Thermal Considerations for
Surface Mount Packages

As package sizes continue to decrease, as well as the shift
from through board to surface mount packaging, thermal
considerations become increasingly important. Device life is
halved for every 10°C increase in temperature. Therefore, an
understanding of thermal performance becomes increas-
ingly critical.

The following information is a brief overview of thermal prop-
erties, testing and data for surface mount packaging.

THERMAL PROPERTIES OVERVIEW

It is recommended that the junction temperature not exceed
150°C for plastic packaged devices, this is the glassification
temperature (Tg). Junction temperature is a function of the
power dissipation by the device, package thermal resis-
tance, and ambient temperature outside the package.

Thermal Resistance

Thermal resistance (8;,) is a function of die and package ge-
ometries, construction and package materials, eg: die attach
material, lead frame material, and mold compound; as well
as the ambient air-flow, and the power dissipation of the de-
vice. It is defined as:

T,-T, (°C)
o= T (w) O

Where T, is Junction temperature during power dissipation,
T is Ambient air temperature, and P is Power dissipated by
the die.

Maximum Safe Ambient Temperature

To determine the maximum ambient temperature a device
can safely operate at, substitute the glassification tempera-
ture for T, and solve for T, maximum.

Ta(max) = Tg - 6;4P = 150 - 6;,P 2)
P in this formula is based on device power for the application
in which the device will be used.

THERMAL TEST SETUP AND CALCULATIONS

Thermal Test Setup

For thermal evaluation, devices or test die are heated to a
specified power level via a voltage/current combination.
Typically, this is accomplished by forward bias of parasitic
PN junction between V. and GND. This heats the device to
a specified level (Anode at ground cathode at V().

Note: Most digital semiconductor products have parasitic PN junctions be-

tween Ve and ground.

Temperature measurements are indirectly determined from
the difference in forward voltage drop across the internal PN
junction; the temperature is then derived from a calibrated
linear equation for a particular junction current level. This is
accomplished by using a low current and stepping the tem-
perature. The calibration data is derived from the voltage
change across temperature.

The die junction temperature is derived using power cycling.
By using a current/voltage combination at a greater than
99% duty cycle, the PN junction is measured during the <1%
time slot. In the following example a 1 mA current level vs the
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DUTs (device under test) are subjected to a myriad of envi-
ronmental conditions (i.e., wind speeds, temperatures, hu-
midity) while a known power level is applied to the device un-
der test. Individual 6,5 are calculated at each of these
conditions.

Thermal Test Calculations

Temperature measurements are derived from the forward
voltage drop (V;) across an internal junction at a low current
level. Temperature is calculated from a calibrated linear
equation for a particular current level. Temperature measure-
ments are taken to determine the thermal resistance (0,g),
as noted by the equation:

0, = (T,—Tr)/Power
Where Tk is the reference temperature (i.e., ambient, case).
In the case of 8,¢, the DUT package is mounted to a large
copper heat sink while being conditioned to a predetermined
temperature.
0,4 tests are performed in a wind tunnel where the DUT is
exposed to pre-determined environmental conditions. This is
done with the device mounted on a spec’d board, which
must be aligned to the laminar flow.

THERMAL TEST SETUP AND CALCULATION OUTLINE
The above discussion is laid out in outline form below:
Objective:

Find the increase in die temperature due to a given amount
of dissipated heat/power.

0)r = (Tu—TR)/IP Assume R = ambient: 6,5
Where 6,5 is Thermal Resistance from the junction to the
reference point, T, is die Temperature after Heating with
power, Tz ambient Temperature before heating, or Refer-
ence Temperature, and P is measured wattage, or Power
dissipation.
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Known:

Die Size
Package (composition and size)
Power dissipation of application
Problem:

Unknown:

Thermal Resistance

How to determine Actual die temperature during heating; it is
not accurate or convenient to place a thermocouple on the
die.

Solution:

Use the linear relationship between Voltage vs Temperature
for a Given Package/Die combination.

Vi

Temp

(1.5-2mV)/C  {typical}
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Where V; is Voltage Forward biased through the device PN
Junction and Temp is the ambient air temperature.

Implementation:
Two general approaches;

1. Thermal test die (a convenient package/die combination
tool)

2. Actual product (in application { the focus here is on maxi-
mum accuracy; exact package/die/etc.})

I. Generate V vs T

Force: ~ 1 mA at indexed temperatures {1 mAis used in or-
der to avoid die heating}

Measure: V; of temperature sensitive device (PN junction)

1. For each power dissipation/wind combination, measure V;
at thermal equilibrium.

Ill. Using the graph/table/linear equation (all are equivalent)
derive the T,.

IV. Knowing T4, T, and Power, 6,4 is calculated.

DEVICE POWER DISSIPATION CALCULATIONS

Power dissipated in an IC is a function of the power supply
voltage, input/output conditioning, output loading, operating
frequency, and duty cycle. The following is intended to be a
step by step approach to understanding and calculating
power dissipation in semiconductor devices. Due to signifi-
cant differences both inherent and designed in, the calcula-
tion section is broken into two sections, CMOS Power Dissi-
pation, and Bipolar Power Dissipation.

CMOS Power Dissipation

The formula for total power dissipated in a CMOS device is:
P =Pgq + Pcpp + Pcip + Py + Popc

Where P is Total device power, Pq is Quiescent Power, Pcpp

is Power Dissipation Capacitance, P  is Capacitance

Load Power, P, is TTL level inputs High Power dissipation,

and Popc is Power dissipation for Outputs driving a DC load.

Derive Known
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The above formula is broken out below in steps. The dia-
gram, with formula numbers included, is provided to illustrate
the formula to device relationship:

Vee
DUT
Input ) Output
o—— ———
® (® 1% (9)

Mz
-
Output Load(s)
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The power dissipated in a CMOS device driving a purely ca-
pacitive load is given in the FACT data book, section one as:
Po = lop Vop (3)
Where Pq, is power dissipated during quiesent on (i.e., idle
state, power on but not driving a load or running at any fre-
quency), lpp is quiescent power supply current drain, and
Vpp is the power supply voltage.
Pcpp = fVsVppCep (4)
Where Ppp is power dissipated via Capacitive power dissi-
pation, fis the frequency, Vs is the output voltage swing, Vpp
is the V¢ voltage, and CPD is Power Dissipation Capaci-
tance.
PCLD = fVSVDDCLD (5)
Where P is power dissipated via output load (Capacitive),
f is the frequency, Vs is the output voltage swing, V5 is the
Vcc voltage, and CLD is Capacitive output load.
During device idle times, the dynamic components, equal
zero. The active time duty cycle, (Aime), represents the per-
centage of time the device is active, (outputs enabled). In-
cluding the A, factor, the dynamic power components and
recognizing that they represent power per output pin, be-
come:
Pcep = Ningn Vs VooCep Atime (6)
Pcp = Nog f Vs VopClp Atime (7)
Where Niny and Nop are the average number of internal
paths, and outputs respectively, toggling at frequency (f). For
gates, buffers, line drives, and transceivers, Ny = Nog-
Refer to Power Dissipation Test Philosophy in the LOGIC
Applications Handbook, for the JEDEC standard on Cp, (de-
vice power dissipation, capacitance) measurements.
An additional term is required for CMOS parts with TTL com-
patible inputs (when driving the device using TTL level sig-
nals):
Py = Nt Ippr VopDin (8)
Where N+ is the number of the TTL compatible inputs and
D, is the duty cycle inputs high.
This is critical, because at TTL high levels on the inputs,
ICCT will increase dramatically, due to the fact that more of
the input CMOS transistors will be on for a larger percentage
of the time, greatly increasing current flow, and power con-
sumption.
If DC loads are being driven, an additional term is required:
Pobc = [N lon (Voo—Vor) Don + N oL Vo Do JArme(9)
Where Doy and D, are the duty cycles of outputs high and
low (with outputs enabled), respectively. |5, and |5, are DC
load dependant. For a capacitive load, loy = I, = 0. For TTL
type inputs: I, = N, * I,,, and Igy = N, * Iy,
Therefore, the total power dissipated in a CMOS device is
the sum of (3), (6), (7), (8), and (9):
P =Pq + Pcpp + Peip + Prr + Popc

Bipolar Power Dissipation

The formula for total power dissipated in a Bipolar device is:
P =Pog + Pop + PoL + Py (10)

The above formula, is broken out below in steps, the dia-

gram with formula numbers included, is provided to illustrate
the formula to device relationship:

Vee

DUt (14)
Input Output

Output Load(s)
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The DC power dissipated in a bipolar device can be de-
scribed in terms of the output conditioning as follows:

POE = |CCZ VCC (1 - AKirne) (11)
Where P is the power dissipated during disabled time,
(1 - Ar,me) represents the percent of time the device is inac-
tive.

POH = [ICCH VCC + N IOH (VCC_VOH] DOH Alime (12)

PoL = llce Vee + N oL (Vec—Voul Dot Atime  (13)
Where Doy and Do, are the duty cycles of outputs high and
low (with outputs enabled), respectively. Arve is the duty
cycle of the outputs enabled. I, and I, are DC load depen-
dant. For a capacitive load, oy = lo. = 0.
For TTL inputs, loy = NI * Iy, I, = NI * 1. Also, since Vo
is dependant on V¢, use Vo = (Ve - 2) instead of the da-
tabook V. Use databook limits for all other parameters.

The Frequency dependant component can be expressed as:
Pw = N F Vs Vee (Cpp + Cup) Arive (14)
Where N, is the average number of outputs switching at f,

(for a 16-bit count sequence, N, = 2) and Cy, is the capaci-
tive output load.

Therefore, the total power dissipated in a bipolar device is
the sum (10), (11), (12), (13), and (14):

P = Pog + Pop + PoL + Py

0,4 Vs Air Flow, Power Derating Curves

Power derating curves can be generated by plotting power
dissipated vs T, max as a function of 6,4 for various airflows.
The curves can be used for quickly determing maximum safe
ambient temperature, and to determine if air flow is required
for a given device/power level.

To use the derating curve chart to calculate power dissipa-
tion for a device; start by calculating the power that the de-
vice will dissipate under the expected conditions. Next, se-
lect the Power Derating Curves for the package being used.
Locate the calculated power along the vertical axis, then
drawn a horizontal line across the chart. The maximum rec-
ommended ambient temperature, for each recommended
level of air flow, is the temperature where the power line in-
tersects with the derating curve for that air flow. If the tem-
perature where the power line intersects the zero-flow line is
greater than the max operating temperature of the system,
than no air flow is required.

Sample Power Derating Curves have been included for vari-
ous surface mount packages and pinouts. (Appendix 1) Note
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that die size, technology, and package materials and pack-
aging manufacturing methods play a crucial part in calculat-
ing derating curves.

Sample Calculations

Example 1:

Find the power dissipation and max ambient temperature for
a Fairchild 74ACTQ16374, (16-bit D-Flip Flop), running at 33
MHz, 40% of the time, with TTL high inputs switching all 16
bits high to low at a 50% duty cycle during the 40% active
time. The supply voltage is 5.5V and the outputs are loaded
with 50 pF.

PQ = lpp Vob

Po = (80 pA) (5.5) = 0.00044W

Pcpp = NINT(f) fVs Vob Cep Atime

Pepo = (16) (33 MHz) (5.5) (5.5) (30 pF) (0.40) = 0.195W

Peio = Nog fSVBS Vop Cep Atime

Peup = (16) (7 MHz) (5.5) (5.5) (50 pF) (0.40) = 0.160W

Note: In this example the outputs toggle at one half the clock frequency, as
the 74ACTQ16374 is a D type flip flop.

P = Nt Ippr Vop Din

Pty = (16) (1.5 mA) (5.5) (0.5) = 0.066W

P = Pq + Pcpp + Pcip + Py + Pope

P = (0.00044W) (0.195W) (0.160W) (0.066W) (0) = 0.42W
Checking the power derating chart for 48-lead SSOP shows

that temperatures of greater than 90°C can be supported
with no air flow at this power level.

Example 2:

Find the power dissipation and maximum ambient air tem-
perature for a Fairchild 74FR16245 (16-bit transceiver with
3-state outputs), running at 33 MHz, 50% of the time, with all
16 inputs switching randomly. The supply voltage is 5.0V and
the outputs are loaded with 10 Fast unit loads each. (Unit
load = I,; = 20 pA, I, = 0.6 mA, C = 4.5 pF).

For 16 inputs switching randomly, Doy = Do, = 0.5 Ny can
be found by multiplying the number of inputs by the probabil-
ity of an input switching:

N(f) = an(%) - (16)(0.5) = 8

The average power dissipation by the transceiver is:

Poe = lccz Vec (FAime)

Poe = (105 mA) (5.0) (1- (0.5)) = 0.262W

Pon = [lccr Vee *+ N o (Vec—Vou)] Don Atime

Pow = [(105 mA) (5.0) + (16) (.2 mA) ((5.0) - (3))] (0.5) (0.5)
=0.133W

PoL = [lcer Vee + N oL (Vec—Vou)l Dor Atime

Po. = [(165 mA) (5.0) + (16) (6 mA) (0.55)] (0.5)(0.5) =
0.219W

P@ = N F Vs Vee (Cepp + Cup) Arive

P = (8) (33 MHz) (3.0) (5.0) (18 pF) + (4.5 pF * 10)) (0.5)
=0.125W

Therefore, the total power dissipated in this example is:

P = Pog + Pon + PoL + Py
P = (0.262W) + (0.133W) + (0.219W) + (0.125W) = 0.730W

Checking the power derating chart for 48-lead SSOP shows
that the maximum ambient temperature for safe operation
with no airflow for the above equation conditions is 90°C.
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LIFE SUPPORT POLICY

FAIRCHILD'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT DE-
VICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF FAIRCHILD SEMI-

CONDUCTOR CORPORATION. As used herein:

1. Life support devices or systems are devices or sys- 2. A critical component in any component of a life support

tems which, (a) are intended for surgical implant into
the body, or (b) support or sustain life, and (c) whose
failure to perform when properly used in accordance
with instructions for use provided in the labeling, can
be reasonably expected to result in a significant injury

device or system whose failure to perform can be rea-
sonably expected to cause the failure of the life support
device or system, or to affect its safety or effectiveness.
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