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Measuring Partial Thermal Resistances in a
Heat-Flow Path

Marta R. RenczMember, IEEEand Vladimir Székely

Abstract—The paper presents how to measure partial steady testingof the die attach quality during the fabrication would
state thermal resistance values in a heat flow path with the help pe rather advantageous. Since a steady $tgteneasurement
of thermal transient measurements and the subsequent numerical for in-line testing is out of question for the reason of the

evaluation. The method is based on the further evaluation of the lativel | Hi ded t h the th | stead
structure functionsof the heat flow path. After presenting the the- relatively very 1ong time needed o reac € thermal steady

oretical background of the evaluation two different practical ex- State, only transient measurements may be contemplated. In
amples are presented to demonstrate the use of the method. Thespite of the fact that most of the transient evaluations need

first example presents with a series of experiments how to use the the whole transient curve reaching the steady state, there are
method to detect die attach and/or soldering failures in packaged some evaluations, e.g., finding the dominant time constants of

devices. The second example demonstrates that the method can b‘?h truct that K h shorter ti data th
applied to measure the very smallRy;, values of thin conducting € structure, that can work on much shorteér ime data than

layers. Various practical solutions are discussed and demonstrated the entire transient. In our examinations we on one hand try
by simulations. The chances and the limits of the methodology are to find methods that can be used to determine partial thermal

discussed in details in the conclusion section. resistances, on the other hand we try to sunder the ones that
Index Terms—Die attach qualification, die attach quality, can be really fast.
interface thermal resistance, partial thermal resistance, soldering Die attach failures and soldering failures manifest as in-
failure, structure function, thermal transient evaluation, thermal creased thermal resistances between the die and the platform or
transient measurement, transient thermal testing. between the platform and the board, respectively. fthecture
functions[2] of the heat flow path offer the possibility of
|. INTRODUCTION locating either the material transitions in this path or/and the

HERMAL t ient s h b d changes in the cross sectional area of the heat flow. In the
I ransient measurements have been use §9ucture functionghe locations  axis) are characterized by

qualify the thermal behavior of packages for more that'l'%eir thermal resistance values measured from the chip, the

20 years [1]. In these m.e"".S“Feme”t.S we lnvestlgat_e hg}éyrtical axis shows a value that is characteristic to another heat
the temperature of the chip is increasing in the function

the ti f itchi tant the chi Th‘ﬁow property of the heat structure, either to the cross sectional
€ ime after switching a constant power-on e Chip. "higey or 1o theCy;, at the location. Any of these values may

temperatu_re—time function is characte_ristic o the ggometri% used to identify physical locations in the heat flow path. If
and material structure of the surroundings of the chip, that {¥e identified the locations from the values measured on the

to the heatl ﬂ%\'\{ path. of the jtrIUCt?:ﬁ.’ al}]nd ti\l’aluat'?hn ;f t5' rtical axis finding the partial thermal resistances between the
curve maylead to various modeis ot this heat flow pa 2115, entified different locations is very easy: it is their distance on
In this paper we present how can we determine small steggly, horizontalR,, axis

state thermal resistance values, that are otherwise very difficu fhe methodology can be used also for testing purposes. If we

to measure by using thermal transient measurements ango?npare the structure function of a measured device with that of

subsequent evaluation. a known good device the location and the value of the increased

Tthefattach E’:ulures artebve(;y tda?g(;arboustpackagmg prOble'B%rtial thermal resistance may be easily determined. The known
€y trequently can not be detected by S andayd Measure- 50d device does not even have to exist it can be produced also
ments, but the increased thermal resistance between the die gn imulation

the platform may result in locally increased temperatures an he method is applicable also to measure interface thermal

fr:/entuallyl/ n s_tehrlg_us :tellahb!llty p;obl_ems. In Iorder_ tohdete%sistances or very smdh,;, values. There are various methods
€ Samples with di€ attach impertections early enoughie experimented today to measure interface thermal resistances. A
very good critical summary of these is given in the paper of
Bosch and Lasance [6]. None of these methods were designed
Manuscript received February 2, 2002; revised March 27, 2002. This wdpowever to distinguish the p_art"?“ thermal resistances along a
was supported in part by the PROFIT KIST-1999-12529 Project of the EU, aheat flow path. Our suggestion is that, to measure very small
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evaluation of the reviewers’ comments. _ call this mounting the fixture. Comparing the structure function
The authors are with the Department of Electron Devices, Budapqﬂ the sandwich structure, Containing the unknown thermal re-
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rencz@computer.org). sistance, with the structure function of the fixture itself the un-
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Ri
Fig. 1. Cumulative structure function and the related Cauer equivalent circuit.

structure functiorat the location of the unknown thermal resis-
tance in the structure gives the thermal resistance to be mea-
sured.

In the rest of the paper first we present the theoretical back-
ground of thestructure functiorevaluation of the transient re-
sults. In Section Ill. we demonstrate with experiments some
practical applications of the method: using it for testing pur-
poses, for the detection of die attach inaccuracies and soldering
failures, and using it for the measurement of small thermal re-
sistance values.

Fig. 2. Interpretation of the structure functidh,is the heat current.

[l. THEORETICAL BACKGROUND After [2] this function is referred usually shortly as tseucture

The evaluation of the measured thermal transient curves dighction Since the capacitance ofda: wide slice of a matter
livers thetime constant densityf the system [2]. Knowing the (S€€ Fig. 2) islCs = cAdz, and the resistance of this slice is
R(7) time constant density of an electrical or thermal system &tz = dz/AA, wherec is the volumetric heat capacitance,
arbitrarily well approximatingroster equivalent circuitay be 1S the thermal conductivity and is the cross s:ect[onal area of
constructed, by approximating the(r) function by infinites- the heat flow, the value of the structure function is
imally narrow boxes of the height a®(7). These determine cAdx 9
each a parallel RC pair, connected serially in the Foster chain K(Rs) = dz/AA CAA”. @

[7]. Finding theCauer equivalenof this network by textbook ] ] }

transformations we obtain a true physical equivalent of the hedtiS value is proportional to the and A material parameters,
transport in thermal systems. From this circuit we can draw @d t0 the square of the cross sectional area of the heat flow,
the so-calleccumulative structure functiomtroduced by E. N. consequently itis related to the structure of the system.
Protonotarios and O. Wing in [8]. This function gives the sum [N these functions the local peaks indicate reaching new
of the thermal capacitance: with respect to the sum of thesurface.s/matenalls in the heat fI(_)w path, and the|r distance on
thermal resistanceRs; in the thermal system, measured fronthe horizontal axis gives thg partial thermal re§|stance between
the point of excitation toward the ambient, see Fig. 1. th_ese surfaces. More _preC|ser the peaks point usually t_o the

On this monotonously increasing function each new slop@iddle of any new region where both the areas, perpendicular
represent either a new material or an increase in the cross $8dhe heat flow and the material are uniform. If we know the
tional area of the heat flow or both. If we know that the crosl @nd ¢ parameters for the used materials, the cross section

sectional area is supposed to be constant, like e.g., in a saN§a Versus distance map can be constructed for the examined

wich structure, where the layers have the same area, the platesicture [9]. _ _ _
represent materials with large,, and smallC,y, that means, A measured heating curve, the calculated cumulative and dif-

insulator materials. The widths of these plateaux give the fderential structure functions of an Intel 386 microprocessor are
lated thermal resistances. The steeply increasing intervalsPfigsented in Figs. 3-5, respectively. _ .
such structures represent better conductor material component4'S it is visible from Fig. 3, the heating curve is not offering

A material transition appears in the function usually as a chang@Sy évaluation. The cumulative structure function of Fig. 4,
in the slope of the curve. Calculated by direct transformations from the curve of Fig. 3

A descendant of the Protonotarios—Wing function isdfe provides however much more information about the heat flow
ferential structure functionintroduced in [2] asthe structure Eath of the processor structure. Tdg, values representing the
function The differential structure function is defined as thelngredients” of the structure may be well identified as steps in
derivative of the cumulative thermal capacitance with respd€ cumulative structure function.

to the cumulative thermal resistance, by The inserts in Fig. 4 show th@&;;, values calculated from the
geometrical data of the package elements.
dCs, The partial thermal resistances are easier to be read from the
K(Rs) = dRs’ @) differential structure function, see Fig. 5. On these curves peaks
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Fig. 3. Heating curve of an Intel386 microprocessor on a cold plate, measurgg. 5. Differential structure function calculated from the curve of Fig. 3.
and evaluated by T3ster [10].

The investigated module 4 mm aluminium plate

+

T
" [Whole package 11 Ws/K
: [
g A0, heneath the chip: 10x10x1.3 mm —> 0.5 Ws/K|

Water cooled cold plate
100x100x10 mm

=2 fe————[Chip_95x10x0.47 mm —» 0.0746 Ws/K |

1e-02F

Package

e-03i

Copper island

@ Solder ————x

Fig. 4. Cumulative structure function calculated from the curve of Fig. 3.

Plastic coating
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represent the new materials, and g distances of these give b.
the partial thermal resistances along the heat flow path betwe':_en6 M . + (b Shows the enlarded interest
them, e.g.R:n4. IS the thermal resistance of the die attach. Fur-9-® (&) Measurement arrangement. (b) Shows the enlarged area of interest.
ther measured examples will be presented with more details in
the next section. may have particularly high importance in the qualification of
Obviously this simple interpretation of the structure functionthe heat transfer properties of structures and materials. The first
is possible only in the case if the heat is streaming along a singleplication may be very useful in the qualification of packages,
main path. If the heat-flow follows (dominantly) a single paththe second one in the qualification of various materials used in
the derived model corresponds directly to the physical structuteermal management.
enabling the reconstruction of this structure. This model may
be used in a large part of the practical cases. If however there Detecting Die Attach and Soldering Failures
are more comparably important pa_ths of the heat flux €9, tO'To demonstrate the potential importance of the method in our
ward the top surface, toward the sides and toward the pins_ of : : ;
L . : ITSt example we present the results of an experiment, in which
the package etc. the physical interpretation of the resistance/ca- : . .
! . o e measured a series of power transistors for a European semi-
pacitance fractions becomes difficult. In case of complex, 3- : o
. . . . conductor manufacturer, in order to detect the ones with die at-
streaming the derived model has to be considered asgjaiva- . :
; - . ach or soldering failures. The sample modules were mounted
lent physical structurgroviding the same static or pulse thermaﬁ ) . )
. L . . on a copper base plate and fixed on a larger aluminum mounting
resistance as the original structure. This equivalent structure can .
; . plate, see Fig. 6, that we measured on a water cooled cold plate
not be considered however as a reconstruction of the physi & : .
structure to be modeled In‘order to assure faster transients. In case of measuring on cold
' plate 300 s was needed to reach the steady state. The measure-
ment was done by T3ster [10], with the resolution gidand
[ll. EXPERIMENTS 0.012 °C
We have experimented with various applications of the The measuredthermaltransient curves for a set of samples are

method. In this paper two such applications are presented thegsented in Fig. 7. Examining the measured transient curves we
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Fig. 7. Measured thermal transient curves of good and bad devices. Fig.9. Differential structure function of the reference device. The arrows point

to characteristic locations of the structure.
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Fig. 8. Differential structure functions of good and bad devices.
9 g Fig. 10. Comparison of the differential structure functions of C02 and C08.

The shift in peak 3 suggests soldering error.

can notice differences, but the evaluation of these curves without
any prior knowledge about the structure is rather difficult.  thermal resistance component of the transistor soldering. Be-

The evaluation of thetructure functionssee Fig. 8, that can tween points2—3 the thermal resistance of the plastic coating
be calculated from the heating curves by direct mathemati@an be read, in our case this is about 1.3 K/W. The thermal resis-
transformations is much easier.It can be noticed that there taace between the mounting plate and the cold plate determines
characteristic differences between the presented functions.tfie distance between the poildsnd4.
understand these differences let us discuss first the differentiaComparing the structure function of C02 to the reference
structure function of the device C08, the known good referenfisnction (Fig. 10) we notice that at C02 a characteristic min-
device (Fig. 9). To understand the curve see also Fig. 6. imum is visible at the right hand side of pe2kand the thermal

The left-hand side of the curve of Fig. 9 refers to the chip, thresistance to the next plateau is much (2.5 times) higher. This
right hand end to the cold plate, arr@iwshows this point. The suggests the presence of a soldering problem.
value read on the horizontal axis gives the steady state thermarhe differential structure function of the C17 device is pre-
resistance between the chip and the cold plate, it is 3.2 K/¥énted in Fig. 11.
The zigzagged beginning of the curve shows the presence ofn case of the C17 device the peaks shifted to the right
some noise, but an average = 0.1 value can be considered.with a value of 0.4 K/W and the entire rest of the curve shows
In case of silicon material this is equivalent to a 19.7 humoss  the same right shift. This means the presence of an extra thermal
sectional area, which is in fact the area of the chip. The nedsistance between the chip and the copper base plate of the
peak, designated dsrefers to the heat capacitance of the trarcase, which indicates that the chip is not attached to the platform
sistor case, determined by the dominant heat capacitance ofdpgropriately.
copper base plate of the case. The next (friakhe heat capac- It is important to note that these problems can be observed
itance of the copper island of the mounting plate, pg@kthe already on the measured transient curves. Examining the mea-
heat capacitance of the mounting plate itself. sured transient curves we can notice that the measured curves of

After locating these characteristic points, the partial thermbbth faulty devices are running above the nominal curves with
resistance values can be read from the figure. The thermal about 20-25% in the 0.1-0.2 s range of the transient measure-
sistance between the-2 points is about 0.6 K/W, this is the ments. This is a very important experience, suggesting that die
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T3Ster. difierential structure function defined peaks, referring to the middle of the two broadening of
the cylindrical copper structure, designated®sndB. It is not
visible on the figure, but we have devoted extra efforts to assure
100 good alignment for the best possible contact of the surfaces and
to assure that the pressure is evenly distributed on the contact
surfaces. This was also needed to obtain good repeatability of
the measurements. On the left-hand side of this figure a heater
transistor is fixed to the structure, serving as heat source and
temperature sensor at the same time. This transistor in connected
to a thermal transient tester that measures the heating curve,
from which the structure function is calculated.

0 ] 2 3 ) : We have verified by thermal simulation that most of the heat

Rth [KAw] propagates in fact in this structure, and the error coming from

Fig. 11. Diﬁergntial structure funCtiOﬂ_OfC17 referred to the structure functioghe heat lost outside the structure is in fact negligible.
of C08. The shift of peak 1 suggests die atach failure. The structure consists of two parts: the sample to be measured
has to be placed between the narrower faces andB.

Our first idea was that during the measurements first we mea-
sure and calculate the differential structure function of the fix-
ture itself, without any sample. This occurs with clogednd
B faces, assuring the best possible thermal contact with thermal
grease and the application of a prescribed and controlled force.
Then we place the unknown thermal resistance between the
faces, and the increased thermal resistance betweénahéB
peaks in the structure function gives the value of the unknown
thermal resistance. In this case however together with the un-
known thermal resistance we measure also the two additional
interface thermal resistances, which are though small, not zero.

To eliminate the appearance of these interface thermal resis-
Fig. 12. Fixture used to measure the thermal resistance of thin conducti@ice values in the measured results we first place a piece of
layers. copper between the faces of the fixture with its known thermal

conductivity value. What we measure in this case is the known
attach failures can be detected by short transient measuremeR{g, value of the copper, plus the thermal resistances of the two
offering the possibility of using the method even for in-linénterfacial layers, kept as low value as possible. In the second
testing. step we measure the sample of the unknown thermal resistivity,

Soldering errors of the module can be recognized from steachyntacted between the faces of the fixture the same way as the
state thermal resistance measurements as well, but such mepper material was contacted before, assuring the possible
surements are much more time consuming. We found howev@west interfacial thermal resistance. We may expect that these
that steady state thermal resistance measurements can bevalpes are more or less the same as for the case of the copper
proximated by short transient measurements. In the presentiexfore. The difference of the two measurements will give now
ample the steady state was reached in about 300 s but all tine value of the increased thermal resistance over the copper
problematic devices could be detected already with a 1-5 s tramaterial—and the effect of the interface layers is eliminated.
sient measurement. The closer is the failure to the chip itself theThe demonstrate the feasibility of the methodology the struc-

1000

K [W2s/k2]
h —
—-=

o

0.0

Sample

Heater transistor

Cold plate

shorter is the time needed to detect it. ture of Fig. 12 was simulated with SUNRED [12], [13] for two
) arrangements: first with a 1 mm thick 8 mm diameter Cu ma-
B. Measuring SmalR,;, Values terial placed in the fixture between tieandB faces, then an-

Another example for the application of the same idea is tlagher, slightly highet?;;, piece of metal. The TherModel [13],
use of the method for measuring small thermal resistance valyd4] tool was used to calculate the structure functions from the
This can be very useful e.g., if we wish to compare the therngimulated transient curves. The obtained differential structure
properties of different interface materials. functions are presented in Fig. 13.

In this measurement we exploit the fact that if we know the On this figure, the differential structure function of the fixture
geometrical structure of the heat flow path and the material pai-Fig. 12 is shown for the simulated two cases. In the first case
rameters of the subsequent regions in it, we can identify theere is a 1 mm thick copper between the faces afidB, in the
different material regions on the differential structure functiosecond case another metal of similar size but with slightly worse
from the location of the peaks. From the distances of these pettkarmal conductivity is placed between the faces of the fixture.
on the horizontal axis we may read the thermal resistance Gére parameters of the second metal are as follows: thermal con-
tween the material regions represented by these peaks [11].ductivity A = 100 W/mK, 1 mm thickness and 8 mm diameter.

On Fig. 12 we present the fixture, that was developed with theOn the horizontal axis we see the cumulative thermal resis-
goal of producing a differential structure function with two weltance values measured from the location of the dissipation (left
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T, derental suctire uncton methodology the accuracy of the measurement may be further
increased. We are currently working on the optimization of the
fixture, and we consider developing a computer program that
calculates the unknowR,;, value automatically from the mea-

sured curves.

1000 £

100+

IV. CONCLUSION

K [Wa2siKa]

From the presented examples we see that the structure func-
tion evaluation of the measured thermal transient results is a
very useful method in the measurement of interfacial thermal
( - resistance values. In the thermal qualification of packages it can
15 2 be used to detect die attach failures or soldering failures. We

have obtained good results in detecting the failures, but with the
Fig. 13. Differential structure function of the heat flow path of the structurdr@wback that the structure function evaluation needs complete
of Fig. 12.A andB refer to the appropriate regions of the fixture. TBeB'  transient curves, that means curves that reach the steady state.
displaceme_nt on the horizontal axis gives the value o_f the inserted unkno%nsequenﬂy, the speed of the structure function evaluation is
thermal resistance over the knov#y,, value, measured first. . A .
not enough to assure applicability in in-line testing.

) _ _ _ ~ We have noticed however, that the characteristic time con-
hand side) toward the ambient (right-hand side). On the verticghnts of the structure show significant differences in case of
axis theK value is proportional to the square of the cross segye gjfferent die attach failures, which suggests that there might
tional area of the heat flow path at the respective location, sgg gyfficient to determine only some of the shortest time con-
(2). On the curve of the differential structure function we mayiants to say something with confidence about die attach fail-
identify the peaks that we have expectédandB refer to the ;res. These may be determined after a much shorter time (a few

middle of the appropriate broadenings of the copper fixture. TRgconds) than the whole transient time, that is needed to calcu-
trench after the peaR refers to theC narrow neck of the struc- |a¢e the structure functions. Currently we are working on devel-
ture before the final broadening that contacts the cold plate. T@ﬁng the method toward this direction.

first peaks refer to the neighborhood of the transistor itself. The\ye have found that with the help of a dedicated fixture the

difference of the cumulative thermal resistances betweand aihod can be used to measure small thermal resistance values
B give the total thermal resistance between the middle of g, good accuracy. In order to further increase the repeatability

broad regions oA andB. of the measurements we are working on the refinement of the

Inthe second case, when the second metal, that is the sample-nanics of the fixture. But the results are already acceptable:
to be measured is placed betweenArendB faces the repeated inermal resistances in the order of 0.2 K/\Wcran be mea-

simulation and TherModel evaluation shows a displacementd(jred with it on 1 cmx 1 cm large, 1 mm thick samples with

the B peak, intoB'. If the sample is made of a good heat conge standard deviation of less than 10-15%. We expect consider-
ductor material and of the size of the faces, the shape of e improvement in the standard deviation value with the new
obtained new differential structure function is very similar tytyre, which will result in a decrease in the measurable value
that of the first case, the fixture with the copper slab betwegg \yell.

the faces. In this second case however the value®fwill in- The measured results are accurate only if the sample is not
crease fromA R exactly with theRZ,, increase of the thermal |arger than the area of the faces of the fixture, which is currently
resistance value of the sample to be measu_red over the valiBer 25 mra or 50 mn?. If the sample is larger there is a reg-

of the known/?,;,, measured first. From the differences of thgjar error in the order of some 1-15 percents in the measure-
two AR values, that means, from the value of Bxé8' distance  ment, depending on the geometrical ratios, material parameter
the small thermal resistance of t.he sample may pe calculatedy}f\,es and the boundary conditions. This error may be calcu-
the presented case the theoretical 0.147 K/W difference of fagaq if we simulate the structure in parallel with the measure-
thermal resistances is in very good agreement with the distanggn; and the measured results can be corrected accordingly.

of theB andB' peaks in Fig. 13. _ We are also working on further developing the method in this
There is however an inherent inaccuracy in the methodologyection.

in case of measurements: the value of the interface resistance is

not constant, it is changing in the mounting—dismounting—re-

mounting process. The standard deviation of this error may _ . _ _ _ ,

be h d d id d in th luati W'tl[ll] B. S. Siegal, “Measuring thermal resistance is the key to a cool semi-
e however measured, and considered in the evaluation. Wi conductor,"Electron, vol. 51, pp. 121126, 1978.

careful treatment of the interfaces, with the application of [2] V. Székely and T. Van Bien, “Fine structure of heat flow path in semicon-

prescribed applied pressure the value of this standard deviation ductor devices: A measurement and identification meth8d|id-State
Electron, vol. 31, pp. 1363—-1368, 1988.

may be kept low. [3] W. Sofia, “Analysis of thermal transient data with synthesized dynamic

Thermal resistances down to the magnitude of 0.2 K/\M/cm models for semi-conductor devicetZEE Trans. Comp., Packag., Man-
were measured with good repeatability and with about 10-15%, _ ufact. Technol.vol. 18, pp. 39-47, Mar. 1995. _ _
standard deviation with this method. This accuracy is not bad [4] G. Oliveti, A. Piccirilio, and P £. Bagnoli, “Analysis of laser diode

: » thermal properties with spatial resolution by means of the TRAIT

but we think that with further refinement of the fixture and the method,”Microelectron. J, vol. 28, no. 3, pp. 293—-300, 1997.
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