@OUt 0.7 mm, which is less than the half of the total carrier
between 10 and 1000 Hz to measure thermal resistance atttigkness. This means that the boundary condition at the
interfaces of the silicon die and the carrier. A layer of silicoRottom surface of the carrier does not influence the temperature
dioxide is thermally grown on the silicon die, and gold bridgegmplitude and phase data at the top surface of the die. When
are patterned onto the oxide layer using photolithograpHiie heating frequency is near 200 Hz, the penetration depth
y|e|d|ng the structures shown in F|g 1. A |arge penoduj’] the silicon is comparable with the silicon die thickness of
current sustained in the wide bridge heats the die surface &9 pm.
the narrow bridge, which carries a low current and inducesFig. 3 shows the geometry and the boundary conditions used
negligible Joule heating, is used for simultaneous electric®r simulating thermal conduction in the sample structure. The
resistance thermometry. The die is attached to an aluminugides of the simulation domain are modeled as adiabatic to
oxide carrier using one of several different adhesives af@scribe the spatial periodicity of the heating. Although the
attachment pressures, which are discussed in greater detalt§ating is volumetric within the metal, it is well approximated
this section. Fig. 2 shows the configuration of the apparat@§ @ heat flux boundary condition at the top surface of the
used for this measurement. The periodic curdeat frequency Silicon die when:

f in the heating line yields transient heating at the frequencyl) the heat capacity of metal is negligible compared to that
2f, which is well approximated by? = I>R,. The electrical of the heated domain within the die and carrier;
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2) lateral spreading of heat in the oxide layer between tleenduction equations are

line and the die is negligible; oT RT. 2T
3) lateral spreading of heat in the metal is negligible. et = LS L
ot dz?  Oy?

Condition 1) is satisfied at even the highest frequencies used 5 5
in the present work, since the volume heated in the silicon @ :a2<ﬂ + 9 T2> )
is much larger than the volume of the metal. Condition 2) is ot Ox? v

satisfied because the ratio of the width of the heating bridgeggq the boundary conditions are

larger than the thickness of the silicon dioxide by more than

1)

three orders of magnitude. Condition 3) is satisfied because 911 _ Ty _ o _ 9Ty
the lateral thermal healing length in the metal, which describes 97 |,y 0% |, 0% |, o7 0T |,_ip.
the length over which lateral conduction spreads the generated =0 3
heat, is approximately two orders of magnitude smaller than 73|, _, =0 (4)
the total width of the metal bridge. T, T,

Heat transfer from the top surface of the die to the ambierft s =k D02 (5)
air is neglected. This is justified by the large value of the die- u=h v =0 oI

2

to-carrier thermal conductance compared to the die-to-ambient 73|, o =11|,, =4, + Rink2 —— (6)

thermal conductance accounting for natural convection and 92 y2=0
radiation. By considering the maximum extent of heat peny. aT, — (2, t) = {q{)’ cos (wt) (—w<z<w)
etration and assuming one-dimensional heat conduction in dyz|{,,_,, ’ 0 (z < —w,z>w)

the carrier, a lower bound for the die-to-carrier conductance (7)

is estimated to beG ~ Ay/(Lecarrier/Ecarrier + Ri,) =

1.1 x 100 WK™, where 4; = 10~* m? is the total WhereT;, «;,k;, gy are temperature, thermal diffusivity, ther-
die surface arekea e = 20 W K—1 m~1 is the thermal Mal conductivity in materiaf, and the amplitude of the heat
conductivity of the carrier materiallcaice = 0.7 mm is flux density at the die-surface, respectively. The resistance,

the maximum heat penetration depth in the carrier at 10 Hs IS _that at the interface, which is the parameter to be
R% =9 x 10-* m? K W is the upper bound for the die_determmed by the measurement. The thickness of material

th — P . ) . . . . .
attach thermal resistance measured in this study. The therfnar, 9'Ven by d;. The periodic heating applied to the die
conductance contributed by the air convection at the t%%

surface is given by (7). For the present study, materials 1
o ) . 2 are aluminum oxide (alumina) and silicon, respectively.
surface of the die is estimated based on a numerical study. ( ) P y

i ) . 14 ing Ti(z, ys, t) = Ti(z, yi, w)e™t and solvingT;(z, i, w)
natura[ convection above a unlform!y heated horlzontal plaﬂeom (1)~(7), one can determine the amplitude of the surface
[5]. Using room-temperature properties and the die geometrigs,nerature rise and its phase shift with respect to the heating

yields the Rayleigh numbeRa;, = 9/3(Tm—T0)_L*3/Va% = rate as a function of the heating angular frequency; 4r f.
85, wherey is the acceleration due to gravit{,,, = 363 The solutions}(z,y;,w) are

K is the largest temperature at the top surface of the die
during the measuremeniy = 293 K is room temperature,
and s ~ 2/(1y + T,,) is the approximate thermal expansion
coefficient of the air,L* is the characteristic lateral length (8)
of the die, which is given byL.* = A,4/P, where P is the R 00 nr

perimeter of the total die surface area, is the kinematic = 7:(z,y2,w) = Zcos <L—x> [By(w) cosh (Qz,(w)y2)
viscosity of the air, anda, is the thermal diffusivity of =0 ¥

the air. The average Nusselt numbaty, is approximately + Cp(w) sinh (Qan(w)y2)] ©)
2 for Ray = 85 [5], which yields a conductance due to
natural convectiorG = Nuk, Ag/L* = 2.1 x 1073 W K1, where

where k, is the thermal conductivity of the air at room 4 (y) = ¢/ STk2Qan(w) cosh (Qn (w) dy)
temperature. The thermal conductance due to radiation is on

Tile ) = 32 Autmyeos (o) sinh Q)

Z

the order of G = 4e0T{ A, where ¢ is the emissivity,o X_[{tanh (Qun(w) dl)+lel"(w)Rt}‘}_l
is the Stefan—Boltzmann constant, addis the area of the -sinh (Q2n (W) da) + cosh (Qan(w)d2)]| ™ (10)
emitting surface. Using = 1 for an upper bound and = 4,  Bn(w) =[tanh (Q1n(w)d1) + Ruki Qun(w)]
yields G = 2.7 x 10°*W K~! at room temperature. The -cosh (Qrndy) Ap(w) (11)
conductances from the top surface of the die due to natural k1Q1n(w)
convection and radiation are both much smaller than that for () = kaQan(w) cosh (Qun(w)dh) An(w) (12)
conduction into the carrier. w (n = 0)
The dimensions2L, = 1.25 mm and2w = 1 mm, are L,

i i i Sn=19 2 nITw (13)
respectively the center-to-center distance between the adjacent £ din < ) (n>0)
heating stripes and the heating-line width. The governing heat nm ©
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in the silicon is smaller than its thickness. At these frequencies,
the temperature amplitude and phase are determined only
by the thermal properties of the silicon die. In contrast, the
predictions differ strongly for frequencies lower than 200
Hz, and it is by means of comparison at these frequencies
that the attachment thermal resistance data can be extracted.
Figs. 4 and 5 also illustrate this comparison for the case of
an epoxy attachment that is not filled with silver particles.
The experimental data and the calculated curve are in good
agreement except for the phase data at high frequency as seen

Data, Un-Ag Filled Thermoplastic
Film Adhesive

R, =5x10" (m’KW)

---- R, = 10 (m’KW)

0.08[

0.06 == R, = 10" m’Kw)

TEMPERATUER RISE AMPLITUDE (K/W)

0.041 ; S Rl et S ] in Fig. 5. This is caused by the fact that the thermal diffusion
[ P e : ] length is on the order of the spacing between the heating
0.0z o - ] and thermometry bridges and the thermometry line width for
i S e frequencies higher than 500 Hz. In this case, the cross section
%o 100 T 4000 of the thermometry line cannot be modeled as a point because
FREQUENCY (Hz) the phase-shift variation across the line becomes significant.

The deviation of the calculation at the high frequency is
fss clear for the case of the amplitude responses in Fig. 4,
considering the measurement uncertainty. A theoretical phase-
shift prediction accounting for the line width can be calculated
by integrating (9) to obtain a spatially-averaged solution over
P T _ the thermometry line and using this solution in (17). At the
SRS RAr R U R B frequencies lower than 200 Hz, this prediction yields less than
=i j ‘ P ] 0.5% relative difference from to the prediction that ignores the
P b b N ] line width, which supports the conclusion that the finite bridge
P 1 A S o width can be neglected below 200 Hz.

Fig. 4. Amplitude of thermometer temperature rise signal as a function
heating rate frequency.

75

-80

-85

sof ol S e N\ The phase-shift data at low frequencies help reduce the
S R ———— T\ . experimental uncertainty in the determination of the attach-
95 i Film Adhesive N . ment resistance. The phase-shift response is most sensitive to

R =5x10" (m’K/W)| R
7 S110” (i) thermal resistances between—f0and 103 m?K/W, values

that span the range of resistances of typical polymer-based
adhesives. The experimental uncertainty is governed by the
‘ . : L B phase resolution of the lock-in amplifier, which is about 0.01

100 ’ - 1000 degrees and yields a relative uncertainty for the resistance

----- R, =5x10°* (m’K/W)

TEMPERATURE-RISE PHASE (Degree)
WITH RESPECT TO HEATING RATE

-100 _ —— Rm=10'5(m2KIW) t

-105

FREQUENCY (Hz) measurement that is always less than 2%. The geometrical
Fig. 5. Phase shift of thermometer temperature rise signal as a functiona@proximations and the thermal properties for the silicon die
heating rate frequency. and the alumina carrier used for the heat conduction model
incur no more than 2% relative error. This yields a total relative
nr\2  iw uncertainty, determined using the sum-of-squares technique
Qin(w) = <—> +— (14) [6], of less than 3%.
La} ]

It is useful to contrast this value of the uncertainty with

n the value obtained using a conventional steady-state tech-
Qan(w) = <L_> +—. (15) nique. For the case of a simple one-dimensional steady-state
* measurement, the thermal resistance of the attachment is

The amplitudes (w), and the phase shif;, of the surface Tie — Towier  dy o

temperature rise at the thermometry point are determined using Ry, = — 7 h h (18)
- 0
Ta(w) = [Bo(wm, da, )] (16) whereZ ;. and7....;. are the temperatures at the top surface
and of the die and at the bottom surface of the carrier, respectively.
Im (Tz(xm da, w)) The heat flux is given by, d;, and k; are the thickness
tan (¢) = — (17) and thermal conductivity of the die, anty and k, are the

Re (T2(2m, d2, w)) thickness and thermal conductivity of the carrier. Because
wherez,, is the measurement position of the thermometry linmost thermometers, including thermocouples and electrical-
when the middle of the heating stripe is takenzas 0. resistance thermometers, are most precise for measurements
Figs. 4 and 5 show the predicted amplitude and phase dafdemperature changes, the major problem with this approach
for the sample structure for varying values of the attachmestthat it is often difficult to ensure that the difference between
thermal resistance. At high frequencies above 300 Hz, thake temperature rises of the die and carrier is large compared
curves become identical because the thermal penetration deptthe temperature rise in the carrier. If this is not the case, the
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TABLE |
SPATIALLY -AVERAGED THERMAL RESISTANCE VALUES MEASURED USING FREQUENCY-DOMAIN ELECTRICAL HEATING AND THERMOMETRY
DIE ATTACH ADHESIVE PROCESS DIE-ATTACH THERMAL VOID FRACTION
RESISTANCE
R x10* (m?KW 1)
Ag-Filled Thermosetting Standard Process, cured 3.1+ 0.09 <1%
Epoxy #1 (complete attach) @180°C
Ag-Filled Thermosetting Standard Process, cured 8.9+ 0.98 35%
Epoxy #2 (incomplete attach) @180°C
Unfilled Thermoplastic Film Standard Pressure 6.8+ 0.62 <1%
(8 psi)y@180°C
Ag-Filled Thermoplastic Standard Pressure 2.5+ 0.08 <1%
Film # 1 (8 psi)y@180°C
Ag-Filled Thermoplastic Standard Pressure 6.4+ 0.51 20%
Film # 2 (8 psi)@180°C, reworked
Ag-Filled Thermoplastic Low Pressure< 2 psi) 5.24 0.36 <1%
Film # 3 @180°C

experimenter is faced with the difficulty of having to take thand the thermal conductivity of the adhesive layer. For the
difference of two relatively large numbers in the numerator dfiermoplastic adhesives used for the samples of lines 3 and
the first term on the right of (18), a problem that dramaticall§ of Table I, data provided by the vendor [9] indicate that
augments the experimental uncertainty. Another problem witthe materials and process used for the samples in lines 3 and
the steady-state measurement is that the time required to re4adf Table |, respectively, form thicknesses of approximately
steady conditions can be quite large, due to the large volume/&f and 125;m and that the thermal conductivities of the
material that must be heated and the relatively large resistamaaterials are on the order of 0.3 and 3.0 W'n™!, re-
for heat removal to the environment. spectively. Thus, the lower bound of the resistance isx.5
Table | provides the die-attach thermal resistances extrac* m* K W1 for line 3 and 4.2x 10-> m*K W ! for line
for several different samples using the technique developédThe measured values are substantially larger, in particular
here, as well as the void fraction values for the attachmédigf the case of the silver-filled epoxy. This difference results
estimated from X-ray images. The values of the resistanf@m uncertainty in the thickness and thermal conductivity
vary strongly depending on the attachment process and ffethe adhesive, as well as the impedance at the interfaces.
adhesive material. The results of lines 1 and 2 in the tapf¢hile more research is needed to determine which of these
show that the technique measures the increase of the therff@blems is most important, the data clearly show that the
resistance due to the existence of voids at the die-attdé$f Of resistance values based on information provided by the
interface when the samples are prepared using the same adg@dor companies yield to large errors in the die boundary
sive material. The thermoplastic polymer adhesive promisgandition.
to yield a more uniform attachment than that provided by
thermosetting materials for a given set of processing conditions 1ll. PHOTOTHERMAL INTERFACE MICROSCOPY (PIM)

[7], [8]. The data in lines 1 and 4 of the table show that wile the electrical heating and thermometry discussed in
the thermoplastic adhesive yields a lower die-attach resistarggetion 11 offers exceptional precision in die-attach resistance
than the thermosetting adhesive when no voids are presgpgasurements, it does not provide information about the
This difference may result either from a difference in thgpatial variation of the resistance in the plane of the die. The
intrinsic thermal conductivities of the materials or from thgycal resistance may vary by orders of magnitude within a
possibility that the thermosetting material formed a thickejingle die attachment due to voids and partial delamination.
layer. The results for the samples of lines 3 and 4 show that thgese variations yield local hotspots on the die surface,
silver-filled adhesive yields a smaller thermal resistance th@mich limit the reliability of the chip. While it is possible
the unfilled material when the die attachments are fabricatgfl spatially map attachment nonhomogeneity by means of
using the same conditions. Table | also provides in line fonthermal methods, such as x-ray and acoustic imaging,
data for a sample with incomplete contact, resulting frofhese techniques provide no quantitative information about the
several voids that occurred during reworking. The data in lingtachment thermal resistance. The industrial community needs
6 indicate the impact of pressure on the thermal resistangemethod that can provide attachment thermal resistance values
which is a relevant parameter because it influences both fae direct application in finite-element analysis.
quality of the contact between the adhesive and the carrier ando measure the spatial variation of the thermal resistance,
the die, as well as the thickness of the adhesive. we augment the electrical method described in Section Il
A lower bound for the die-attach thermal resistani@g, with photothermal interface microscopy (PIM), which is a
can be estimated by assuming that the volume resistanedibrated and quantitative extension of more conventional
of the adhesive dominates and that the adhesive thermhbtothermal imaging [10]. Fig. 6 shows a schematic of the
conductivity is well approximated by the bulk value. Based oexperimental facility used for the PIM. While the electrical line
this assumption, the die-attach resistance is giveithy = experiences heating, as in Section I, the sample is scanned
doa/kaq, Whered,y and k.4 are, respectively, the thicknessheneath the focus of a diode laser at 640 nm with a spot
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Detected Signal, 2f
« "

/

DIODE LASER
(640 nm)

PHOTO-DETECTOR

. AMPLIFJER v
Reference Signal
to Heating Pattern, f. LOCK-N AMPLIFIER
= = 1 (10 Hz - 1 kHz)

X

i Signal of Surface t

| Control Signal to Temperature :

l‘< X-Y Stage e Amplitude and Phasev
Fig. 6. Apparatus for photothermal interface microscopy (PIM).
size near 50 micrometers. The sample surface heating is Temperature-Rise
modulated atf = 10 Hz in the photothermal scanning. Based ‘bution of Profile at (m, n)
on the calculation in Section Il, this modulation frequency is ﬁ::ttlrr"g"a't"(',”;) Contribution of
chosen such that the surface temperature responses are most Heating at (i. j)

sensitive to the local die-attach thermal resistance. Since the

surface reflectivity of the sample depends on temperature,

the amplitude and phase of local temperature fluctuations can

be extracted from the photodetector signal using the lock-in

amplifier. The signals for the local temperature fluctuations

are calibrated by requiring that the spatial average of these I »

signals is identical with the temperature amplitude measured Die Surface

by means of electrical resistance thermometry in the thermom-

etry bridge described in Section II. The relative uncertainty ‘ig. 7. Geometry used for extracting the local die-attach thermal resistance.
. ) . . e data extraction uses the principle of superposition and assumes that the

the temperature ampl{tUde‘. measurement results pr[ma“'y fr%—surface heating is composed of multiple heat sources.

uncertainty in the calibration of the thermometry line and is

approximately 8 percent.

As the first step of the local thermal resistance extraction . R

process, the die-surface is divided into square area elements, 23:_;;":: :;zii(:y-State Periodic

as shown in Fig. 7, whose side length is the same as that of N 9

the scanning step, 0.5 mm. The interpretation of the PIM data L’},

: . . ) ! z=0
is complicated by the nonuniformity of the heat generation -
rate on the top surface of the chip. For this reason, the local - - _
heating rate at the die-surface is evaluated using data ta z=d

at the relatively high frequency of = 1.6 kHz. The thermal Silicon Layer vz
penetration depth at that frequency within the silicon is smallgr Thermal Interface
than the scanning step size, 0.5 mm, which indicates that Resistance, R,
the data provide a measure of the intensity of local heating.
The thermal penetration depth at 1.6 kHzp = 0.25 mm,

is also less than the silicon die thickness, which indicates
that the thermal resistance is n,Ot significantly influencing tm?g. 8. Schematic representation of the local surface heating model. The
signal. The purpose of these high-frequency measurementgial dimension is infinite.

therefore to map out the spatial variations of heating intensity

at the die surface.

The temperature rise at the po(ml’.”)’ATm" is affected where F, is a solution to the heat equation that describes
by .the heatlng rates Qf the surrounding points as well as tl?ﬁg impact of the heating rate at the po{it;), ¢, on the
of its own point and is given by temperature rise at the poifitz, n). The parameteﬁm(m,n)
is the local thermal interfacial resistance at the pdint n).

ATn = ZFa(Ian — 7|, Bn(m,n))gi;  (19)  To derive F,, the heat conduction from the local heating at

2% the die-surface is modeled as shown in Fig. 8. This model

Bottom Temperature, T, = 0
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assume§: NEBii i 2K
1) uniform heat-flux source at each surface measurement —-ﬂlm- |

point has a circular disk shape whose radius is the same
as Lp;

2) temperature is uniform in the carrier;

3) lateral dimension of the chip is infinite;

4) radiative and convective heat losses at the die surface
can be neglected.

The governing equation is

S EEEE =EEESE T R

9I(r, 2, 1) = s V2T (r, 2,1). (20)
ot ."'I'T"ITETITT"!{_
The boundary conditions are
@
or o afcos(wt) (0<r<rs)
iy | == {4 s e LT
(21) e ==

arT 1 =
_ksi oy T = — T 22 -

57|, = e =T (22) s

where k,; = ko, = as,ds; = do,7s = Lp is the heat
source radius, arfl, = 0 is the temperature of the chip carrier.

Ll |
The temperature-rise amplitude, is obtained in the frequency a5 | -I'! ' t
domain using a Hankel transform [11] - Ir . e
3 T :—
T(r, z,w) : et — —_—
— / Do [a(A, Ran)e=* + (A, Run)e™] I
0

(23) (b)
Fig. 9. X-ray images of die attachments with varying uniformity: (a) com-
where plete attachment and (b) incomplete attachment. The dark portion in (a) shows
excess thermosetting adhesive around the die sides. The dark spots in (b) are
local contacts of the die made using the adhesive.

- kv sinh (~vd,;) + cosh (vdg; 24
i Zﬂ (ZS ) - (rdsi)] ; @4 rates of heatingg;;. These values;; and the local values for
b\, Ry) = [ ok } (Rinksiy — D)em 7 /[Ruksi  the temperature-rise amplltudATmn, which is taken from
s " the calibrated low-frequency PIM data, are inserted into (19).
~ysinh (ydy;) + cosh (vdi)] (25)  Finally, (19) is numerically solved with respect Ryn(m,n)
A2 4 tw ' (26) for each of the 20x 20 locations on the surface grid. The
si thermal resistance data are extracted using this procedure are

In the above equations and J. . are Bessel functions of then recorded as a function of position on the die surface.
d 0 L Figs. 9 and 10 show x-ray and PIM images of two die

the first kind of orders 1 and 2 andis the argument for the attachments of varying quality. Part (a) of each figure shows

integral in (?3)' whose d|men3|on 8- 1. data for a high-quality complete attachment, while (b) shows
The function Fu(r, fu,) is data for an attachment that is intentionally made incomplete
Tr, 2 = 0,w) through the use of insufficient epoxy. Figs. 9(a) and 10(a) do

Fo(r,Ry,) = | ———— not show any distinct local contrast for the entire attachment
o area. The darker regions in Fig. 9(b) represent local adhesive

o contacts in a relatively poor attachment. The PIM images are
/0 dAMJo(Ar)[a(A, Bw) +b(A, Rl taken for a die-surface area of about 20L.0 mn?, excluding

(27) the portions uncovered with the heating metal line. The data on

the intermediate surface points are extracted by interpolating

Secondly, the PIM data at 1.6 kHz are examined to detehose at the surrounding measurement points. This evaluation
mine the average surface-heat-flux density...1/A4, where data process may fail to detect a highly localized variation

FPiot21 and A, are the total power applied to the heating line oof the thermal resistance beneath these intermediate points.
the die surface and the surface area of the die, respectively. Wibile the x-ray and PIM images for the case of complete

data taken at 1.6 kHz are then examined to determine the locahtact are uniform, the images for the incomplete case show
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(MKW
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9E-4 — 0.00105
75E-4 — 94
6E-4 — 7564
45E-4 — 6E4
P 3E-4 - 45E4
BB 1564 — 3E4
o - 1564

(mm)

(MKW

0.00105 - 0.00120
9E-4 - 0.00105
7564 — 9E4
6E-4 — 7.5E4

tion of direct relevance for finite-element modeling. The
uncertainty in the data is exceptionally low because of the
comparison of predictions with data over a broad frequency
range, and because of the restriction of the heated region
to several hundreds of micrometers into the chip carrier.
The technology demonstrates the dimensions of attachment
imperfections which yield significant temperature variations
at the die surface and can be used to provide guidelines for
attachment procedures. Because the techniques developed here
are nondestructive and noncontact, they are especially well
suited for measuring the evolution of the die-attach thermal
resistance when the attachment is subjected to repeated heat-
or moisture-induced stress. This possibility is a target of
ongoing research, which aims to interrogate thermal resistance
changes induced by thermal cycling and moisture-induced
volume expansion of the attachment. When combined with
scanning acoustic microscopy (SAM), the thermal resistance
measurement technology described here will facilitate quanti-
tative studies of the relationship of interfacial flaw dimensions
and local thermal resistances, particularly if thin die samples
can be employed.
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Fig. 10. Photothermal interface microscopy images of die attachments in
Fig. 9: (a) complete attachment and (b) incomplete attachment.
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