Kii-24b

Technical Information Note

MEASUREMENT OF THERMAL PROPERTIES
OF SEMICONDUCTORS

Prepared By
Rex lvins
Appiications Engineering

The power ratings of semicondus-
tors are established on the basis of
maxirnum operating junction tempera-
tures and the thermal resistance of the
devices. Thermal resistance is used
consistently as a design charactaris-
tic from which the design engineer
can determine the junction tempera-
ture of semiconductor devices under
operating conditions. Its importance
can hardly be over-emphasized. This
note describes the techniques used
by Motorola to obtain the thermai re-
sistance of transistors, rectifiers, and
thyristors.
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INTRODUCTION

Power ratings of semicsonductorsare establishedonthe
basis of the maximum operating junction temperature and
thermal resistance of the devices. Thermal resistance
is also used consistenily as a design characteristic with
which the design engineer candeterminethe junctiontem-
perature of a semiconductor device under operating con-
ditions. Theimportance of thermal resistance can hardly
be over-emphasized; it is, therefore, necessary that it
be accurately measured.

This report describes the method and the equipment
used by the Motorola Applications Engineering Depart-
ment to obtainthermal resistance measurements of tran-
sistors, rectifiers, and silicon controlled rectifiers
{thyristors). Also describedis a method employing modi-
fied thermal resistance measuring equipment to obtain
the thermal response of a semiconductor device.

REVIEW OF BASIC PRINCIPLES: THERMAL
RESISTANCE

The power dissipation in a semiconductor device and
its junction temperature are related by a coefficient
called thermal resistance. The term arises from con-
verting the thermal properties of semiconductor devices
to an equivalent electirical analogy. This analogy is given
in Figure 1. For steady state conditions, the equivalent
electrical circuit vields the following equation:

Ty = Po(Bjc+ 805+ 0g,) + Ty &Y

where
eJC is the thermal resistance - junction-to-case
GCS is the thermal resistance - case-to-heatsink
fg, is the thermal resistance - heatsink-to-ambient
’I‘J is the junction temperature
PD is the power dissipated in the device
TA is the ambient temperature
Equation (1) is also the controliing equation with which
the thermal resistance of a device is determined. By
monitoring the junction, case, sink, and ambient tem-
peratures as well as the power dissipated in the device,
the various thermal resistances canbe calculated. Equa-

tion (1) can also be written:

v -~ Te (2)

where

@yc is the thermal resistance -(junction to casejand
T( is the case temperature.

Since the ambient temperature is generally the uncon-
trolled variable, the junction temperature of a semicon-
ductor device with a power rating greater than a few
watts must he controlled by mountingthe device to a heat-
sink., [Because semiconductor manufacturers have no
control over device applications or how devices are

mounted, manufacturers usually establish only a junction-
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FIGURE £~ THERMAL TO ELECTRICAL ANALOGY

to-case thermal resistance for power devices. The de-
sign engineer must design or select the best possible
method for dissipating the heat from the case of a power
transistor, rectifier, or a thyristor.]

The junctiontemperature of semiconductor devices can
not be measured directly but must be cblained by moni-
toring some temperature sensitive parameter of the de-
vice. Parameters such as Vepigat), Vg of Vep for
transistors; anode-cathode vo Fa{r élrcp l%ox' diodes or
thyristors; the reverse leakage current {any semiconduc~
tor) can be used; but the recommended parameter is the
forward voltage drop of a single P-N junction. This
characteristic shows a more linear dependence on tem-
perature and is more readily reproducible at low levels
of eurrent. Thus, in general, the forward voltage drop
of rectifiers and the voltage drop of the foerward-biased
collector-base junction in transistors are used as the
sense parameter. The collector-base junction is selected
because most of the power is dissipated in the device at
this junction. For thyristors, the anode-cathode drop
was used (even though the drop is measured across 3
junctions) because significant power is dissipated in all
junctions,

The reference junction temperature is established by
elevating and monitoring the case temperature and sensing
the collector-base junction forward voltage drop. The
junction temperature is assumed to be equal to the case
temperature i{ power dissipation from the vollage sensing
current is negligible; the case temperature is then held
at some measured low temperature while power is dis~
sipated in the device until the collector-base forward
voltage drop reaches the reference value. From this
simple precedure, the junction temperature and the case
temperature of the device is obtained.

Under most resistance test conditions, steady state
power is dissipated in the test unit for long periods of
time but pulsed to the low current sense conditions for
short periods (usually less than one per cent of duty
cycle). Under such conditions, the power dissipated in
a rectifier or a thyristor is the product of the high for-
ward current and the forward voltage drop of the device.
The power dissipated in a transistor may be calculated
with reasonabie accuracy as the product of the collector-
emitter voltage and the collector current. The collector
current is slightly less than the emitter current, and
the small error is usually neglected. Knowing the junc-
tion temperature, case temperature and the power dissi-
pated in the device, the thermal resistaace (8y¢) can
easily be calculated from Equation (2).

Circuit diagrams are included as a means of illustrating typical semiconductor applications, consequently, comglete information sufficient
for construction purposes, i5 not necessarily given. The infoermation in this application note has been carefully checked, and is believed
to be entirely reliable. However, no responsibility is assumed for inaccuracies. Furthermore, such information does not convey to the pur-
chaser of the semiconductor devices described any iicense under the patent rights of Motorola Inc. or others.




Previous mcihods of obtaining thermal resistance re-
quired a calibration curve reilating the forward voltage
drop to the junction teraperature, a time consuming pro-
cedure which has been eliminated by the technique just
described. The new method mouitors the voltage drop at
one junction tempersture; therefore, the need for a cali-
bration curve is eliminated.

THERMAL RESPONSE

When power is applied to a cemiconductor device, the
junctiontemperature does not rise as a step function, but
rather rises as a complex exponential curve. The re-
sponse is similar to a number of parallel R-C networks
in series. Here R is analogous to the thermal resist-
ance from the junction of the device to the case, and C
is analogous to the thermal capacitance of the silicon die
and the thermal path through the metal,

The fact that the thermal response does not follow a
simple time constant, but that instead the time constant
is complex is illustrated in Figure 2. Curve A is an ex-
ponential curve utilizing a single-time constant of 30 mil-
liseconds. Curve B is the actual thermal time response
of the device. In 30 milliseconds, the junction tempera-
ture of the device has reached 63 per cent of its final
value but for short periods of time the junction tempera-
ture raises much faster than an exponential function with
a single time constant would indicate,

Because of the nature of the thermal responss, an
analytical expression would necessarily be complex and
of little value to the circuit designer. Therefore the data
of Figure 2 can be expressed as the effective transient
thermal impedance as shown in Figure 3. With this in-
formation and the following equation, the designer can
calculate the temperature rise of thé junctioninasemi-
conductor device under pulse power conditions.

AT = 'I’J - TC = PD GJC(t)

where €yc()is the transient thermal impedance of the
device,
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FIGURE 2 - THERMAL RESPONSE CHARACTERISTICS

Measurement of thermal time response canbe obhtzined
by sensing the same voltage used for thermal resistance
measurements, Data is obtained by dissipating power ir
the devices under steady-state conditions until the junc-
tion temperature has stabiiized and then removing the
power and monitoring the junciion temperature as the
junction cools. Junction temperature sensing is accom-
plished asdescribed inthe thermal resistance tests below.
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THERMAL RESISTANCE TEST EQUIPMENT:

The thermal resistance test fixture {(for measuring the
junction-to-case thermal resistance (83c) of high power
semiconductor devices) was designed to simulate an in-
finite heat sink. This same device may also be used to
measure the case-to-sink thermal resistance (6¢g) and
the transient thermal impedance with only slight modifi-
cations. To simulate an infinite heat sink, a water flow
system which employs a motor control circuit, and a hot
water temperature control system was developed. Switch-
ing circuits are necessary to alternately apply power and
sense current to the device under test. Because of the
nature of the various semiconductor devices, diiferent
switching circuits are used, depending upon whether
transistors or rectifiers{and thyristors)arebeing meas-
ured. The systems employed in the thermal resistance
test fixture are discussed individually on the following
pages and the composite system is described in a later
section.

HYDRAULIC SYSVEM:

The water flow diagram for the test fixiure is shown
in Figure 4. The system empioys hot and cold water
tanks, three pumps, a valve nefwork, and a glass {ixture
upon which a three~-by-three inch copper plate is placed.
Test units are mounted on the copper plate. The mini-
mum capacity of the tanks is 10 gallons; larger capacity
tanks, in generai, will improve the performance of the
gystem. Jabsco type CJ 1/2°08 pumps are used and the
speed of the input circulating pumps is 1725 rpm. The
output pump, which pumps water from the fixture to the
tanks, rotates at approximately 2000 rpm. Thus, the
pumping action of this pump is greater than that of the
inpui circulating pumps. The cutput pump removes wa-
ter faster than it can be pumped in, consequently, a par-~
tial vacuum conditionis created inthe glass{ixture. The
thermal resistance test fixture reguiresthe use ofdeion-
ized water for proper performance since the terminals
of some test units protrude through the copper plate.

The glass fixture is fitted with a soft pliable gasket so
that a2 water and air tight sealcap be maintained between
the fixture and the copper plate when measurements are
being made. The vacuumn created within the jar also ac-
tivates a switen to the input circulating motors so that
these motors always start a short time after the higher
speed cutput motor is running.
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Figure 4 also shows the placement of the water heaters
and cooling coils. The cooling coils are required to sta-
bilize the temperature of the cold water tank since the
temperature of this water will rise as more and more
units are tested. Ordinarytap water is used in the cool-
ing coils.

TEMPERATURE CONTROLLER:

The circuit diagram for the hot water heater and tem-
perature contrelier is shown in Figure 5. This control-
ler handles three 400-watt heating eiements connected in
paralle!. The control element is a thermistor located in
the hot water tank., Generally, five heaters are used in
the warm-up period, two directly from a.c. outlets and
three from the control unit. Initial heating of the water
requires one to two hours.

MOTOR CONTROL CIRCUIT:

A silicon controlled rectifier circuit is used to con-
trol the motors which drive the water pumps in the hy-
draulic system. This circuit is shown in Figure 6. The
gate signal is applied to the devices through micro-
switches which are locatedon or near the levers attached
to the valves of the hydraulic system. Thus, the position
of these valves conveniently controls the motors and the
sequence of operation.

The high speed motor is energized when the levers of
the water valves are brought together. Switch #1 is
mounted on the lever arrangement of Figure 4. Once
switch #1 is closed, the high speed motor is energized;
he vacuum created in the bell-jar activates the vacuum
switch which energizes the circulating pumps. Switclies
#2 and #3 are mounted on posts near the valve levers and
energize the circulating pumps when the levers are in

the position shown in Figure 4. Thus water is circulated
within each tank when no unit is being tested. Without
this circutation, temperature gradients would develop
within the system.

SWITCRING CIRCUITS:

Switching circuits were designed for use on the ther-
mal resistance fixture so that pcwer could be applied to
the device under test for periods of long duration and in-
terrupted for very short intervals (1% of the time). Dur-
ing these short intervals, the sense current is applied to
the device to effectively monitor the junction tempera-
ture. Two switching circuils are employed - one for
power transistors and one for rectifiers and thyristors.

The switching circuit for measuring the thermal re-
sistance of rectifiers and thyristors is shown in Figure
7. In this eircuit, the 2N3447 transistor is the driver
for four 2N2834 high current transistors in parallel.
With the power switch closed and no pulse out of the
pulse generator, the drive is biased "on" and the four
parallel transistors are alsc biased en. Current to the
test unit is controlied by the high current power supply.
Test currents as high as 50 amperes may be applied to
the test unit.

When a negative pulse is applied to the base of the
driver transistor, the potential at the collector of this
transistor rises in value and switches off the parallel
high current transistors. Under these conditions, the
low ICER current is all that flows through these units.
Effectively, only the sense current set by the sense sup-
ply and Rp flows through ihe test unit for the brief time
that the transistors are off.
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The load current of the test unit is monitored across
the 50 milliohm meter shunt and the average voltage is
monitored directly across the terminais of the device.
A constant current spurce is simulated for the sense cur-
rent. For rectifiers, this current may range {rom 10 to
50 mA; however, for silicon controlled rectifiers this
sense current must be greaier than the holding current
of the device. The SCR is gated on at the beginning of
the test and then power to the gate is removed.

The refercnce voltage and the chopper relay provide a
means of superimposing the sense signal and the refer-
ence signal on the oscilloscope. With the power switch
open and a sense current flowing through the unit under
test, the forward voltage drop i1s monitured on the oscil-
loscope. With the chopper relay, a signal! {rom the ref-
erence voltage can be superimposed on the monitored
voltage drop signal of the device. In this manner, the
voltage drop of the device need not be mcnitored abso-
lutely but only aligned with the reference voltage.

‘The transistor test circuit shown in Figure 8 is similar
in operationto the rectifiertest circuit butis of necessity

more complex dueto the fact that both PNPand NPNtran-
sistors can be tested in the circuit. Switch positions are
shown in Figure 8 for testing NPN transistors. As noted
in the schematic, thetes: transistorisdriven inthe com-
mon base configuration. With the disconnect switch in
the sense position, the collector supply volt2ge is im-
pressed across the device. Then the base supply voltage
is increaseduntil the pre-determined sense current flowe
through the collector of the test device. Thus, this voit-
age supply overrides the collector supply.

When the disconnect switch is closed, power can be
applied to the device under test. Study of the circuit will
show the contrel transistors Qf and Q2 are normally
biased on and increasing the emitter supply voltage will
increase the collector current through the test unit while
the coliector voltage remains constant. When a negative
pulse is applied to the transformer, the control {ransis-
tors are turned off and sense current again is imposed
on the test unit. Monitoringthe voltage drop under sense
conditions and power conditions is accomplished in the
same mamner as with rectifiers and thyristors.
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FIGURE 7 -~ RECTIFIER ANND THYRISTOR THERMAL RESISTANCE TEST CIRCUIT

THERMAL RESISTANCE MEASUREMENTS:

Now that the individual elements have been described,
the system as 2 whole needs o be considered. Initial
steps in obtaining thermal resisctance measurements re-
quire heating the water, connecting thermocouples to the
devices, and mounting the devices to the copper plates
as shown in Figure 4. Tap water is circulated through
the cooling ccils of the cold water tanks, und all external
power supplies are connected to the system. Thermal
resistance measurements maybe made after waler tem-
peratures are stabilized.

Some consideration must be given to the temperature
of the hot water and mounting of the thermocouples. The
temperature of the hot water is determined by safe area
of the devices tested. Silicon power transistors with
adequate safe areas can be tested with water at 78 to 80
degrees centigrade. Germanium devices, however, may
have to be measured at some lower temperature. When
testing rectifiers and thyristors, the voltagedropis gen-
erally 1 to 2.5 volts. Thus, whenthe temperature change
is great(Ty - Tc 2 50°C), large currents must be avail-
able to provide the necessary power.

Thermocouples must be carefully mounted to the semi-
conductor devices. These thermocouples must be placed
at specific points on or in the case of the device. Place-
ment of the thermocouple should be as near the semicon-
ductor material as is feasible.

TESTING THYRISTORS AND RECTIFIERS

After the crectifiers or thyristors are mounted on
suitable copper plates as indicated in Figure 4, and a
thermocouple is properly attached to the device package,
thermal resistance measurements are ready to be made.
Devices are connected into the test circuit as illustrated
in Figure 7.

Hot water is sprayed on the bottom of the copper plate
by changing the position of the set of valves shown in the
upper portion of Figure 4. As previously stated, the
position of these valves activates the pump motors.

Sense currentis established inthe rectifier or thyristor
by adjusting the sense supply and Rg of Figure 7. In the
case of thyristors, the devices are gated into conduction
and then the gate is chosen so that operation is in the
linear portion of the diode characteristics, For thyristers,
the sense current must be greater than the holding cur-
rent of the device. The case temperature is monitored
with a thermocoupie and a temperature bridge.

From Equation 1. the monitored case temperature is
equaltothe junctiontemperature of the device if the sense
current and thus the power dissipated in the device is
chosen small enough that it can be considered negligible.
The voltage drop of the testunit is displayed on the oscil-
loscope. A differential type W plug-in is used so that
adequate sensitivity can be obiained. The reference
supply is adjusted so that this voltage is superimposed
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FIGURE 8- TRAMSISTOR THERMAL RESISTANCE TEST CIRCUIT

over the voltage drop of the test unit. The relayis a
break before make type so that the reference voliage does
not affect the test circuit.

The hot water is turned cff and cold water is sprayed
on the plate, With the same sense current, the forward
voltage drop of the test unit will increase to a higher
level. Thus, the reference voltage and the new voliage
drop will differ by approximately 2 mV per degree C of
the case temperature change. The power switch is closed
and high current is applied to the device. The pulse
generator switches the high current off so that only sense
current flows in the device (for less than one per ceat of
the time). The scope display is shown in Figure 9. As

mere power is applied to the device, the junction tem-
perature will riseuniil the voltage drop under sense con-
ditions will align with the reference voltage on the oscil-
loscope. When this occurs, the junction temperature is
the same as the hot water case temperature (Tj).

The DC current through the device is obtained with a
meter across the 50 mV shunt. The product of the DC
current and the DC voltage dropped across the device
{under high current conditions) is the power dissipated
in the device. Now if the case temperature is monitored,
the thermal resistance can be computed {rom Eguation
(1) as Tj’ Tc, and Pd are all known.
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TRANSISTCR TESTING

Thermal resistance of transistors can be measured
using the test cireuit of Figure 8, Again the transistor
must be mounted on a copper plate, thermocouple at-
tached to the case and connections made to the test cir-
cuit. Hot water is sprayed on the copper plate as des-
cribed for testing rectifiers and thyristors, With the
disconnect switch in the sense position, the collector
supply voltage is set to some reasonable value {usuaily
10 volts). The base supply voltage is increased until the
sense current flows in theforward biased base-collector
junctionof thetestunit. The sense current is established
in the same manner as in testing rectifiers. The result-
ing voltage drop is displayed on the uscilloscope with the
W type plug-in. The reference voltage is superimposed
over the sense vollage and the case temperature of the
test unit is monitored. Thus, it is very similar to the
method used in testing reclifiers and thyristors.

Next, cold water is sprayed on the copper plate. The
bias switches to Q1 and Qg are closed (Mercury relay
contacts are open)and the disconnect switches are changed
to the power position. The pulse generator is energized
and set for a one percent duty cycle. As the emitter
voltage supply is increased, the collector current will
increase, butina direction opposite to the sense current.
The collector voltage remains essentially constant. The
pulse generator and the switching transisters pulse the
test transistor off, and only sense current flows in the
test unit. The voltage waveformas displayed on the nscil-
loscope, is shown in Figure 10.

As more power isdissipated in the device, the junction
temperature will rise until the voltage drop of the
collector-base junction under sense conditions, aligns
itself with the reference voltage displayed on the oscil-
loscope. At this point, the junctiontemperatureis known.

The case temperature is now monitored, the collector
current and the collector-emitter voltageis metered and
the thermal resistance can be computed from Eguation

(1).
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FINDING THERMAL RESPONSE

The thermal response of a semiconductor device can
be obtained with slight modifications to the switching cir-
cuits of the thermal resistance fixture. For transistors
this is illustrated in the circuit of Figure 8, Here the
biag switches to Q and Qg are open, and a mercury re-
laydrivenbya pulse generatoris used to bias the switch-
ing transistors.

To obtain thermal response, cold water is sprayed on
the capper plate as before. A sense current is applied to
the transistor as before with the collector voltage set at
some power level. The mercury relays are thenclosed,
power is dissipated in the test transistor until the case
temperature, and, therefore, the junction temperature
is stabilized. Once stabilizationhas beenattained, power
to the device is remuved. The voltage across the P-N
junction under sense current conditions will increase ex-
ponentially with time. This exponential wave shape is
photographed or stored on a memory scope.

The voltage change recorded above is normalized as
shown by curve 38 of Figure 2. Thus, the need to know
the actual junclion temperature is eliminated. If the
thermal resistance of the device is known, the normalized
data of Figure 2 can be used {o construct the transient
thermal impedance curve of Figure 3.

CONCLUSION

The test equipment and procedure described gives
atechnique for accurately measuring thermal resistance
and thermal response. Results are consistent and quite
reproducible ~ usually to within 10 percent. Mounting of
the devices usually requires time, which tends to slow
the operation, however, actual mieasurements are ob-
tained quickly and accurately.
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