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CHAPTER 3

~“THERMAL PROPERTIES OF
ELECTRONIC MATERIALS

Thomas C. Evans

3.1 INTRODUCTION

Packaging engineers have more material choices and thermal constraints to consider
with each new product they design. Since higher performance drives integrated cir-
cuits, active, and passive components to generate more heat, selecting the right
materials can be a key element of practicing good thermal management. Along with
the thermal evaluation, there are four additional factors that must be considered as
part of the final decision on any given material set.

1. Performance, including thermal, must increase.

2, Reliability must be the same, or even increased.

3, Available space for most new products is shrinking.
4. Cost must always be reduced.

Therefore, the design cycle should include a comparison of materials per the preced-
ing criteria and a consideration of their overall effect on heat flow through the system.

To start the design of products that have good thermal performance, this chapter
serves as a practical guide to material properties. Thermophysical values of thermal
conductivity, specific heat, and thermal coefficient of expansion are presented along
with density, modulus of elasticity, and tensile strength to provide a quick and easy-
to-use reference. Specific data sheets from material suppliers should always be
reviewed for comparison.

Many times there is confusion on how to classify a material, with the difference
between trade names and generic classifications becoming blurred through misuse or
indiscriminate substitution. Figure 3.1 summarizes most of the material types found
in electronic products and serves as an overview for the tables of data. [1-3]

3.2 UNITS

Before presenting the actual data, the tabulation of thermal properties should start
with an explanation of the most important terms and units. Tables 3.1 and 3.2 help
the user interpret some of the typical units and the many different factors associated
with them,

These are the standard base units of the 81 (Systeéme International d’Unités) sys-
lem, set up in 1960 at the Eleventh General Conference on Weights and Measures.
These units comprise a coherent form of the metric system, since all other units that
may be used can be derived from these base units. [2,3]

3
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THERMAL PROPERTIES OF ELECTRONIC MATERIALS

TABLE 3.1 Common Units of Measurement

Quantity Units Symbaol
Length Meter m
Mass Gram g
Time Second g
Temperature Kelvin K

TABLE 3.2 Multiplication Factors

Prefix  Symbol  Multiplying factor

Alto a 10:1
Femto f 10714
Pico P 102
Nano n 10*
Micro u 10"
Milli m 102
Centi c 107
Hecto h 107
Kilo k 107
Mega M 10°
Giga G 1w
Tera T 101

For reference, the application of energy through area, distance, and time deter-
mines the units listed in Table 3.3.

TABLE 3.3 Energy, Force, and Power Units

Forceinnewtons (N} = m-kg/s’
Force over arca (Pa) =Nm' = kgm-s
Energy in joules (1) =Nm = m>kgs
Power in watts (W) =0 = ma-kg/s'

One additional note on standard units of temperature measurement is npplicabla_?.
The thermodynamic scale of temperature is called the Kelvin scale. Absolute zero 15
0K, defined as the absence of all molecular movement. More familiar is the centi-
grade scale, which has 0°C equal to +237.15 K. Temperature differences are equiva-
lent in either scale.

%3 THERMAL AND PHYSICAL VALUES

methods of transfer or gonduc-
om vibration of atoms 10 & lat-
transfer most of their thermal

Es;l;m;ts as energy in a solid material, with four
lice §| i 1n5u|_amm phonon generation from the rand
ructure is the largest contributor, but conductors

3.3
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CHAPTER THREE
34

: ; free electrons. Magnetic excitationg and :
energy from the lramm,:t;?:lraﬁ&?;:?nnn[fan also contribute to hezfl transfer iﬂls{jli'[;"
some cases, 'zl':‘:t.mmagl transfer methods and chemical slrpctu. re, each m;um‘]a; h
[6,7] From the dtrfﬂeni and physical properties. The following are brief descriptiop,
3fu:;iquc;;:l:fi;:‘f::§ms used to describe common electronic materials,

ol therm Je

3.3.1 Thermal Conductivity

Thermal conductivity is defined by the time rate ?l' thcg?ii ::l:«_?-irf]y g]rqlga:
it conducts between opposite faces of a CEI'IEIC volume 4 efrci;m
ture varies by 1 kelvin. Thermal condumw_ty m::i:-::a‘tlﬁ';l f'ﬂ ; i : cy
when heat flows from cooler to warmer regions and is defined a

) transfer
he tempers.
of a Materiy)

dT
q=-k>= (31)
where g = heat flux in W/m?
k = thermal conductivity in W/( m-K)
dT/dx = temperature gradient, K/m in steady state

ther-
thermal resistance is the inverse of

rmal resistance indicate 2 better ther.
mal path.

Experimental study of the thermal conductivity of solids was started by Benjamin

Franklin in the mid-eighteenth century. In 1753, he pointed out the different abilitjes
of different materials “1o recejye and convey away the heat " Exactly 100 years later,
Weidemann and Frang used a steady-state test method

originally suggested by
Franklin to determine the relative the

! hich uses a copper rod in
vacuum, placmg the sample in the mj i
length as heat is Pumped down the roq. E1461-92 is the indirect method using a
thermal pulse or flash of heat, [6]

. : : By combining the thermal diffusivity values
;’“t"hdthe density and specific heat capacity, the thermal conductivity can be calcu-
ated as

h=aC,p
where A = thermal conductivity jn W/ (m-K)
¢ = thermal diffusivity in m?/s

C, = specific heat Capacity in (W - g)/(p —
P =density g/m* r-ai *

(32)

332 Thermal Capacity ang Specific Heat

Materials cap absorb Energy in the form
defined as the amount of the

mole of materia] by 1 kelvin,
molecules,

of heat ang re
rmal energy

lease it. Thermal capacity is
One mole of

*equired to raise the temperature of one
Materia] i €qual to 6.023 x 10* atoms or
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THERMAL PROPERTIES OF ELECTRONIC MATERIALS

_40
T odr 33)

where € =heat capacity in W-s/mol-K
() = energy in Wes
T=temperature in K

ore COMMON eXpression is the specific heat, which is the thermal capacity
;\imdcd by the mass and has units of W-8/8-K. Speaific heat can be measured at con-
stant volume OF at constant pressure, hu[ for the temperatures and solid materials of
interest. these values are practically cquivalent.

For metals, semiconductors. and ceramics, specific heat values over temperature
change gradually. but the heat capacities of plastic polymers exhibit an IncTemental
increase at the glass transition temperature 7,. The T, of plastic polymers represents
a threshold below which the plastic is hard and rigid. and above this lemperature, the
plastic becomes flexible and rubbery:

Differential calonimetry in accordance with ASTM standard test methods El295.9)
and E%68-63 determines the specific heat bymnxparinglhﬂmalcnﬂg' coatent of an
empty sample container, a sapphire crystal (standard), and the actual sample. [6]

333 Thermal Coefficient of Expansion (TCE)

TCE s a result of asymmetrical changes in the interatomic spacing of atoms duee 1o
mereased energy content in the form of heat. Most metals and ceramics exhibit a hin-
ear, isotropic relationship in the temperature range of interest. while plastics are
generally anisotropic in nature due to behaviors above and below T, TCE vales for
plastic polymers are usually several times larger above the T, than below it The tem-
perature coefficient of expansion is defined as

LT - (T
L TNT-T) 9

where @ = temperature coefficient of expansion, 1°C
T, = ininial temperature
T. = final temperature
L(7.) = length at initial temperature
L(T:) = length at final temperature

The term @ is often multiplied by 10F with corresponding units of parts per million
length change per kelvin, ppm/K. ASTM

Direct measurement at room temperature and elevated temperature (per AST)
sandard test method C372-88) has the sample accurately measured on 3 thermally
conductive plate at room temperature. then measured again at a higher temperature
after thermal equilibrium has been reached. [6]

From a historical perspective, matenal expansion and contractions have bees
observed and even feared for quite some time. *From ghoubes and shosties. and long
eReety beasties and things that £0 bump in the night. Good Lond deliver o™ & a0 old

“tush praver, One can imagine hearing strange noises in the muddle of the nght.as
ool night air in Scotland caused homes and furnishings to contract.

first senous attempt 10 measure dimensional change Over temperature was

Perfomed in 1730, 1o obtain more accurate clocks. As  professor of astronomy, Peares
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3.6 CHAPTER THREE

van Musschenbrock of Utrecht determined that pendulums made of iron gave the beg
results. Clocks using brass, copper, or lead pendulums had inaccurate timekeepin
aver the course of even a single day. Investigating further, he found changes in the

Jength of the pendulum from daily temperature variations. [7]

3.3.4 Modulus of Elasticity (E)
gidity or stiffness of a material, which can

The modulus of elasticity is the measure of ri . |
r load. In more technical terms, £ is the

be described as the plastic deformation l;ndc _ )
ratio of stress below the proportional limit, compared to the corresponding strain, and

can be represented by the slope of the initial stress-strain curve. If a tcn,r;_il.:e: stress of
13.8 MPa results in an elongation of 1.0 percent. the modulus of clasticity is 138

divided by 0,01, or 1380 MPa. [5.8] £ can be represented by

o=FEe (35)
where @ = stress in psi or N/m*

E = modulus of elasticity in psi or N/m’ :
e = strain, in m/m, the net clongation (contraction/unit length)

The units are generally listed as GPa.

3.35 Tensile Strength

Tensile strength is the amount of stress applied to stretch a material to its breaking
point. In tensile testing, the ratio of maximum load to original cross-sectional area1s
also called the wltimate strength, [5.8] Units are listed as MPa, Both the tensile strength
and £ depend upon the purity and processing of seemingly equivalent materials.

It is beyond the scope of this book to detail all the important factors having an
effect on thermal and physical properties. For instance, two metal samples can have
identical constituents but different tempers which affect mechanical strength. Tem-
per is determined by the anncaling (heat and cooling rates) of the original material.
Looking at polymers, samples may have equivalent molecular weights, but shightly
different types or amounts of crosslinking. Crosslinking generally has a large effect
on values of mechanical strength and 7,

3.4 CONVERSION FACTORS

{_‘pmparisrjns between numbers are often complicated by the fact that values have
different units to describe them, Conversion factors for various English and mgs
(meter/gram/second) units are listed in Table 3.4, [5,9]

3.5 MATERIAL THERMAL AND PHYSICAL
VALUES e

Many times references differ in the actual values of the physical constants. It might
be hoped that test standards and handbooks would better address this issue, but for
whatever reason, that does not seem to be the case, Material purity can be another
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THERMAL PROPERTIES OF ELECTRONIC MATERIALS 3.7

TABLE34 Units and Conversion Factors

Length, ared. and volume Wurk. energy, and power
: mch=35-”’ mm = 0.0254 m 1 inch-Ib {(force) = 0113 =0.113 Nm
L nes =1 foot 1 ft-1b = 1365 J
{ foot = 305 mm = 0305 m el 1 BITjU = 778 fi-1b = 252 calories = 1,055 J
ok 645 mm* = 0.6452 % 10 m’ 1 BTU/hr=0293 W
| foot = 2 900 mm’ =0.0929 mm* I calone (cal) =4.186 ]
{ ich’ = 16400 mm' = 16.4 % 10 m’ lerg=1071J
Lm0 83 m' ! tIbis = 1.356 W

o = PSS 8. 1 ft-1b/min = 0.0226 W
'.'lllhs.ﬁ and density - IWs=13

)= 045359 k e

1 ﬁﬂfaﬁ}mg e’ g Thermal conductivity
| b/ = 16,0185 kg/m’ I BTURAF = 17303 Wim-K

caniiiny 1 BTU/br=in-F = (L1442 Wim-K
Facesvdswess I Win-K = 39.3 Wim-K
-i.lb_{-{u;cl!} T I cal/s-em-K = 4184 Wim-K

1 Iblin! uam] = {1,594'-"(! ]:\‘l'll.TI: 1 -

{ Ibefe (psh) = 479 N'm* Specific heat

| \Pa = 10° N/’ = 1 Nimm 1 callg"C = 4,17 Wosg °C

| dyne =10 ‘N 1 BTU/NbL-°F = 4.1867 W-s/g-2C)

1 d\.-n,g:.zzidg »10*1b

for differences between sources, and it is not always presented with the ther-
mal data. Values reported in this chapter are for 300 K and should be expected to
vary between 5 and 10 percent from the true value. [10-12] The properties of metals,
ceramics and glasses, polymers, and semiconductors are presented in Tables 3.5, 3.6,

3.7, and 3.8, respectively.

reason

36 LAMINATE SUBSTRATES AND PRINTED
CIRCUIT BOARDS (PCBS)

1t can be fairly difficult to determine the thermal conductivity for a specific design of
an organic laminate. Several factors contribute to differences between even fairly
similar layouts and must be accounted for when performing a thermal analysis. Some
of the same factors can also affect ceramic substrates, but not as much as an organic-
based one.

For typical substrates or PCBs, the arca covered by copper traces or planes, the
thickness of the copper. and the number of vias greatly influence thermal perfor-
mance. If one area of a board has more copper traces, or more vias, the local thermal
conductivity may be much greater. Therefore, in critical applications, the thermal
analysis should not treat the substrate/PCB as a bulk material, [13,14] Important
material and geometric factors affecting thermal conductivity of a given laminate
substrate or PCB follow:

L. Number of metallization layers
2 Area coverage of metallization versus substrate/board size
3. Thickness of metallization

Nichia Exhibit 1022
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- CHAPTER THREE

TABLE38 Properties of Semiconductor Materials

Thermal -
Thermal Specific  coefficient . Modulus ik
conductivity, ~ heat,  of expansion,  Density, of elasticity, Strenggy
Semiconductors WimK  Wsgk  ppm/K B LI
Silicon (Si) 150 0.712 28 233 TR
09.5%-99.95%
Gallium arsenide 45 0.32 5.87 5.316 g5
(GaAs)
Ge ?? 57 5.33
GaP 133 53 413
GaSh 3 6.9 56
InP 97 44 4.79
InAs 35 53 5.7
InSb 19 5 58

4. Number and size of vias
5. Filled versus unfilled vias
6. Individual substrate/PCB layer thickness

A method of calculating the thermal conduct
the preceding factors is developed in Eq. (3.6): [15]

0.25ty +13.65Cy,
Ksupg =————"
Ia
where kg 55 = thermal conductivity of the PCB or
Iy = substrate thickness in mm

€= decimal percent conductor coverage
I = trace thickness in oz of Cy

Example The PCB is 157 mm thig
layers of approximatel

plane of approximately

k and
75 percent covera ge.

C=(2x05+ 0.75)13 = 0,583
L=2x054+1=2
e (0.25 % 1.57) + (13.65 x 0.583) x 2

ivity that accommodates some of

(3.6)

ceramic in W/m-K

contains two 0.5-ounce copper signal
v 50 percent coverage, and one 1.0-ounce cup]f:f:' ground

1‘5? = 10.4 Wl"m"K

3.7 TEMPERATURE VARIATION

Almost all physical co
tronic materials are n o e

conductivity v

thermal values of elec-

aries by 10 Percent for
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