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Parametric Study of Temperature Profiles in Chips
Joined by Controlled Collapse Techniques®

Abstract: Parameters governing the temperature profiles of typical semiconductor chips joined to circuit module substrates by con-
trolled chip collapse (flip-chip bonding) techniques are discussed. These include the physical and geometric properties of various layers of
metals and non-metals that form the chip-to-substrate interconnection. The importance of the bond between the interconnection and
the substrate from the point of view of interfacial thermal resistance is indicated. Also, the “thermal pinch” effects of voids in con-
trolled chip collapse interconnections are discussed. The various thermal impedances as obtained from computer simulated temperature
profiles are given graphically as functions of the parameters. The derivation of a semi-empirical expression for predicting the transient

response of junctions on joined chips is shown.

Introduction

With the advent of integrated circuit technology, the
problem of dissipating heat from miniaturized electronic
components becomes increasingly complex. Consequently,
the design engineer must adopt more sophisticated
tools for assessing more accurately the cooling require-
ments of computer hardware. The present state of the
art in the electronics industry has reached a point where
one cannot always freely invoke air cooling for heat
dissipation with an adequate margin of safety. Accordingly,
cooling design approaches must be scrutinized, and
decisions to adopt, say, liquid cooling must be based
on sound analyses.

In this study, a computer analysis of the parameters
governing the temperature profiles in “flip-chips” joined
by the controlled chip collapse bonding techniques is
presented. A description of the computerized numerical
methods is given in the Appendix.

The need for a numerical approach is shown first by
considering the complicated structure of flip-chips,’ the
generation of heat in the body of the chip and, more im-
portantly, the manner in which heat is removed via its
boundaries. In this analysis the thermal path from the
chip to the ultimate sink, and the thermal environment of
the chip, are identified. The various “thermal resistances”
and “thermal impedances™ are also defined.

Next, both the steady-state and transient temperature
profiles on a flip-chip are shown. These profiles are con-
structed from computer simulations of random heat
sources of varying strengths in the chip. From the tem-
perature profiles, thermal spreading impedance across
the chip and the impedance from the chip level to the
bottom of the pads are deduced. The influence on thermal

impedance of parameters describing the physical and geo-
metrical properties of the various metallurgical layers that
form the chip-to-substrate interconnection are discussed.
The variations in thermal impedance as a function of tol-
erances on pad dimensions are calculated. Projections as
to the severity of temperature gradients on high-power
large chips are made. These temperature gradients are
discussed from the point of view of thermal “pinch” effects
over the pads. Also, an analysis of transient temperature
profiles on flip-chips is shown. In this connection, the
derivation of a closed-form expression for predicting the
transient response of the chip is indicated.

The immediate environment with which the flip-chip
is in contact is the module.” The module, comprising chip
sites, a ceramic substrate, pins and the can, is analyzed as
the final step. First, a temperature profile of a module is
obtained with the assumption that the preferred heat path
is an exit through the pins, With the same boundary con-
dition, another temperature profile is obtained, but this
time with interfacial contact resistance between the chip
pads and the substrate included. The importance of the
interfacial bond between the pads and the substrate is indi-
cated. Next, with the same boundary condition and an
assumed contact resistance, steady-state temperature pro-
files are constructed for modules containing several chips at
varying distances from each other. In this manner, the non-
interaction of chips as a function of chip power is estab-
lished. Comparisons are made of temperature profiles
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Figure 1 Photograph of a chip.

and thermal impedances obtained on modules with differ-
ent heat paths and boundary conditions.

The thermal impedance offered by the substrate is also
related to the pad dimensions, the number of pads and
the chip size. The results are generalized to suggest an
analytical approach for computing the thermal impedance
for finite heat sources placed on a finite medium.

Thermal path in controlled chip collapse
interconnections (pads)

Figure 1 shows a flip-chip with twelve pads. In Fig. 2,
two chips are shown with pads joined to the ceramic sub-
strate by the controlled collapse technique. With the
enclosing can in place, the chips communicate thermally
with the ultimate sink, i.e., the earth, via the pins and the
walls of the module. The heat generated in the chips is
transferred to the boundaries of the module by conduction
and then transported away or exchanged by any one or
more of the well-known modes of heat transfer; i.e., con-
vection, change of phase, conduction or radiation. The
actual transport of heat may be accomplished with gaseous
or liquid media, depending upon, among other things, the
heat flux crossing the boundaries of the module package.

It is clear that the temperature level of the heat-generat-
ing chips is determined by the temperature field established
on the boundaries of the module in accordance with the
nature of the thermal boundary layer between the module
and its environment. The actual temperature rise between
the heat-generating components in the chip and the bound-
aries of the module is, however, directly related to the
“thermal impedance” offered by the conductive path con-
necting the chip to the boundaries. Thus, with a given
ambient temperature, a lower thermal impedance will lead
directly to a lower chip temperature—which is the objec-
tive of any cooling design.

MAY 1969

Figure 2 Chip joined to a ceramic substrate by the con-
trolled collapse technique.

Figure 3 (a) Cross-section of a flip-chip; (b) resistive
thermal path.
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In as much as as the controlled collapse bonding
technique forms an important conductive path between
the chip and the substrate, this study will primarily ad-
dress the “thermal impedance” internal to the module as
differentiated from the external thermal impedance be-
tween the module and its environment.

The thermal path between the heat-generating com-
ponents in the chip and the substrate is shown in the cross-
sectional view of Fig. 3. The origin of the various thermal
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Figure 4 Thermal resistance around glass via hole.

resistances that together make up the total impedance of a
module may be inferred from Figs. 3a and 3b. Figure
3a shows a schematic of the various strata of deposition®
on the chip from the SiO, layer down to the bottom of the
pad. Figure 3b is a simplified circuit diagram showing how
the various resistances combine to form the resistive path
of heat flow down to the bottom of the substrate.
Assuming that the chip is an isotherm and that the heat
passes from the chip through the various layers shown in
Fig. 3a into the substrate, one may use the formula R
= L/kA for calculating the resistance of each segment of
the thermal path. Here 4, the cross-sectional area of the
pad, may be assumed to be the effective heat flow area as
“seen” by the chip. Thus, with L denoting the thickness,
and k& the thermal conductivity, one may assess the relative
magnitude of the resistances offered by each layer. It is
found, for example, that the important parameters
governing the thermal resistance between the device layer in
a monolithic chip and the substrate are the diameter of the
glass via hole, the pad dimensions and the thermal oxide
thickness, in that order. Some of the results are shown in
Fig. 4, where the thermal resistance in the area of the glass
via hole is plotted against the ratio of the hole diameter to

the diameter of the area normal to the direction of heat
flow. The dimensionless parameter ¥ contains the thermal
conductivities of both the material in the hole and the
surrounding material.

The assumption that the chip is an isotherm and that
the heat flow is one-dimensional may sometimes lead to
erroneous results. This is particularly true when calculat-
ing the various thermal impedances. “Thermal impedance”
is an arbitrarily-defined quantity that gives the difference
in temperature between two points in a bounded space
per unit rate of heat flow through that space, and not
necessarily between the two points. Since the rate of
heat flow in a given direction may be altered by the
introduction of sources or sinks, the “thermal impedance,”
as defined, is not an intrinsic property of the material
space but is a function of its boundary conditions.
Consequently, the often used formula, R = L/kA
which gives the intrinsic resistance of a material with
certain material and geometrical properties, cannot be
expected to give meaningful results for computing specific
thermal impedances on a complicated structure such as the
monolithic chip or the module where the heat flow is three-
dimensional. Instead, its counterpart AT/q, where AT de-
notes the temperature difference and g the total rate of
heat flow, should be used. We shall call the quantity
AT/q thermal impedance and denote it by Z. Z will vary
depending upon the boundary conditions and the loca-
tion of sources and sinks. The notation R will be used to
denote the intrinsic thermal resistance of materials.

Of course, there are sophisticated analytical approaches
to obtain temperature distributions in solids. For example,
one may use conformal mapping or Green’s function* for
obtaining temperature profiles in solids with point heat
sources on its boundaries, or solve the interior problem of
Dirichlet in Laplace’s equation when the temperature
distribution is specified on the boundaries. For the tran-
sient case, the three-dimensional diffusion equation may
be used. However, most analytical solutions are for ideal-
ized bodies and are not of closed form. If numerical meth-
ods are used, the arithmetic is lengthy and involved. From
an engineering point of view, it is desirable that the solu-
tions be applicable to real situations and relatively amena-
ble to quick quantitative results. For these requirements
to be met, it is evident that one must resort to the computer
as a tool.

In the following section, computer analyses of both the
steady-state and transient temperature profiles on a
flip-chip are shown. Various thermal impedances are com-
putedifrom the temperature distributions.

Temperature profiles in joined chips

A description of the computer program® is given in the
Appendix. The program is applicable to the three modes of
heat transfer (conduction, radiation and convection) in a
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Figure 5 Chip node matrix.

three-dimensional rectangular coordinate system for both
steady-state and transient problems under various bound-
ary conditions.

The “building blocks” of a given problem are the par-
alielepipeds or nodes. For example, Fig. 5 shows one
quarter of a flip-chip divided into several nodes. Each of
the six faces of each node can be subjected to different
boundary conditions independently. Also, any node may
be assigned heat generation and surface contact resist-
ances.

Because of the nature of the problem of obtaining tem-
perature profiles on a complicated structure such as the
chip-mounted module, it is necessary to divide the analysis
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Figure 6 Module node matrix.

into two sections or programs. The first program is
formulated to yield temperature distributions in flip-chips,
while the second program is formulated to yield tempera-
ture distributions in modules.

Figures 5 and 6 show the mathematical models used for
describing the chip and the module, respectively. Although
for this study the chip has the dimensions of 0.040 in. X
0.060 in. X 0.008 in. (0.10 cm X 0.15 cm X 0.02 cm), while
the module consists of a ceramic substrate of dimensions
0.50in. X 0.50in. X 0.062in. (1.3 cm X 1.3 cm X 0.16 cm)
and an aluminum can which is sealed with RTV ru bber, the
results will be generalized to different sizes of chips and sub-
strates. The pins in Fig. 6 protrude approximately 0.100 in,
(0.25 cm) from the substrate and are made out of copper.

In Fig. 5, one quarter of the chip is divided into eight
different slabs of appropriate materials and thicknesses,
each slab being further divided into 117 nodes. Each of the
three pads on the quarter chip is also divided into nine
nodes. It will be noted in the same figure that the nodes in
layer 5 (the device diffusion layer) represent device junc-
tions on a real chip. The depth of layer 5 corresponds to the
specified diffusion depths on a real chip.

Figure 6 depicts one half of a module which is divided
into numerous nodes. The chip sites on the ceramic sub-
strate are readily discernible.

A sample computer printout of steady-state temperature
distribution on the chip is shown in Fig. 7. Note that the
temperatures are indicated next to the node numbers.
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CHIP- UNIFORM NEAT FLUK. L Ni AT EACH PDINT iy TME DEVICE LAVER

TEMPERSTURES IN CEGREES C

STEADY STATE INDICATED

$ S NODE TENPERATURES
1 0.1200¢ 02 2 0.1254E 62 30,1253 02 4 0.1255€ 02 5
€ 0.1254€ 02 7 0.1239F 02 8 G, 1233E 02 9 0.1229€ 02 10
It B.LZS6E 02 12 0.1234€E 02 13 0.1258€ 02 14 0.1270€ 02 15 d.1267€ a2
s 0.1247€ 02 17 0.1238 02 18 0,1234€ 02 19 0.1274€ 02 20
21 0.1262€ 02 22 0.1266F 02 23 0.1281E 02 24 0,128 02 25 0.1260€ 02
26 0.1252& 02 21 0.124TE 02 28 0,1287€ 02 29 0.1274€ 02 10 0.1277€ 02
31 0.1282€ 02 32 0.1299% 02 33 0.1301E 02 34 0.1285€ 02 35 0.1278E 02
35 0.1274€ 02 31 o.dee 02 38 0,1318E 02 39 0.1318€ 02 40 0.1323E 02
4} 0.1337E 02 &2 0.13508 02 43 0.1I47€ 02 46 0.01S45€ 02 %5 0.1344€ a2
46 0.1368E 02 &7 0.1369€ 02 48 U.1373E 02 49 D.1381€ 02 50 0.1404¢ 02
5L 0.1436E O2 52 0.1450Z 02 53 0,1455€ 02 54 D0.1457€ 02 85 0.1404E 02
56 0.1)99E 0z ST 0.14038 02 56 ULI4I5E 02 59 G.1448E 02 &0 0.1494E 02
61 0.1544€ 02 62 0.1522F 02 63 0,1526E 02 64 0.142TE 02 &5 0.1422¢ 02
66 0.1426F 02 67 U.1439E 02 68 0.1475F 02 69 0.1524€ 02 10 0.1566€ 02
U 0.L555E o2 T2 0.1559€ 02 73 0.1455€ 02 T4 0.1452€ 02 TS5 O.1456E 02
76 0.1468E 02 T 0.150%8 02 I8 0.1552€ 02 79 0.1575E 02 80 0.1584E 02
61 . 0.1588E 07 82 0.1311E 02 83 0.1516F 02 84 0.1522E 02 85 0.1932€ 02
96 0.1558€ 02 87 0.1600E 02 83 0.1822E 02 89 0.1630E 02 90 0.1435€ 02
#1 0.1503FE 02 92 0.1593% 02 93 0.1599E 02 9%  0.160D7E 02 95 0.1624E 02
96 0.1856¢ 02 97 0.1673 Q2 98 0,1683F 02 99 0.1487€ 02 100 0.1604E 02
ASL 0.1685t 02 452 0.1763F 02 453 OL1775E 02 454 O.(TT4E 02 455 0.1728¢ 02
456 0.L761€ 02 457 O0.184/E 02 458 0.1869F 02 459 O.IB78E 02 440 O0.1709€ 02
461 D.1799€ 02 482 0.1809F 02 463 0.1810F OZ 464 O0.1748E 02 445 0.1T8LE 02
466 0.1888L 02 487 0.19128 02 468 0O,1922E 02 469 0.1270E D2 420 0.125%€ 02
ATL 0.12308 02 472 0.12558 02 473 O,1270E 02 474 0.1262€ b2 475 0.1232¢ 02
416 0.1218£ 02 477 0.1211€ 02 478 O0.1266€ 02 479 0.9772€ 01 480 0.9455¢ 01
481 0.9783E 0L 482 0.1270E 02 483 0,1265€ 02 4845 0,9817€ 01 485 0.9143€ OL
486 0.9073: 0L 487 0.1270L 02 488 0.9521F 01 489 0.8444E DL 490 0.9540€ 01
491 0.U2T7E 02 492 012758 02 493 0.9418€ 01 494 O0.8L90E OL 495 0.0813E 0}
496 0.1287€ 02 497 0.9935E OL 498 D.9624E Dl 499 0.9987E 01 500 0.1297€ o2
501 0.1300€ 02 502 0.9925€ 0% Sg) 0.9460E OL 504 0.9397E O1 305 0.1328€ 02
306 041315 02 507 0.1313E 02 S08 0.1322E 02 509 D0.1349E 02 510 0.1364€ 02
SIL 0.1351E 02 512 0.1343E 02 513 0.1340E 02 514 OQ.1375€ 0Z 515 0.1362E 0Z
516 0.1363€ 02 SLT 0.1377c 02 518 O0.1417E 02 519 0.1470 02 520 0.1511€ 02
921 0.1%22E 02 522 (.1526E 02 523 0.1397E 02 526 0.1076E 02 525 0.1045E 02
326 0.1090E 02 521 0.1452E 02 528 O0.1554E 02 529 DJ1439E 02 530 0.1656F 02
S31 0.1666E 02 $32 0.1416E 02 533 0.1059E 02 534 0.9415E OL 535 0.1073€ 02
536 O0.1473E 02 537 0.1588E 02 538 0.1680E 02 539 0.1701E 02 540 0.1710E 02
S41 0.1450E 02 542 0.1118¢ 02 563 0.1086E 02 344 0.1123E 02 545 0.1508€ 02
3%6 D.1513E 02 561 D.1704E 02 548 O0J1725E 02 549 O0.1734€ 02 S50 0.1527€ 02
551 0.1520F 02 552 0.1523E 02  $53 0.1538E 02 554 U.1580E 02 555 0.1543E 02
356 0.1696E 02 550 0.17L4k 02 558 0.17226 02 559 0.1626E 02 560 0.1660E 02
261 O.1670E 02 562 0.1675€ 02 563 D.1669E 02 564 0.1706E 02 565 0.1758€ 02
566 0.1773€ 02 567 0.17BIL 02 568 0.1691€ 02 569 0.1772€ 02 570 0.1743€ 02
3TL 0.1784E 02 572 0.1731¢ 02 573 0.1764E 02 5T4 O0.1B5%E 02 575 0.1877E 02
516 0.1880€ G2 577 0.1715t 02 578 0.1813E 02 579 0.1822E 02 580 0-1824€ 02
8L 0.1754€ 02 582 0,1786E 02 583 0.1903F 02 584 0.1927€ 02 585 O0.1937TE 02
586 0.12TuE 02 5B7 0.1255€ 02 586 0.1250E 02 589 0,1254E 02 590 0.1270E 02
S 0.1262€ 32 592 0.12326 02 593 0.1218€ 02 594 0.1211E 02 595 0.1266E 02
396 0.90UdE vl 597 0.8733E 01 598 0.90I4E Ol 599 0.1270€ 0Z 600 0.126%€ 02
_—— e — — e e LD
801 0.1781E 02 802 0.1691€ 02 803 O0.i780€ 02 804 O0.1767E 02 805 0.178TE 62
806 0.1131€ 02 BO7 0.1764F 02 808 0.1855E 02 809 0.1877€ 02 810 0.1886E 02
8LL 0.1714E 02 €12 0.1806F 02  BL3 0.1B13E 02 814 D.1813E 02 U1 0,1754E 02

0,1259 02

616 O.1786k 02 817 0.1903€ 02  MLB 0.1927E 02 819 0.1937€ 02 820 0.1270€ 02
821 0.1254E 07 822 0.1250F 02  A23 0.1254F 02 826 D0.1270E 02 625 0.1262E 07
826 D.1232F 02 827 0.1218E 02  #28 0,1211E 02 829 0.1266E 02 830 : 0.5593E 01
831 0.5522F Of 632 0.5%98E Ol 853 0.1270F 02 834 0,1265E 02 635 0.5495€ O
835 0.5347E 01 @37 0.5262¢ 01 638 O.1270E 02 839 0.5550E OL 840 0.6315€ O
8oL 0.59%86 OL 842 0.1277€ 02 643 0.1275E 02 844 0.5474E Ol 845 0.6130F 0}
836 0.5221€ 0L 84T 0.1286F 02 848 0.5653€ Ol 849 D.5593E 01 850 0.56ISE 0L
£51 D.1207€ 62 852 C.1J0CE 02 853 0.5626E 01 856 0.5481E D1 855 0.5399E 01
936 0.1328€ D2 657 0.12156 02 858 0.1313E 02 859 0.1322E 02 860 0.L1349€ 02
861 D.ES64E 02 862 O,L1351F 02 863 0.1343E 02 8664 0.1340E 02 665 0.1375E 02
B66. 0.1362F 02 867 0.1962F 02 668 0.1376E 02 869 O0.L817E 02 670 0.1470€ 02
87l O.1511E 02 872 0.1522E.02 873 0.1526E 02 874 0.1397E 02 675 0.6127T€ 0L
BTS 0.5067E 6L 677 0.6184E O 878 0.1452E 02 879 O0.1554E 02 880 0.1839€ 02
861 O.16S8E D2 882 0,1666F 02 833 O0.1416E 02 884 0.6126€ 01 885 0.7010€ Ol
BB6  0.6187¢ 01 887 0,l475¢ 02 088 0.15BQE 02 BB 0.1680E 02 690 0.1701E 22
«LIL0E 02 892 GLL450F 02 893 G.6304F Ol 894 0.6243E O  H95 0.6I4TE Ot

o
296 0.1308E 02  B9T 0.1815F 02 898 O.1704E 02 899 0.L725€ 02 900 0.1734€ J2
9oL 0.1527€ 02 902 0,1520E 02 903 0.1523E 0Z 904 0.1538E 02 905 0.1580E 02
906 0.%ne3E 02 90/ C.1698€ 02 908 0.1714E 02 909 0.1722f 02 910 0-1626F 02
QI 0.1666E 02 912 0.1670E 02 913 U.1675E 02 914 D.1669E 02 915 0.1706E 02
916 0.1758E 02 317 Q.1773E 02 918 0.1761F 02 919 D.1691E 02 920 0.1784E 02
921 0.1790f 02 922 O0,1790E 02 923 U.1731E 02 924 O0.17¢4E 02 925 0.1855€ 02
926 0.1371E 02 927 0.18B6E 02 928 O0.1714F 02 929 0.1802E 02 930 0.1813E 02

931 0.LAORE 82 932 0.1754E 02 933 OQ.17BGE 02 934 0.1903°02 935 0.192TE 02
9367 0.1937E 62 931 0.,4130L Ol 938 0.414SE Ol 939 0.41326 Ol 940 0.4161F 01
9o) 0.4442C G 942 O.4165E OF 943 G.4166E OI 944 0.4183F 01 935 0.4173k 0l
946 0.4052€ 01 947 O.40L9E Q1 948 0.3920F O1 949 0.4094E 01 950 0.4316E 91
951 0.3965E 01 952 0.81218 GL 953 G.4089€ 01 954 D.4000E 01 955 0.4504E 01
96 D.4534E 01 957 0.4536F 01 958 0,4565€ OL 959 D0.4894E 01 960 0.4597€ 0l
961 "0.4%9TE QL 962 0.46272 01 963 0.4630FE Ol 966 O.1792E 02 965 0.1794E 02
0466 0.RT94E 02 941 0.1795E 02 968 Q.L197E 02 969 D.1797E 02 970 0.1501E o1
970 0.§505€ 0L 9TZ 0.1501F Of 973 0.L507€ OL 974 O0.1536E 0t 975 0.1508€ vl
916 0.8506E 01 97/ 0.15L0E Ol 978 0.1507E O} 979 O0.1488E 01 980 O.14B4E OL
9A1 0.1470F 01 982 0.1496E Ol 983 0.1516€ OL 984 O.I4T7E 01 985 0.1497E 01
986 0.1434E 01 987 0.1480E Ol 968 J,1561E OL 989 0.1568E Ol 990 0.1566E Il
991 0.1728 L 992 0.1606% Ol 993 J.15778 O  99% O0.1574E 0! 995 D,1S81E o)
496 0.1579€ 01 997 o. 8 0. 0. e 0.0000E-38

Figure 7 Sample computer print-out of steady-state tem-
perature distribution for a pad-mounted chip.

Figure 8 is a steady-state temperature profile obtained
from the computer results. The results shown in Figures 7
and 8 and others are discussed later in this paper.

It should be evident from the description of the program
given above that many types of boundary conditions may
be imposed upon the chip or the module. In the case of the
flip-chip where heat leaves the chip by way of the pads,
the lower surfaces of the pads were held at a constant tem-
perature. Different cases were simulated with a different
number of heat sources by assigning random heat genera-
tion at the proper nodes in the device diffusion layer.
Similarly, the module shown in Fig. 6 was simulated under
various boundary conditions including placement of heat

sinks at the pins, the can, and both. Heat sinks at the pins
for example, were simulated by holding at a constant tem-
perature the outer surfaces of the nodes representing the
pins, whereas in the case of heat sinks at both the pins and
the can, both the pins and the can were held in an infinite
heat reservoir of constant temperature.

As indicated earlier, thermal impedances between points
are calculated from the relationship AT/q, where g is the
power dissipation. Now, it is clear that the *“¢” that must
be used in calculating the various thermal resistances at
the chip level is four times the total power dissipation
assigned to the quarter-chip in the computer analysis.
This is because the temperature distribution obtained on
a quarter chip dissipating ¢ watts is the image of the
temperature distribution on the whole chip, but dissipating
4q watts; provided, of course, that the boundary conditions
as well as the location and strengths of the corresponding
heat sources on all four quarters of the chip are the same.
These considerations follow from the fact that 67/dn = 0
at the boundaries of the quadrants dividing the chip into
four equal parts. For the same reasons, the g that must
be used in calculating the various thermal impedances at
the module level is twice the total power dissipation
assigned to the half-module in the computer analysis.

o, Steady-state case

The results shown in Fig. 7 pertain to a pad-mounted
chip (a “flip-chip”). That the chip is pad-mounted may be
inferred from the pad node temperatures relative to other
node temperatures. Thus, nodes 970-996 (see Fig. 7) are
kept at an arbitrary temperature of 1.5°C (in a heat res-
ervoir), while all other nodes assume higher steady-state
temperatures. In other words, heat leaves the chip through
the pads.

As is specified and indicated in Fig. 7, all nodes in the
device layer dissipate one milliwatt each. Since there are
117 nodes in the layer, the power dissipation for the quarter
chip is 117 mW. For the whole chip then, the total power
dissipation g is 468 mW, as explained before. Knowing g,
one can now compute the thermal impedance between any
two points or nodes on the chip by simply obtaining the
temperature difference A7 between those points from the
node temperatures given in Fig. 7 and dividing it by q.

It is clear that in calculating the thermal impedances it
is immaterial what level of power is assigned to the chip
for a particular configuration of heat sources on the chip.
In other words, for a particular chip, the thermal im-
pedances are independent of power. Also, the heat sink
temperature at the pads can be of any value since all other
node temperatures adjust their levels relative to that ref-
erence temperature.

Several generalizations may be made from the results
shown in Fig. 7. First, even with uniform distribution of
heat sources of equal strength throughout the device layer,
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Figure 9 Heat flow lines in pads and penetration resistance.

the chip temperature is not uniform. In other words, it
does not necessarily follow that by definition a monolithic
chip is an isotherm. This can be explained in terms of
interaction between sources and sinks, where in this case
the sinks are the pads. In fact, it is shown later in this study
that with fewer heat sources, of equivalent strengths and
randomly scattered in the device layer, the non-uniformity
of temperature field becomes more pronounced. For ex-
ample, the gradients around the pads become relatively
large (see Fig. 8). However, for low powered chips, the
temperature profile becomes flatter, resembling an iso-
therm.

Second, except for the device layer itself, the back side
of the chip (nodes 1-117) is, in general, at a higher tem-
perature than the other layers. For example, the average
temperature of nodes 11, 12, 13, 20, 21, 22, 29, 30, and 31
in layer 1 (see Fig. 7) is 12.7°C, whereas the average tem-
perature of nodes 830, 831, 832, 839, 840, 841, 848, 849,
and 850 in layer 8 is 5.7°C, Coupling this finding with the
result that the average temperature of nodes located far
from the pads (for example, nodes 920, 921, 922, 929,
930, and 931 in layer 8) is approximately the same as the

aygrage temperatyres of the nodes at the corresponding .

location on the back side of the chip, it becomes evident

[N T ST A AN

that the heat traverses a path from a heat dissipating
junction to the silicon and then back down through the
various layers to the pads. This is because the impedance
through the silicon towards the back of the chip is less
than that laterally through the very thin layer of thermal
oxide (Si0,) and glass (which are two orders of magnitude
less conductive than silicon) toward the pads.

Third, a closer examination of temperature distribu-
tions in the neighborhood of the pads reveals that large
temperature gradients exist at all layers above the glass
via hole. For example, node 489, which is in layer 5 directly
above the metal in layer 8 (see Fig. 3), is at 8.4°C while its
neighboring nodes 488 and 490 are at 9.5°C. The same
pattern is observed at all layers above pad locations. (The
gradients are even higher in the temperature profile shown
in Fig. 8). In comparison, at other nodes the gradients are
much smaller.

If one were to draw the corresponding heat flow lines
in the neighborhood of the glass holes, one would obtain
a potential field similar to that observed near a small orifice
in a liquid filled tank. This phenomenon, known as ‘“‘ther-
mal pinch,” contributes an additional impedance, which is
sometimes referred to as “volume impedance.” It is evident
then that the size of the glass hole is important in determin-
ing the thermal impedance of pad-mounted chips (see
Figs. 4 and 9).

With the temperature distribution given in Fig. 7, the
various thermal impedances may now be readily calculated.
For example, if the impedance from the device diffusion
layer to the bottom of the pads is desired, one may divide
the difference between the average temperature in the
device layer and at the bottom of the pads by the total
power dissipation of the chip, which yields 18°C/watt
for the example cited above.

1In addition to the thermal impedance from the chip level
to the surrounding environment, which we shall denote
by Z ;_ .11, Other contributions of interest are the spreading
impedance Zr_,, across a chip, and the “junction” im-
pedance Z,_; from a heat source to its immediate environ-
ment in the chip. The latter is readily simulated on the
computer. It may be as high as 250°C per watt of junction
dissipation depending upon the size of the diffused junction
area.

The Z;_,, is readily calculated from the results shown
in Fig. 7. For example, the temperature at the center of
the chip (node 585 in layer 5) is 19.37°C. The average
temperature above the pad on the short edge of the chip
(nodes 484-486, 493-495, 502-504) is 9.23°C. Now, cal-
culating the impedance between the center of the chip and
the pad which are, say, 25 mils (0.06 cm) apart we obtain
0.87°C-watt™ mil™" (348°C-watt ‘-cm™). This means
that for a chip dissipating, say, 100 milliwatts total, the
chip would be approximately 2°C hotter relative to the
locations above the pads in the device layer. If there is a
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transistor located at the center of the chip which is dis-
sipating 5 milliwatts, its junction temperature would be
hotter by another 0.005 X Z,_;, where the junction
impedance has the units of °C/watt.

It should be remembered that the Z,_,, is calculated
from the temperature distribution in device layer 5; i.e.,
the layer in which heat is generated. If, on the other hand,
one were to contend that the temperature distribution on
the back of the chip is indicative of the temperature distri-
bution in the device junction layer, the calculated Z,_,,
would be smaller by a factor 2.5 (see node temperatures
in layer 1).

If we express these results in terms of the familiar thermal
impedance values, what is suggested here is that in addition
to the Z,_,.;, (18°C/watt) calculated previously, there is
also the Zr_,, (21.7°C/watt) to the center of the chip. Of
course, the impedances to all other locations on the chip
are smaller.

Although the temperature differences from one junction
to another may become negligibly small for low power
dissipating chips, for higher power dissipating chips the
situation is different. To illustrate the point, consider the
temperature profile shown in Fig. 8. The case shown there
corresponds to a hypothetical flip-chip of the same di-
mensions as in the previous example, but with 40 devices
dissipating 400 milliwatts in total. On the quarter chip
shown there are 10 junctions, each dissipating 10 milliwatts.
Three of the junctions are located near the center of the
chip (three of them are behind the shaded profiles). The
node mesh plan is the same as that shown in Fig. 5,
so that the relative locations of the heat sources may
be inferred. The top and bottom planes depict the back
and pad sides of the chip, respectively. For clarity, only
the temperature profiles on the periphery of the chip,
and along the diagonal are shown. Also, only the temper-
ature profiles on four layers are shown for purposes of
illustration. The schematic may be considered to represent
a chip pulled apart at the device layer such that the upper
portion is viewed from the bottom and the lower portion
from the top. Since the maximum temperatures are found
in the device layer the directions of increasing tempera-
ture for the two portions are opposing as indicated in
Fig. 8.

It is clear from Fig. 8 that the temperature profile in the
device layer (5) is far from being smooth. In contrast, the
profile on the back of the chip (layer 1) is relatively smooth.
But what is more significant is that the Z,_,, calculated in
the same manner as before, is now 2.17°C-watt™ '-mil~*
(868°C-watt '-cm™"). In other words, the impedance to the
center of the chip, which turns to be 54.4°C/watt in
this case,” is more than three times the Z,._;, (18°C/watt),
which of course remains the same. Thus, a pad-mounted
chip with heat sources randomly located as shown in Fig,
8 cannot be considered to be an isotherm. Therefore,
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Zr_enip alone would be inadequate in estimating the
cooling requirements. An average Zp_,, must also be
specified.

The wide variation possible in boundary conditions,
and the location of sources and sinks, precludes the use
of general rules to predict Z,_,,; fortunately it is not
difficult to investigate each case individually with the aid
of the computer program.

Figure 8 summarizes the earlier discussion on tem-
perature gradients near the pads. Some other observations
of interest are the temperature distributions in the neigh-
borhood of the metals and in the pads.

It will be noticed in the temperature profile of layer 8
in Fig. 8 that there is a “bump” over nodes 840, 845 and
885 right above the pads. That is, temperatures at those
nodes are higher than in the neighboring nodes, in con-
trast to the general trend in all layers above the pads.
This same occurrence is observed in all cases, though to a
small degree for low power dissipating chips. This ob-
servation may be explained by considering that a large

portion of the heat is channeled out from the chip through

the metal due to the very high conductivity of the same, in
comparison with the very low conductivity of the surround-
ing glass. As a result, the temperature of the metals be-
comes high.

It can be calculated from the temperature distribution
in Fig. 7 that the contribution to thermal impedance of the
pads is /9°C/watt, which is fifty precent of the total
impedance from the device layer to the bottom of the pads.
It is of interest to analyze the parameters affecting the
nature of the heat path in pads since it has been found that
the temperature distributions in the pads are not uniform.
The nodes located centrally in the pads, i.e., in the line of
sight of the via hole, assume higher temperatures than the
nodes located at the periphery. This suggests that most of
the heat leaves the pads centrally, rather than spreading
out immediately. Thus the effective cross section of the
thermal path at a pad is less than the physical contact area
of the pad. With heat flow assumed to be as shown in
Fig. 9a, the “penetration” thermal impedance into the
substrate has a strong inverse dependence on the diameter
D of this effective cross section. (In the case of a round heat
source on an infinite medium, R ~ 1/D).” In order to de-
crease the penetration impedance, the D may be increased
by making the pads higher as shown in Fig. 9b. The
optimum pad height may then be found by determining
the decrease in penetration impedance against the increase
in the pad impedance due to the increase in the height /
(Fig. 9¢).

Another parameter which can alter the heat path in
pads is the void or gas pocket content. Computer simula-
tion of pads with various degrees of void content shows
that it is the number of voids and their locations in the
pads rather than the total volume of voids which influences
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the heat fiow path. It is found that small voids scattered
across the pad have the effect of “spreading™ the heat
flow lines and thus increasing the effective thermal contact
area on the substrate (see Fig. 9d). Of course, the pres-
ence of voids themselves contributes to an increase in
the thermal impedance of pads. However, one big void
having the same volume as the combined volume of smaller
voids offers greater thermal impedance with a degrading
effect on the thermal contact areas as well. Voids, big
or small, found at the contact surface area between
the pad and the substrate can create high interfacial
impedance and hence high overall impedance from the
interface to the pins and the can. The interfacial impedance
is discussed again later in connection with temperature
profiles in modules.

Finally, we note that variations in the thermal resistance
of pads as a function of process tolerances may be es-
timated. Assuming, for a first approximation, that the
height of the pad, /, and volume of solder, ¥, are independ-
ent,” we may recast the relationship R = L/kA into the
form

_Lr_r
R=%a1~xv:
where V' = Al and A is the cross-sectional area.

Variations in the thermal resistance of pads may now be
computed as a function of the variations in / and V.

Rewriting the relationship above in the functional form,
we have

R = {(,1);
then
AR = f’ZAl + f)VAV,

where

=

f,l = FY; N etc.

Or, using the notation ¢ = AR, 0, = Al,oy = AV,
and forming the square of the deviation, we obtain

2 2 2 2 _2
or = [0 + fvov.

Dividing by R, and rearranging the terms, we have

G = (&) + () ()

But,

Hu _ 120,

R RV

Vf’V _ __Z'iz_ . __1_
R RV ™ !

This result is valid for one pad. For N pads, we obtain

or) 1 o\ <a ?

et ) hal4 v

(o) = L)+ (5]
so that the deviation ¢ from the mean R, as a function

of the deviations ¢,,0p from the mean values of / and
V,is

2 273
oo = [4(%) + (@) T

where R may be the measured or calculated thermal re-
sistance of the pads.

o Transient case

The chip temperature profiles discussed in the last section
will not apply if the junction power switching period”® is
much shorter than the time constant of the device. This
and considerations such as the heating of the junction
during testing make it necessary to investigate the transient
response of chips to temperature.

It is well known that the temperature history of a point
in a semi-infinite slab subjected to an effective tempera-
ture potential is governed by the error function. On the
other hand, the thermal response of a finite slab sub-
jected to a temperature potential on its well-defined
boundaries is governed by an exponential function.'® For
a three-dimensional finite chip where the boundary condi-
tions are of the “mixed” type, the situation is much dif-
ferent. The classical heat conduction solutions become
inapplicable. For example, the well known relationship,
r = L*/a, used in computing the time constant r for a
homogeneous semi-infinite body of characteristic length
L and thermal diffusivity «, can lead to erroneous results
when applied to a composite finite body such as a chip.

In fact, using 7 = L?/a, where o = k/p ¢, we find for
a flip-chip subjected to sudden heating (¢ = 0.1 cal-sec”"
-em-°C™', p = 2.33 g-em °, ¢, = 0.16 cal-g '-°C™") that
7 = L?/0.268. Taking the representative length L to be
the thickness of the chip, 8 mils (0.02 cm), we see that =
turns out to be 1.5 milliseconds. This suggests that in
approximately 5 msec, the chip will have reached approxi-
mately 959, of its steady-state temperature level. This will
be compared with the computer results discussed below.

Figure 10 shows a plot of temperature versus time for a
flip-chip with 12 pads. Initially, the chip is held at 1°C
while the boundary conditions are such that the pads are
kept at 1°C at all times. The remaining boundaries of the
chip are insulated. Under these conditions, node 576
at the center of the device layer of the chip is assigned a
heat strength of 100mW. Some of the transient tempera-
tures of node 576 at other times, as well as the steady-
state temperature, are reproduced in the inset in Fig.10.

Note that after approximately 60 usec, the curve in Fig.
10 flattens out asymptotically. To a first approximation,
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the temperature becomes almost a linear function of time,
By extrapolating on the basis of linearity to the steady-
state temperature obtained separately with the steady-
state computer program, it is found that the total time
required to reach steady-state conditions is 0.5 msec.

It will be observed that the functional relationship shown
in Fig. 10 is complicated. This is expected, since the func-
tion represents the transient response of a complicated
chip. It will be recalled that the chip is made up of several
materials of different physical properties. Furthermore,
the heat source is located inside the various layers of
materials (see layer 5 in Fig. 3).

Although it is difficult to fit one equation through all
the calculated points, it is of interest to analyze portions
of the curve and then arrive at an approximate relation-
ship. The nonlinear portion of the curve may be represented
by the functional relationship

T = f"),

where 7 is approximately 20 psec. Interpreting 7 to be
the “time constant” for this portion of the curve, we may
write

(T, — T =({T;,— T)e " fort < 37,

where T, denotes the “final” temperature at which the
temperature-time relationship becomes approximately lin-
ear. T, is the ambient temperature, and T denotes the tem-
perature at a given time .

Now, at t & 37', TX T,, and for ¢t > 37’, we may rep-
resent the approximate linear portion of the curve by

T=T,+008(¢—37),fort>37and T < T,

where the slope is obtained from the constructed curve.

It is clear from the formulation above that once the T,
is known, the temperature at a junction at any given time
may be predicted. Here, T, =~ 56°C, and the steady-
state temperature 7, = 100°C, so that T,/T, = 0.56,
which is a constant of the transient profile of the chip.

Substituting 7', = 0.56 T, and rewriting the equations
above, we have

T=Te"" +056T(1 — &), t<37;
T=056T,+ 008 (t — 37", 1> 37, Tnax = Ty .

Employing the step function,* u(r — 3+’), we may com-
bine these relations to obtain

T=T.,e """ 4056 T,(1—e& /" )+ 0.083 (+—37") u(t — 377),
where

7' = 20 pysec and T, = T,.

* {0, when ¢ < 37/
u =
1, when ¢ > 37
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Figure 10 Transient junction temperature profile.

Thus, once the steady-state temperature T, is known
(from measurements or otherwise), an approximate tran-
sient profile may be constructed with the aid of the equation
derived above.

It can be shown that the relation above yields ¢, = 0.516
msec when T = T,. Thus, we see that the junction attains
half its steady-state temperature in &2 1/9 the total time
required for it to reach the steady state.

Comparing these results with the theoretical result
stated before (¢, = 5 msec), we see that calculations based
on the assumption that the chip is a homogeneous slab
may differ by as much as an order of magnitude from the
results obtained on a model representing the real chip
more precisely.

Module temperature profiles

Temperature profiles on a module are simulated by as-
signing power dissipations to any one of the nodes 1-24
shown in Fig. 6. The chip sites indicated in the figure may
be considered to consist of the pads on a chip. Thus, (the
equivalent of) these pads act as heat sources on the sub-
strate. Accordingly, thermal impedances to any desired
point in the module, such as to the pins or the can, are
found with respect to these heat sources by dividing the
temperature difference between the respective points by
the chip power dissipation. Then the total thermal im-
pedance is found by adding to these impedances the
Zy-cnip » 1.€., the impedance from the chip level to the
bottom of the pads.

Figure 11a shows a partial temperature distribution
through the cross section of a module which is cooled at
the pins."" The twelve-pad chip is placed centrally on the
module and, for the example shown, the chip power dis-
sipation is 400 milliwatts. The thermal impedance from the
pads to the bottom of the substrate below the chip is,
for example, (33.98-28.2) /0.4 = 14.4°C/watt. (Note that
the substrate is not of uniform temperature.)
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found in the previous cases. From what thermal impedance
is usually understood to mean, one might conclude that
the chips in all these cases (with the same interfacial
resistance and power dissipation) should assume the same
temperature. This clearly is not the case, as can be seen in
Fig. 11.

The reasons for the ambiguity in using the indicated
thermal impedance for predicting true chip temperature
may be explained by considering the various resistive heat
paths from the chip to the ambience. Ultimately, heat
leaves the module either by way of the pins or by way of the
can. However, whether the preferred heat path is out
through the pins or the can, the substrate is always in-
cluded in the path."* Since the reference point for cal-
culating the thermal impedance is on the substrate, the
temperature difference between that point and the chip
will always remain constant, although the temperature
levels at the points may change depending upon the di-
rection and type of the preferred heat path.

Thus, the substrate thermal impedances calculated with
respect to the bottom of the substrate become useful in
predicting the chip temperature when the substrate tem-
perature is known by measurement or otherwise.

The results discussed above pertain to a flip-chip with
twelve pads joined to a substrate. It is of interest to be
able to estimate the substrate impedance for any size
chip with any number of pads. In general, the thermal
impedance of the substrate is a function of the num-
ber of pads, the size of the pads, and the area enclosed
by the pads. Unfortunately, the classical equations of heat
conduction do not lend themselves to predicting the
desired impedances for finite heat sources placed on finite
composite bodies subject to “mixed” boundary conditions.

Figure 13 shows a plot of substrate impedance Z as a
function of a new parameter { = P/NA which contains
information on the number of pads N, the size of the con-
tact area of the pads 4, and the perimeter, P, of the area
enclosed by the pads. It is found from computer results
that for 0 < ¢ < 1, the functional form of Z = Z({) is
linear, This is based on the assumption that the pads are
placed along the perimeter and that they are equally
spaced. Thus, for the chip shown in Fig. 5, for which 4 =
(2 = 12.6 mil®>, N = 12, P = 100 mils, and { = 0.66,
the thermal impedance from the pads to the bottom of the
substrate shown in Fig. 6 is 18°C/watt. On the other hand,
for 6 mil diameter pads, { = 0.294 and the impedance is
found to be & 10°C/watt. We also deduce from the
parameter { that for the same Z, the numbers of pads of
different diameters are related by N,/Ny = A4,/ A, which
reduces to N,/N; = (r;/r,)° for round pads, provided
that 0 < ¢ < 1.

The parameter ¢ was arrived at by a heuristic general-
ization of the relation R = L/kA where k is the thermal
conductivity as previously discussed. Thus, the reciprocal
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Figure 13 Thermal impedance for pads joined to a substrate.

of the slope of the curves in Fig. 13 may be interpreted as
the “equivalent thermal conductivity” of the substrate
subjected to a particular boundary condition. For sub-
strates of different geometrical and physical properties,
and of different boundary conditions, different slopes are
obtained (see dotted lines in Fig. 13). The slopes are in-
fluenced by the size of the chip as well. This is because the
area enclosed by the pads, which is determined by the
size of the chip, also forms a part of the boundary of the
substrate.

In order to construct a curve for a particular module and
a chip of certain size, only two values of the thermal im-
pedance are needed. First, thermal impedance is found (by
measurement or calculation) for a single heat source of the
size of the chip. Then another impedance is found for a heat
source consisting of a number of pads on the same chip.
When these points are plotted against {, other thermal
impedances as a function of different pad numbers and di-
mensions may be estimated from a straight line drawn be-
tween these two points. In practice, this is tantamount to
making two measurements on a single flip-chip. One is
made by back-bonding the chip, and the other by bonding
the pads to the substrate. The error involved reaches
+20% at { = 1, and becomes smaller as {—0 (see dashed

.envelope in Fig. 13).

The findings above suggest that the parameter { =
P/NA can be generalized to characterize thermal im-
pedances for finite heat sources placed on general bodies,
which, heretofore, has not been possible.
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Conclusions

Temperature profiles in flip-chips are largely governed by
parameters related to the geometrical and physical prop-
erties of the interconnections formed by the controlled
chip collapse bonding technique. The dimensions of the
metallurgical system comprising the heat path from the
heat generating device in chips to the pads are important.
The dimensions and number of pads, the size of the chip,
and the quality of the bond between the pads and the
substrate determine the nature of thermal impedance to
heat flow into the substrate.

In particular, it is found that a monolithic chip is not
necessarily an isotherm. The nature of the chip temperature
profile is governed by the thermal impedance of the heat
path from the device layer in the chip to the chip bound-
aries. Evidently, the heat traverses the path from a heat
dissipating junction to the bulk silicon and then back
down through the various layers out to the pads.

Before the heat reaches the pads, it encounters a
“thermal pinch” impedance that is determined by the
size of the glass hole. At the pads, it is found that most
of the heat leaves the pads centrally, rather than spreading
out immediately. The degree of thermal spreading is
influenced, among other things, by the number of voids
and their locations in the pads.

In general, analysis of thermal characteristics of flip-
chips on modules is complicated by the fact that the ther-
mal paths traverse composite bodies. Furthermore, even
the idealized mathematical models of the heat-flow struc-
ture are such that classical analytical approaches are not
applicable. A case in point is the model of a number of
finite heat sources placed on the boundaries of a finite
body. Although computer programming is useful in solving
individual problems, generalized results such as parametric
solutions are needed for efficient design procedures.

Appendix: Description of the numerical computer
program

Numerical methods are extremely useful in solving
problems of steady-state and transient diffusion of heat in
bodies of complex shapes and unusual boundary con-
ditions. Mathematically, the numerical finite-difference
method consists of replacing the pertinent differential
equation by a finite-difference equation. Physically, it is
equivalent to replacing the continuous medium by a net-
work of finite elements or nodes. In most cases, it is sim-
pler to derive the difference equations by direct applica-
tion of pertinent conservation laws to each node. In the
numerical computer program* used for this analysis, the
basic equations

Q.= —kAAT/L (conduction);

* NATA, T4IBM0031, IBM SHARE Library, written for the IBM 7090
System.

Q,=oFT;— T (radiation);
Q. = hAAT (convection);
and

Q. = c,(AT/AD (stored energy)*

are applied to each node, and an energy balance is made.

Application of the pertinent equation to each node re-
sults in a set of algebraic equations that must be solved
simultaneously for the unknown temperature. In the pro-
gram cited above, two numerical procedures are used for
this purpose. In the steady-state case a relaxation technique
is used, and in the transient case an iterative technique. In
both methods the temperatures in the interior are guessed,
based on the known boundary conditions, and then these
temperatures are adjusted so that the appropriate con-
ditions are satisfied.

Details of the programming of the numerical methods
mentioned above may be found in the excellent description
given with the NATA program. We point out that steady-
state problems are characterized by boundary conditions
being specified over the entire domain of the solutions,
which are called “jury” solutions’ because they must
satisfy a jury composed of the boundary conditions. In
transient problems, solutions are not bounded in time
since initial conditions are prescribed, but conditions at
a later time are determined by the progress of the solutions
themselves; they are sometimes called “marching” sol-
utions.

The NATA program is written for an IBM 7090 system.
As mentioned earlier, the program is applicable to the three
modes of heat transfer (conduction, radiation, and con-
vection) in a three-dimensional rectangular coordinate
system for both steady-state and transient problems under
various boundary conditions.

The ““building blocks” of a given problem are the nodes.
For example, Fig. 5 shows one-quarter of a flip-chip
divided into 996 nodes. The maximum number of allow-
able nodes in the program is 1,000. Each of the six faces of
each node can be subjected to different boundary con-
ditions independently. Also, any node may be assigned
heat generation and surface contact resistance.

The computer program calls for the specification of the
relative location of each node with respect to its neighbor-
ing nodes. This is done by simply punching on cards, in
a certain format, the numbers of the six nodes adjacent
to the six faces of the given node. Thus, for a matrix con-
taining 1,000 nodes, it is necessary to enter 6,000 numbers.
Furthermore, the dimensions as well as the thermal con-
ductivity of each node must be entered. If a transient

* In the equations stated, ¢ is the Stephan-Boltzmann constant; F the net
radiation factor; 4 the convective heat transfer coefficient; cp the heat capacity;
and ¢ the time.

t L. F. Richardson, Trans Royal. Soc. (London) A226, 229 (1927).
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case is to be run, the density and specific heat of each node
must also be entered.

Once the geometrical as well as the physical properties
of the nodes are specified, the nature of a particular prob-
lem is established by defining the heat generation and the
boundary conditions.

Again following a certain format, any node can be as-
signed heat generation. Thus, in Fig. 5, the nodes in the
device diffusion layer are assigned desired power dissipa-
tions for simulating temperature profiles on flip-chips.
As for the boundary conditions, the six faces of any node
may be separately assigned any desired boundary condition
by entering the appropriate heat transfer coefficient cor-
responding to natural convection, forced convection, and
so on. Furthermore, radiation may also be included be-
tween nodes if the proper radiation factors are entered
into the data.

It will be observed that the number of nodes needed for
the description of a particular problem depends on, among
other things, the accuracy needed.

A sample computer print-out of a steady-state tempera-
ture distribution is shown in Fig. 7. Note that the tempera-
tures are indicated next to the node numbers. Fig. 8 is a
steady-state temperature profile obtained from computer
results,
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